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Marı́a Ángeles Bustamante, Marı́a Pilar Fernández-Gil, Itziar Churruca, Jonatan Miranda,

Arrate Lasa, Virginia Navarro and Edurne Simón

Evolution of Gluten Content in Cereal-Based Gluten-Free Products: An Overview from 1998
to 2016
doi:10.3390/nu9010021 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
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Content Validation and Semantic Evaluation of a Check-List Elaborated for the Prevention
of Gluten Cross-Contamination in Food Services
doi:10.3390/nu9010036 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

Marı́a de Lourdes Moreno, Alfonso Rodrguez-Herrera, Carolina Sousa and Isabel Comino

Biomarkers to Monitor Gluten-Free Diet Compliance in Celiac Patients
doi:10.3390/nu9010046 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
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Preface to ”From Ptolemaus to Copernicus: The 
Evolving System of Gluten-Related 

At the time we launched the Nutrients Special Issue “From Ptolemaus to Copernicus: The

Evolving System of Gluten-Related Disorders”, our call for papers stated that “Gluten is the major

protein of wheat and other cereals (rye and barley), which is responsible for triggering celiac disease

(CD) in genetically predisposed individuals. Until a few years ago, CD was the major (if not the

only) well-known gluten-related disorder. However, in recent years it has become clear that gluten

proteins may activate different pathological mechanisms, leading to a wide spectrum of human

diseases, including non-celiac gluten sensitivity (NCGS), gluten ataxia, neuro-psychiatric disorders,

and may others. Conceptually, we have therefore moved from a Ptolemaic to a Copernican system,

i.e., CD is no longer the “center of the universe”, but is just one of the possible worlds of gluten

intolerance. Many other gluten planets do indeed exist and deserve the attention of researchers

and clinicians alike. Although different gluten-related disorders show specific epidemiological,

pathophysiological, and clinical aspects, these conditions share a trigger and treatment, the gluten-

free diet. For a very long time, awareness of these disorders has been limited and, therefore, the

epidemiology of gluten-related disorders is still a “work in progress”. Current research strives to

clarify the boundaries between these entities, their disease mechanisms, and how a proper diagnosis

can be implemented”.

This was a broad introduction for a Special Issue that proved to be extremely successful, given that

18 papers were eventually selected for publication. By glancing at the titles of the published articles

we can identify some leitmotivs of current research on gluten-related disorders. The epidemiology

of gluten-related disorders is still a primary area for research, but nowadays there is a growing

interest in evaluating the diffusion of non-celiac gluten/wheat-induced clinical conditions, e.g.,

the poorly defined situation of self-reported gluten intolerance (two papers here). As for celiac

disease, it is obvious that the area of unmet need is shifting from diagnosis and clinical presentation

to follow-up of treated patients and adherence to treatment with the gluten-free diet (8 papers).

The Copernican system of gluten-related disorders is still under exploration (2 papers), while the

issues of dietary trigger/s and role of the intestinal microbiome continue to attract the interest of

researchers (4 articles). The review paper authored by Michael Marsh, one of the greatest experts in

the history of celiac disease, on the evolving role of the small intestinal biopsy and its interpretation

and misinterpretations deserves a special mention.

This book capitalizes on the contribution of opinion leader experts in the multidisciplinary

ramifications of gluten-related disorders. We want to take the opportunity to thank all the

contributors of this book. This project is the third printed collection of papers on gluten-related

disorders that we had the pleasure to edit first as Special Issues of Nutrients and then as books. This

enterprise would not have been possible without the enthusiasm, the expertise and the invaluable

contribution and technical support of the Nutrients editorial team.

Carlo Catassi, Alessio Fasano

Special Issue Editors
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Abstract: Celiac disease (CD) is an autoimmune disorder that affects approximately three million
people in the United States. Furthermore, non-celiac gluten sensitivity (NCGS) affects an estimated
additional 6% of the population, e.g., 20 million in the U.S. The only effective treatment of CD and
NCGS requires complete removal of gluten sources from the diet. While required adherence to
a gluten-free diet (GFD) is extremely difficult to accomplish, efforts to develop additional supportive
treatments are needed. To facilitate these efforts, we developed a gluten-sensitive (GS) rhesus
macaque model to study the effects of novel therapies. Recently reported results from phase one
of this project suggest that partial improvement—but not remission—of gluten-induced disease
can be accomplished by 100-fold reduction of dietary gluten, i.e., 200 ppm—by replacement of
conventional dietary sources of gluten with a mutant, reduced gluten (RG) barley (lys3a)-derived
source. The main focus of this (phase two) study was to determine if the inflammatory effects of
the residual gluten in lys3a mutant barley grain could be further reduced by oral supplementation
with a prolylendopeptidase (PE). Results reveal that PE supplementation of RG barley diet induces
more complete immunological, histopathological and clinical remission than RG barley diet alone.
The combined effects of RG barley diet and PE supplementation resulted in a further decrease of
inflammatory mediators IFN-γ and TNF secretion by peripheral lymphocytes, as well as decreased
plasma anti-gliadin and anti-intestinal tissue transglutaminase (TG2) antibodies, diminished active
caspase production in small intestinal mucosa, and eliminated clinical diarrhea—all comparable with
a gluten-free diet induced remission. In summary, the beneficial results of a combined RG barley and
PE administration in GS macaques may warrant the investigation of similar synergistic approaches.

Keywords: celiac; gluten; protease; IL-15; oral supplement; gluten-free; rhesus macaque; glutenase;
gluten-sensitive enteropathy

Nutrients 2016, 8, 401 1 www.mdpi.com/journal/nutrients
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1. Introduction

Any future alternative to the gluten-free diet (GFD) will need to meet a high threshold of safety
and efficacy. There is a number of celiac disease (CD) treatments currently in development, including
glutenases, enzymes that degrade gluten [1–3]. Nevertheless, none of the glutenases are intended
to allow celiac patients to deviate from GFD. These are only intended to degrade low quantities of
inadvertently ingested gluten. Similarly, low gluten versions of cereals such as barley and wheat
are being engineered by transgenic or mutagenic means while most retain sufficient gluten levels to
make them incompatible with a GFD [4–6]. Several studies have been conducted which focus on the
ability of glutenases such as prolylendopeptidase (PE) to help proteolytically degrade those gluten
peptides with high content of proline residues that are known to be immunotoxic in celiac and/or
gluten-sensitive (GS) patients [1–3].

During phase one of this project, we showed that novel varieties of cereal grains with low gluten
content such as reduced gluten (RG) barley can have beneficial health effects in GS macaques [7].
In particular, feeding the RG barley diet led to improvement in the villous architecture of the small
intestine as well as reduced inflammatory responses in peripheral blood and intestine. Due to the
residual amounts of gluten present in RG barley (~1% of that contained in the parental cultivar), feeding
of RG barley-derived chow to GS macaques still triggers intermediate inflammatory responses while
no such responses could be found in healthy control macaques or GS macaques fed a GFD [7]. Due to
the high sensitivity of GS individuals to even minute quantities of dietary gluten, it is important
to formulate effective new strategies. Because of its ability to degrade proline-rich residues in
immunotoxic gluten peptides [1–3,8–12], a PE was added to the RG barley diet, in the current study.
The main goal was to determine if such supplementation would lead to a more complete disease
remission in GS macaques than that induced by the RG barley diet alone.

2. Experimental Section

2.1. Ethics Approval

This study was performed with non-human primates. Ethics approval for veterinary procedures
was obtained from the Tulane University Animal Care and Use Committee, Animal Welfare Assurance
(Ethic approval code: A-4499-01). All procedures were in accordance with the recommendations of the
Guide to the Care and Use of Laboratory Animals (NIH) 78-23.

2.2. Pre-Screening and Selection of GS Macaques

Pre-screening and identification of candidate macaques for this study (phase two) was done
consistent with the methodology described for phase one [7]. After pre-screening, six GS juvenile
(<3 years-old) rhesus macaques were assigned to the study based on simultaneous presence of
anti-gliadin plasma antibodies (AGA) and anti-tissue transglutaminase (TG2) plasma (IgG) antibodies.
Since baseline data with three negative control macaques were already generated under phase one,
only GS macaques were used in phase two. All six macaques were free of rhesus-specific enteric
pathogens [13].

2.3. Diets and Oral Glutenase (PE) Supplement

Three gluten-modified diets were formulated: (1) GFD; (2) conventional (cultivar Bomi) barley
diet; and (3) reduced gluten barley (RGB, i.e., Risø 1508 (lys3a) derived from Bomi by mutagenesis) diet,
consistent with the phase one experiment [7]. The 160–320 g of chow was consumed daily by juvenile
macaques. It was estimated that Bomi chow delivered a dose of 2.5–5 g of gluten/day, while the RGB
chows delivered approximately 32–64 mg of gluten/day. In order to accelerate progression of disease
relapse, Bomi diet was fed to macaques together with a slice of wheat bread per day for each animal
(Bomi + B). Based on past experiments [7], each diet was administered for at least one month to induce
disease remission (GFD), relapse (Bomi + B), followed by RGB, and RGB orally supplemented with PE
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(RGB + PE) regimens, to evaluate if RGB + PE regimen induces more complete remission than RGB
diet alone. GFD started two weeks after the macaques were assigned to the study, i.e., switched from
regular, gluten-containing monkey chow (GD) to GFD. A distinct feature of the phase two experiment
was that the RG diet was not only used alone, but also in conjunction with PE oral supplementation, i.e.,
580,000 Protease Picomol International (PPI) per animal, consistent with manufacturer’s recommended
dose (Tolerase® G, DSM Nutritional Products, Heerlen, The Netherlands). Individual doses of PE
(1 g each per day given with chow) were mixed and dissolved in 50 mL of Gatorade every morning
and provided using feeding bottles to each of the six macaques for one month. Evaluating whether
inclusion of PE into a RGB diet would further ameliorate symptoms of GS in juvenile macaques was
the main purpose of this (phase two) study.

2.4. Samples and Data Collected

All six macaques were evaluated daily for the symptoms of clinical diarrhea and dehydration
ranging between 1 (normal, formed stool), 1.5 (pasty), 2.0 (semi-liquid), 2.5 (liquid), and 3 (liquid,
dehydrated). Once every two weeks, animals were bled (5 mL EDTA) and rectally swabbed in order to
obtain plasma, peripheral blood mononuclear cells (PBMCs), and gut microbiome samples. At four
selected time points, small intestinal biopsies were collected to evaluate the impacts of four dietary
regimens (GFD, Bomi + B, RGB and RGB + PE) on intestinal tissue architecture, as described [14,15].

2.5. Histopathological Evaluation, AGA, TG2 Antibody Responses and Fluorescent-Activated Cell
Sorting (FACS)

Histopathological evaluation of small intestinal biopsies representing each of the four dietary
periods (GFD, Bomi + B, RGB and RGB + PE) was done via microscopic evaluation of hematoxylin
and eosin (H&E)-stained tissue sections, as described [14]. In addition, AGA and TG2 plasma
antibodies were measured every two weeks (July 2015–January 2016). Briefly, pepsin-trypsin digested
gliadin was prepared as described [16] and used at a concentration of 20 μg/mL to coat the 96-well
plates (Corning, NY, USA). For anti-TG2 test, 10 μg/mL of recombinant human TG2 was used.
Antigen-coated plates were washed 3ˆ with 1ˆ PBS, pH 7.4, 0.05% Tween-20 prior to blocking and
between all subsequent steps. Plasma samples were diluted 1:1000 in blocking buffer and 100 μL/well
was incubated overnight at 4 ˝C. Secondary, alkaline phosphatase-conjugated antibodies (rabbit
anti-monkey IgG, Sigma-Aldrich, St. Louis, MO, USA) were diluted 1:250 in blocking buffer and
100 μL/well was incubated at 3 h at room temperature. Para-Nitrophenylphosphate (pNPP) substrate
(Sigma-Aldrich) was used to develop the color reaction in 3 wells, i.e., 3 absorbance values/sample
were recorded at 405 nm as described in [16]. The expression of PBMC inflammatory and inhibitory
markers—including interferon-gamma (IFN-γ) by CD3+CD8+ T cells, tumor necrosis factor (TNF) by
CD20+ B and CD3+CD4+ T cells, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4 also known
as CD152) expression by CD3+CD4+ T cells—was monitored at time points representing the four
dietary periods by Fluorescent-Activated Cell Sorting (FACS) [7]. Briefly, PBMCs were stained with
a mix of fluorescently-labeled antibodies specific for extracellular antigens first (CD3, CD4, CD8, CD20,
and CD152) first, according to the manufacturer’s instructions (BD Pharmingen, San Diego, CA, USA).
In order to detect intracellular antigens (TNF and IFN-γ), cells were stimulated with 0.1 μM phorbol
miristate acetate (PMA) and 0.5 μg/mL ionomycin (Sigma) and processed according to instructions
(BD Pharmingen). Samples were resuspended in BD Stabilizing Fixative (BD Biosciences, San Jose, CA,
USA) and data were acquired on FACSAria flow cytometer (BD Biosciences). Data were analyzed by
Flowjo software (Tree star, Ashland, OR, USA).

2.6. Confocal and Morphometric Evaluation of Small Intestinal Biopsies

Proximal jejunum biopsy tissues collected at time points representing the four dietary periods
(GFD, Bomi + B, RGB, and RGB + PE) were used to evaluate gluten-sensitive enteropathy
(GSE)-associated changes within the intestinal mucosa. Biopsies were collected and processed as

3
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described [14,15]. Briefly, tissues were embedded in paraffin and 7 μm sections were stained first
with unconjugated primary antibodies, including: (1) antibodies to tight junction protein Zonula
Occludens-1 (ZO-1) as a marker of epithelial integrity; (2) active caspase as a marker of cell apoptosis;
and (3) cytokeratin 1 as an epithelial cell marker: (ZO-1, 33-9100, Life Technol. Invitrogen, Waltham,
MA, USA; IgA, 617-101-006, Rockland, Inc., Pottstown, PA, USA; Active Caspase, Ab13847, Abcam;
Cytokeratin 1, CKLMW 8/18, Biocare Medical; Villin, 2369 S, Cell Signaling Technol. and DAPI
nuclear DNA stain, D1306, ThermoFisher Scientific, Waltham, MA, USA). Primary antibodies were
followed by appropriate secondary fluorochrome-conjugated antibodies. Confocal microscopy with
a Leica TCS SP8 laser scanning confocal microscope system equipped with four lasers, with eight laser
lines available, capable of simultaneously collecting information in six channels (five fluorescent and
one for differential interference contrast) was used to collect images. Image analysis was performed
with Volocity software (version 6.3, PerkinElmer, Waltham, MA, USA) to count the apoptotic cells on
a software-generated grid (Supplementary Materials Figure S1). Epithelium and lamina propria from
biopsied animals were evaluated for the extent of apoptosis.

2.7. Immunohistochemistry of IL-15 in Rhesus Small Intestine

To develop the immunohistochemistry procedure, antigen-positive and negative control samples
were generated. Expi 293F (a derivative of HEK-293) cell lines were transiently transfected with either
rhesus IL-15 (GenBank, U19843.1) or mock plasmid according to manufacturer’s instructions (Life
Technologies, ExpiFectamine™ 293 Transfection Kit A14526, Carlsbad, CA, USA). After 48 hours,
cells were harvested and assessed for expression of rhesus IL-15 by flow cytometry on live cells or on
4% paraformaldehyde (PFA)-fixed cells using anti-human IL-15 antibody (R & D Systems, MAB647)
and an IgG1k isotype control (Abcam, AB18443) mouse monoclonal antibody. It was established
that MAB647 antibody reacts with rhesus IL-15 (Supplementary Materials Figure S2). Transfected
PFA-fixed cells were then used to identify optimal conditions for the positive immunohistochemistry
tissue staining including antibody concentrations that would result in minimal background.

To perform small intestinal tissue analysis, MAB647 and an IgG1k isotype control antibody were
used as the primary antibodies at 20 μg/mL on 4% PFA-fixed small intestine tissue samples from GS
and healthy control rhesus monkeys. The detection system consisted of anti-mouse secondary (Vector,
BA-2000) and ABC-Peroxidase kit (Vector, PK-4000) with a DAB + chromagen substrate kit (DAKO,
K3468), yielding the brown-colored deposit. Slides were imaged with a DVC 1310C digital camera
coupled to a Nikon microscope. The entire immunohistochemistry procedure was also performed on
an adjacent section of the 4% PFA-fixed control tissue in the absence of primary antibody to serve as
a negative control. Brown color intensity was recorded on a 0–4 scale (0 = negative, 1 = blush, 2 = faint,
3 = moderate, 4 = strong).

2.8. Statistical Analysis

Graphical representation and statistical analysis of the cytokine-producing, apoptotic cell, CTLA-4
data and clinical diarrhea scores were performed using the GraphPad Prism 6.0 (GraphPad Software,
San Diego, CA, USA). Comparisons between the time-points corresponding to each diet were done for
each measurement (plasma AGA and TG2 antibodies, clinical diarrhea scores, and cytokine/apoptotic
cells) by Mann-Whitney U-test. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Peripheral AGA and TG2 Antibody Responses

Withdrawal of dietary gluten (GFD) resulted in complete remission of plasma AGA and TG2
antibody levels within one month (Figure 1). Elevated AGA and TG2 antibody responses reflected
administration and re-introduction of dietary gluten (GD and Bomi + B diets, respectively) while its
removal (GFD) or replacement with RGB diet were followed by lowered levels of both antibodies.
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Figure 1. Anti-gliadin antibodies (AGA) and anti-intestinal tissue transglutaminase (TG2) plasma
antibodies in four gluten-sensitive (GS) rhesus macaques (A–D). Gluten-modified diets (GD, GFD,
Bomi + B, RGB and RGB + PE) that were used to feed the macaques are indicated. Individual time
points represent two-week intervals. Blue dashed line represents AGA baseline, i.e., 25 ELISA units
while red dashed line represents TG2 antibody baseline, i.e., 40 units. Values elevated above these lines
were significantly greater (p < 0.05) than values generated with plasmas from healthy, normal macaques.

Notably, decrease in AGA and TG2 antibodies continued after the introduction of PE into RGB
diet (RGB + PE). Only upon RGB + PE diet administration did the AGA and TG2 antibodies decline
below or close to baseline levels. There were noticeable similarities in the dynamics of AGA and TG2
antibody formation in studied GS macaques but also differences in magnitude of these responses,
likely attributed to heterogeneous Mamu II backgrounds of the GS macaques used. As previously
reported, none of the healthy controls used in phase one of this study developed any AGA or TG2
antibody serum responses [7].

3.2. Clinical Diarrhea Scores

Clinical diarrhea scores (Figure 2) reflected plasma AGA and to a lesser extent TG2 antibody levels
following the administration of the four experimental diets (Figures 1 and 2). Despite the fact that the
Bomi + B diet was fed for no longer than one month, re-introduction of barley- and wheat-derived
gluten in this diet caused clinical diarrhea in GS macaques. The significantly (p < 0.05) elevated clinical
diarrhea scores of Bomi + B diet fed macaques above those of GFD fed macaques were suggestive of
progression towards more severe diarrhea in the scenario where Bomi + B diet would not be replaced
by RGB diet (Figure 2). Once Bomi + B diet was replaced by RGB and later followed by RGB + PE
diets, clinical diarrhea scores returned to normal, healthy animal levels within two months.
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Figure 2. Clinical diarrhea scores generated with GS macaques fed gluten-modified diets (GFD,
Bomi + B, RGB and RGB + PE) are shown.

3.3. Rhesus Macaque Small Intestinal Tissue Architecture

H & E staining of small intestinal biopsy tissues from juvenile GS macaques while on GFD
revealed normal tissue architecture, without villous atrophy or extensive lymphocytic infiltrations of
lamina propria (Figure 3A), unlike the considerable GSE that is seen in GS macaques on a long-term
GD [14,16].

Figure 3. H & E staining of jejunum from a GS macaque while on GFD reveals normal-range intestinal
architecture, magnification 10ˆ (A); Four-color confocal microscopy of jejunum from another animal
on GFD (B) shows undisrupted continuity of villin (green) and tight junction protein ZO-1 staining
(red). Abundant IgA-positive B cells are seen in the subepithelium (blue). Gray = nuclear DNA.
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Typically, an advanced GSE is in macaques accompanied with discontinuous expression of tight
junction proteins such as ZO-1, resulting in a compromised epithelial barrier function [15,17] but this
was not seen in juvenile macaques fed Bomi + B diet. The IgA-positive B cells were observed in lamina
propria of GS macaques regardless of GFD treatment (Figure 3B).

3.4. Gluten Diet-Dependent Apoptotic Changes in Small Intestine

In order to study histopathological changes on a cellular level, confocal microscopy of small
intestinal biopsies was used (Figure 4). Epithelial and subepithelial (lamina propria, i.e., LP) cells
that were positive for active caspase were designated as “apoptotic” and their proportions (%) from
total epithelial and LP cells were recorded. The highest proportions of apoptotic cells were found in
historical GSE controls, i.e., adult rhesus macaques with CD-like symptoms that were not part of this
study except for use as comparisons. Both epithelial and LP apoptotic cell counts from GSE controls
were significantly higher (p < 0.001) than those generated with juvenile GS macaques, regardless of the
GFD, RGB + G, or Bomi + B diets (Figure 4A–E). The highest proportions of apoptotic cells in juvenile
GS macaques were found in biopsies taken while animals were fed Bomi + B diet. After the switch
from Bomi + B to RGB diets, the numbers of apoptotic cells started to decline. After one month on RGB
diet, followed by one month on RGB + PE diet, apoptotic cell counts decreased to levels comparable
with those ascribed to GFD (Figure 4D,E).

Figure 4. The combination of cytokeratin 1 (red = epithelial cells), active caspase (green = cells
undergoing apoptosis) and diamino-2-phenylindole (DAPI, blue = nuclear DNA) antibodies was used
to examine the diet-induced changes within intestinal mucosa. Jejunum from juvenile GS macaques
on gluten-free diet (GFD) shows prominent red staining corresponding to epithelial cells with very
few of the green cells (A); Jejunum from macaque on Bomi + B diet shows an increased number of
green/apoptotic cells positive for active caspase inside the lamina propria (LP) (B); Control jejunum
tissue from an adult macaque with gluten-sensitive enteropathy (GSE) exhibits high % of epithelial
apoptotic cells (C); Charts reflecting the proportions (%) of apoptotic cells inside the epithelium (D) and
LP (E) of GS macaques fed dietary gluten-modified diets in this study plus the control GSE macaques
fed regular monkey (gluten-containing) chow are shown.
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It is important to emphasize that differences between counts of apoptotic cells ascribed to Bomi + B
vs. RGB + PE diets were significant (p < 0.05) for both epithelial and LP counts although not as robust
as those observed with GSE controls (p < 0.001, Figure 4D,E). In summary, it was observed that after
being placed on RGB + PE diet, juvenile GS macaques lowered their numbers of apoptotic enterocytes
to levels similar to those associated with a GFD.

3.5. IL-15 Expression in Small Intestine

Due to emerging evidence regarding the key role of IL-15 in NKT-cell-mediated pathogenesis
of CD/GSE [18–20], selected jejunum biopsies from three GS and one healthy control macaques
fed Bomi + B diets were evaluated for the presence of IL-15. Biopsies from GS macaques showed
prominent IL-15 staining (Figure 5A,B) while lower intensity (but not completely negative) of such
signal was detected also in tissues stained with unrelated, isotype-matched antibodies as well as
healthy control jejunum (Figure 5C,D).

Figure 5. Jejunum biopsies collected from GS macaques on Bomi + B diet show an increased IL-15
staining, indicated by arrows (A,B) while lower intensity of such signal was detected in tissues stained
with unrelated, isotype-matched antibodies or in healthy control biopsies (C,D), magnification 40ˆ.

3.6. Expression of Pro- and Anti-Inflammatory Mediators by PBMCs

Proportions of IFN-γ, TNF and CTLA-4 inflammation-regulatory molecules—expressed by
peripheral blood lymphocytes—were measured by multi-color FACS. Significant and consistent
increases in expression of IFN-γ by CD3 + CD8 + T cells and TNF by CD20 + B cells were found in
Bomi + B diet-fed GS macaques (Figure 6A,B). Only a non-significant trend for increased expression of
TNF by CD3 + CD4 + T cells was detected following the administration of Bomi + B diet (Figure 6C
and Supplementary Materials Figure S3).
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Figure 6. Proportions of pro- and anti-inflammatory mediator expressions by peripheral blood
mononuclear cells (PBMCs) following the administration of gluten-modified diets are shown.
Significant differences in IFN-γ production between the GFD vs. Bomi + B fed macaques (p = 0.006) were
found (A). Bomi + B vs. RGB or RGB + PE fed macaques also differed significantly (p < 0.05) in IFN-γ
production (A); A similar but more robust difference (p < 0.0001) between the Bomi + B fed macaques
and other diets was found in the case of TNF production by CD20 + B cells (B); Non-significant trends
for differences were found in the case of TNF production by CD4 + T cells (C) while an increase
in expression of anti-inflammatory CTLA-4 (CD152) by CD4 + T cells (p < 0.05) was observed after
the macaques were placed on RGB + PE diet (D). Time intervals between indicated measurements
correspond to four weeks.

An increase (p < 0.05) in expression of anti-inflammatory CTLA-4 (CD152) molecule by
CD3 + CD4 + T cells was revealed upon introduction of RGB + PE regimen (Figure 6D). Taken together,
these findings suggest that several pro-inflammatory changes take place in GS juvenile macaques upon
introduction of dietary gluten. Notably, these changes can be reversed upon introduction of RGB + PE
diet—the effects of which are comparable with the effects of a GFD.

4. Discussion

In order to extend the findings from our recently completed phase one study and to
evaluate if inclusion of oral glutenase (Aspergillus niger-derived prolyl endopeptidase, i.e., PE) into
a reduced-gluten RGB diet will further ameliorate symptoms of GS in juvenile macaques, we conducted
this (phase two) study. In accord with phase one, despite its beneficial effects, RGB diet alone was not
sufficient to eliminate symptoms of GS in macaques, most likely due to residual quantities of dietary
gluten (200 ppm) in RGB chow [7]. Consumption of RGB diet alone in GS macaques is characterized
by intermediate levels of TNF and IFN-γ production by peripheral lymphocytes, low-grade intestinal
inflammation, and border-line AGA (IgG) plasma levels. Our hypothesis was that these effects would
further be abrogated upon inclusion of PE oral glutenase supplement.
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Past attempts to utilize PE as oral therapy in celiac patients yielded promising results. The initial
report that suggested the applicability of a PE in treatment of CD dates back to 2002 [8]. Since then,
several studies—including clinical trials—have been conducted, which have focused on the ability of
PEs to proteolytically degrade gluten, which comprises peptides with hard-to-digest, immunotoxic
sequences featuring a high proline content [1–3]. Some unanswered questions still remain regarding
the delivery of oral PE supplement can avoid the proteolytic degradation during gastric passage
while ensuring the optimal dosing in small intestine [3,10]. Regardless, PE remains the only digestive
supplement capable of degrading most of the gluten-derived immunotoxic epitopes [11]. Due to
their biological similarities with human celiac patients, GS rhesus macaques were used to evaluate
combined effects of PE and barley-derived, reduced-gluten diet. Juvenile GS macaques that did not
yet have the fully-developed form of the disease (GSE) were used to assure the prompt and effective
response upon administration of RGB + PE diet and treatment, as opposed to some adult rhesus
macaques with severe GSE where dietary gluten withdrawal and treatment takes a much longer time
to have an effect [16]. Variable levels of villous atrophy and lymphocytic infiltration of lamina propria
were observed in juvenile macaques consuming Bomi + B diet [7]. In contrast to the severe GSE that
develops as a consequence of life-long dietary gluten consumption in some—but not all—GS adult
rhesus macaques [14,16], one month’s administration of Bomi + B diet to juvenile GS macaques did not
result in morphologically distinguishable, severe GSE but only mild enteritis. A commercially available
form of PE was used (Tolerase G®, DSM, Heerlen, The Netherlands), following the manufacturer’s
recommended dose and route of administration to ameliorate the symptoms of GS.

In addition to established hallmarks of GS in macaques such as AGA and TG2 serum antibodies,
chronic diarrhea, enteritis, compromised epithelial integrity (measured by ZO-1 tight junction protein
expression), and/or GSE, as well as increased expression of IFN-γ by peripheral and/or intestinal
lymphocytes, the following measurements were examined in this study: (1) Quantitative analysis of
enteric (small intestine) apoptosis; and (2) Qualitative evaluation of IL-15 production in small intestine.
It was demonstrated that apoptosis plays a role in CD and diabetes mellitus patients in enterocyte
destruction, preceding the development of villous atrophy (VA) [21–23]. It was found that cytokeratin
18 caspase-cleaved fragment, granzyme B, and other factors play roles in this process. It has also been
reported that down-regulation of apoptotic inhibitors in patients with refractory CD induces further
pro-apoptotic effects [22]. Although severe VA can develop in adult rhesus macaques with GS, it was
not yet fully evident in this study’s juvenile animals. Therefore, a morphometric evaluation of enteric
mucosa was conducted, hypothesizing that reduced-gluten diets and PE treatment would have an
impact on epithelial enterocytes’ apoptosis. A high resolution, multi-laser Leica confocal microscope
equipped with Volocity cell imaging software was used for this purpose. Interestingly, apoptosis not
only took place in intestinal epithelium upon introduction of dietary gluten (Bomi + B diet) but its
extent was significantly different between GS macaques fed Bomi + B and RGB + PE diets. This result
alone represents the most significant finding from our study. It illustrates that enteropathy-associated
changes that occur in intestinal mucosa prior to development of severe GSE are reversible, and can be
achieved not only upon administration of GFD but also by RGB + PE diet. These findings provide
guidance for further research involving gluten-modified diets and also illustrate the usefulness of the
GS rhesus model in preclinical research.

Evaluation of IL-15 production within the small intestine of GS macaques confirmed the
anticipated increased presence of this key regulator of CD immunopathology [20]. Clearly, IL-15
production represents an entirely different (NKT-cell mediated epithelial cell destruction) mechanism
of GSE pathogenesis than that linked with intestinal apoptosis. Nonetheless, elevated levels of IL-15 in
GS macaques corroborate the overall validity of the GS macaque model and suggest that more than
one mechanism contributes to GSE pathogenesis. An unanticipated increase in CTLA-4 expression by
peripheral CD4 + T cells following the supplementation of RGB diet with PE was also observed
(Figure 6D). Considering the beneficial role CTLA-4 was suggested to play in down-regulation
of autoimmune diseases including CD [24,25], this result deserves further examination. Intestinal
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apoptosis, IL-15, and CTL-4 traits of CD pathogenesis should be investigated on a molecular level in
future studies. The rhesus GS model is a “natural-disease model” that closely resembles the biology and
pathogenesis of human CD and does not require genetic manipulation of its host. Future studies might
also be conducted with inhibitors of intestinal apoptosis and/or NKT-cell mediated autoimmunity as
alternative treatments of CD.

As our study was underway, a publication appeared [26] indicating that additional
gluten-reducing mutations had been combined with the lys3a mutant present in the RGB used in the
present study to produce an ultra-low gluten barley (ULGB). This ULGB has been used to brew beer
that can be classified as gluten-free (containing less than 20 ppm gluten). Presumably at this low level
of gluten, beer made with ULGB may be safe for celiac patients, although this remains to be rigorously
evaluated. Treatments such as the glutenase Tolerase® G would likely provide an additional margin of
safety. Efforts to produce an analogous ultra-low gluten wheat are less likely to be successful both
because of the more complex genetics of tetraploid pasta and hexaploid bread wheat and because
of the constraints imposed by the required functional properties of the wheat, in which the gluten
proteins play a major role.

5. Conclusions

Our recently reported results suggest that partial improvement but not complete remission of
gluten-induced disease can be accomplished by 100-fold reduction of dietary gluten—by replacement
of conventional dietary sources with barley-derived, reduced gluten (lys3a barley) source. The main
focus of this study was to determine if the inflammatory effects of leftover gluten in the RGB grain
could be further reduced by oral supplementation with PE. Our results show that PE supplementation
of RGB diet induces more complete immunological, histopathological, and clinical remission than RGB
diet alone. The beneficial effects of the RGB + PE treatment on GS juvenile macaques were comparable
with those of the GFD. These findings provide guidance for further research involving gluten-modified
diet alternatives.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/7/401/s1,
Figure S1: Confocal microscopy of paraffin-fixed tissue sections labeled with fluorescein-conjugated antibodies to
active caspase (apoptotic cells = green), cytokeratin 1 (epithelial cells = red) and nuclear DNA (blue) was used
in conjunction with 6.3 Volocity 3D cell imaging software (PerkinElmer) to enumerate the apoptotic cells on
a software-generated grid; Figure S2: Negative mock (A) and positive control, human and rhesus IL-15 transfected
Expi 293F cells, were used to optimize the IL-15 staining; Figure S3: Peripheral blood populations of CD3 + T and
CD20 + B lymphocytes (A) were evaluated for the production of regulatory and inflammatory cytokines including
IFN-γ and TNF. CD3 + T lymphocytes were subdivided into CD4 + and CD8 + cells (B).
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Abstract: Experience suggests that many celiac patients suffer from persistent symptoms despite a
long-term gluten-free diet (GFD). We investigated the prevalence and severity of these symptoms
in patients with variable duration of GFD. Altogether, 856 patients were classified into untreated
(n = 128), short-term GFD (1–2 years, n = 93) and long-term GFD (ě3 years, n = 635) groups.
Analyses were made of clinical and histological data and dietary adherence. Symptoms were
evaluated by the validated GSRS questionnaire. One-hundred-sixty healthy subjects comprised
the control group. Further, the severity of symptoms was compared with that in peptic ulcer,
reflux disease, inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS). Altogether,
93% of the short-term and 94% of the long-term treated patients had a strict GFD and recovered
mucosa. Untreated patients had more diarrhea, indigestion and abdominal pain than those on
GFD and controls. There were no differences in symptoms between the short- and long-term GFD
groups, but both yielded poorer GSRS total score than controls (p = 0.03 and p = 0.05, respectively).
Furthermore, patients treated 1–2 years had more diarrhea (p = 0.03) and those treated >10 years more
reflux (p = 0.04) than controls. Long-term treated celiac patients showed relatively mild symptoms
compared with other gastrointestinal diseases. Based on our results, good response to GFD sustained
in long-term follow-up, but not all patients reach the level of healthy individuals.

Keywords: celiac disease; gastrointestinal diseases; symptoms; gluten-free diet

1. Introduction

The only current treatment for celiac disease is a life-long gluten-free diet. Commencement of a
strict diet usually results in prompt relief of clinical symptoms, while recovery of small-bowel mucosal
damage may take even years [1,2]. Although mucosal healing is the ultimate goal of the dietary
treatment [3], from the patient’s perspective alleviation of self-perceived clinical symptoms is usually
the most rewarding outcome. A good clinical response in the early stages of dietary treatment further
motivates to maintain a strict diet, which consequently facilitates mucosal recovery. There is some
evidence that after the initial enthusiasm has faded, many patients experience ongoing symptoms
while maintaining an apparently strict gluten-free diet [4–7]. Such persistence of symptoms despite
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burdensome dietary restriction is frustrating and may even predispose to poor dietary adherence and
thus further worsen the situation. Hitherto, however, neither the prevalence nor the severity of the
persistent symptoms in celiac disease patients on a gluten-free diet has been well characterized, let
alone their impact on patients’ daily life. Data on these aspects would be necessary in order to optimize
the follow-up of patients and, in the future, to develop interventions on top of the gluten-free diet.

The aim of the present nationwide study was to define the prevalence and severity of
gastrointestinal symptoms in a large cohort of long-term dietary treated adult celiac disease patients
and to compare these with those seen in untreated and short-term treated patients and in healthy
controls. Further, symptom severity was compared with other common gastrointestinal diseases based
on a literature search.

2. Materials and Methods

2.1. Study Design and Participants

The large cross-sectional study was carried out at Tampere University Hospital and the University
of Tampere. The celiac disease patients were collected from our prospectively maintained research
database, in which the patients have been recruited via newspaper advertisements and via local and
national celiac disease associations from different parts of Finland. Exclusion criteria for the present
study were age under 15 years and uncertain diagnosis of celiac disease (not based on biopsy). The
final study cohort comprised 856 consecutive subjects with confirmed celiac disease. All celiac disease
patients had received professional dietary counseling and were placed on a strict gluten-free diet soon
after the diagnosis was confirmed.

Clinical data were collected systematically from the medical records. Further, all study subjects
were interviewed by an experienced physician or a study nurse in the study clinic and asked
about demographics, clinical presentation of the disease at the time of diagnosis, family history
of celiac disease, duration of gluten-free diet, and adherence to dietary treatment. The main mode
of presentation of celiac disease at diagnosis was further classified into gastrointestinal symptoms
(e.g., indigestion, diarrhea and signs of malabsorption), extraintestinal symptoms (e.g., dermatitis
herpetiformis, dental enamel defects and neurological symptoms) and patients detected by screening
at-risk groups (celiac disease in family, type I diabetes, thyroid disease, Sjögren’s syndrome, Addison’s
disease and IgA nephropathy). The results of serum endomysial antibody (EmA) measurements and
small-bowel mucosal biopsy sampling were collected systematically.

In order to compare differences in the presence and severity of persistent gastrointestinal
symptoms between subjects dieting for different periods of gluten-free diet the celiac disease patients
were further divided into three groups based on the duration of the gluten-free diet as follows: (i) newly
diagnosed patients (no diet); (ii) patients with short-term treatment (diet 1–2 years) and (iii) patients
with long-term treatment (diet ě 3 years). For a more detailed analysis the long-term treatment group
was further divided into subjects who had been on a gluten-free diet either 3–5 years, 6–10 years
or > 10 years.

One-hundred-and-sixty healthy individuals (72% females, median age 55 (range 23–87) years)
with no first-degree relatives with celiac disease served as a control group in the comparison of
gastrointestinal symptoms.

The Regional Ethics Committee of the Tampere University Hospital District approved the study
protocol and all participants gave written informed consent.

2.2. Celiac Disease Serology and Small-Bowel Mucosal Histology

Serum IgA class EmA were measured by an indirect immunofluorescence method with human
umbilical cord as substrate [8], and a dilution of 1: ě5 was considered positive. Positive samples were
further diluted up to 1:4000 until negative. In cases of selective IgA deficiency, the corresponding IgG
class antibodies were measured. Serum transglutaminase 2 antibodies had also been measured in
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most of the patients, but since test methods and reference values had varied during the study period
these readings were not used here. The degree of small-bowel mucosal damage was systematically
measured from several well-orientated duodenal biopsy samples and reported by quantitative villous
height crypt depth ratio (VH/CrD) as previously described [9]. Here VH/CrD < 2.0 was considered to
indicate active celiac disease [9].

2.3. Gastrointestinal Symptoms

For the systematic evaluation of current gastrointestinal symptoms, participants in each group
filled a self-administered, structured Gastrointestinal Symptom Rating Scale (GSRS) questionnaire.
This is a validated questionnaire used widely in research on celiac disease and other gastrointestinal
disorders [10–15]. The questionnaire measures five sub-dimensions of gastrointestinal symptoms:
Indigestion, diarrhea, abdominal pain, reflux and constipation. It comprises altogether 15 separate
items. Values for each of the five sub-dimension scores were calculated as a mean of the respective
items and the total GSRS score as a mean of all 15 items. The scoring is based on a Likert scale
from 1 to 7 points, where 1 point signifies minimal gastrointestinal symptoms and 7 points the most
severe symptoms.

To further identify patients with persistent gastrointestinal symptoms, a cut-off for significantly
worsened symptoms was set in the GSRS total and sub-dimension scores. This was the case when the
subject’s GSRS total score or subscore was higher than 1 standard deviation (SD) compared with the
corresponding mean score or subscore of the healthy controls [4,16–18].

Besides between study groups, the GSRS scores in untreated and long-term treated celiac disease
patients were compared with those seen in subjects with common gastrointestinal disorders, namely
peptic ulcer, gastro-esophageal reflux disease (GER), inflammatory bowel disease (IBD) and irritable
bowel syndrome (IBS) as established by literature search [11,13–15]. In all diseases the GSRS scores
were from untreated patients at diagnosis except for IBD, where the subjects were on treatment.

2.4. Adherence to the Gluten-Free Diet

Based on dietary interview, a subject was considered to be adherent to the gluten-free diet in the
case of minor inadvertent gluten intake a few times a year or less. In addition, an objective estimation
of dietary adherence was carried out by measuring the percentage of EmA-positive subjects in each
treatment group. Positivity for EmA was considered to represent non-adherence when detected after
two years on a gluten-free diet [19].

2.5. Statistics

Categorical data were described using percentages and quantitative data using either medians
with range or means with 95% confidence intervals. Cross-tabulation with Pearson’s χ2 test was
used to analyze differences between categorical variables. To compare means between study groups,
one-way ANOVA with Bonferroni post hoc analysis was used in normally distributed variables
and Kruskal-Wallis test in non-parametric variables. To investigate correlation between variables,
correlation coefficient (r) was calculated using Spearman’s correlation. To take account of the effect
of age, a covariance analysis was used. Analyses were made with the whole study cohort and also
separately for males and females. A p-value < 0.05 was considered statistically significant. All data were
analyzed by SPSS (Statistical Package for the Social Sciences) Statistics Version 21 (IBM Corporation,
Armonk, NY, USA).

3. Results

The median age of all 856 celiac disease patients was 54 years (range 15–85 years) and 75% were
females. In 64% the reasons for celiac disease suspicion were gastrointestinal symptoms and in
18% extraintestinal symptoms; 18% were detected by screening. There were no significant differences
between the celiac disease groups in either gender, median age at time of study, clinical presentation at
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diagnosis or celiac disease in the family (Table 1). Among patients on a gluten-free diet the long-term
treated cohort contained lower percentage of EmA-positive subjects than the short-term treated, while
there were no differences in self-reported dietary adherence or VH/CrD.

Table 1. Demographic characteristics and selected celiac disease-associated data on untreated,
short-term (1–2 years) treated and long-term (ě3 years) treated celiac patients and healthy controls.

Celiac Patients on a GFD n = 728

Untreated Patients
n = 128

Short Treatment
n = 93

Long Treatment
n = 635

Non-Celiac
Controls n = 160

Females, % 76 72 75 72
Current age, median (range) 47 (15–72) 51 (16–80) 55 (17–85) 55 (23–87)
GFD, median (range), years. 0 1 (1–2) 12 (3–48) 0
Mode of presentation at diagnosis, %
Gastrointestinal 66 63 64 0
Extraintestinal a 12 16 19 0
Screen-detected b 23 20 17 0
Celiac disease in family, % 47 54 61 0
Self-reported strictness of GFD, (%)
Strict diet 0 93 94 0
Occasional gluten 0 7 6 0
No diet 100 0 0 100
Positive EMA, % 93 8 c 3 c,d 0 e

VH/CrD, mean (95% CI) 0.5 (0.4–0.6) 2.7 (2.5–2.9) c,f 2.8 (2.6–2.9) c,g 3.2 (3.0–3.3) h

a Dermatitis herpetiformis, aphtous ulcerations, enamel defects, elevated liver enzymes, neurological and
musculoskeletal symptoms, psychiatric symptoms, infertility or early menopause; b Family history of celiac
disease, type I diabetes, thyroidal disease, Sjögren’s syndrome, Addison’s disease, IgA nephropathy; c p < 0.001
compared with untreated patients; d p = 0.028 compared with short treatment group; e–h Data available on
e 50 subjects, f 20 subjects, g 191 subjects and h 35 subjects. GFD, gluten-free diet; EMA, endomysial antibodies;
VH/CrD, small-bowel mucosal villous height crypt depth ratio; CI, confidence interval.

Untreated celiac patients had significantly higher (more symptoms) GSRS scores on indigestion,
diarrhea, abdominal pain and total scores than those on a gluten-free diet and healthy controls,
whereas there was no difference in any of the scores between long-term and short-term treated patients
(Figure 1). Long-term treated patients yielded higher GSRS reflux scores, and short-term treated higher
diarrhea and total scores compared with the healthy controls. In more detailed analysis reflux was seen
particularly in patients treated >10 years (data not shown). None of the gastrointestinal symptoms
correlated with VH/CrD levels either in the whole cohort (r varying between ´0.013 and ´0.220) or in
the different durations of gluten-free diet (r varying between ´0.146 and 0.142).

When analyzing the occurrence of significantly increased (by definition, GSRS score > 1 SD
compared with healthy controls) gastrointestinal symptoms, the untreated celiac disease patients again
showed significant overrepresentation in all GSRS scores except constipation compared with the other
study groups (Table 2). In addition, both long- and short-term treatment groups evinced more reflux
and total gastrointestinal symptoms than controls; the short-term treated patients also reported more
diarrhea (Table 2). In treatment groups the mean VH/CrD levels did not differ between patients
with and without increased symptoms in any of the GSRS sub-groups (data not shown). In separate
analysis, long-term treated women had higher GSRS total scores (2.0 vs. 1.8, p = 0.001) and indigestion
scores (2.5 vs. 2.3, p = 0.034) than men, whereas short-term treated men had higher diarrhea scores
(2.4 vs. 1.7, p = 0.003). The overrepresentation of increased (>1 SD) reflux and total scores seen in the
long-term treatment group in both genders combined remained significant in women (p = 0.002 and
p = 0.015, respectively) but not in men. The GSRS diarrhea scores were also increased in short-term
treated men and long-term treated women compared with healthy controls (2.4 vs. 1.5, p < 0.001 and
1.7 vs. 1.5, p = 0.042, respectively).
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Figure 1. Gastrointestinal Symptom Rating Scale (GSRS) total (A) and sub-dimension (B–F) scores in
untreated, short-term treated and long-term treated patients compared with healthy controls. Values
are expressed as means with 95% confidence intervals (CI) and gray bars denote 95% CIs of controls.
There were significant differences between the groups as follows: (A) Untreated patients and all other
groups (p < 0.001), and short-term treated patients and healthy controls (p = 0.03); (B) Untreated and
all other groups (p < 0.001); (C) Untreated and short-term treated (p = 0.015) and long-term treated
(p < 0.001) patients, and short-term treated patients and healthy controls (p = 0.010); (D) Untreated
patients and all other groups (p < 0.001); (E) Healthy controls and untreated (p < 0.001) and long-term
treated (p = 0.013) patients.
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Table 2. Presence (%) of increased gastrointestinal symptomsa in untreated, short-term (GFD 1–2 years)
treated and long-term (GFD ě 3 years) treated celiac disease patients and in healthy controls.

Celiac Patients on a GFD n = 728

GSRS Score
Untreated Patients

n = 128
Short Treatment

n = 93
Long Treatment

n = 635
Non-Celiac Controls

n = 160

Total score 48 b 27 c 23 c 16
Indigestion 41 b 18 17 14

Diarrhea 47 b 32 c,d 21 15
Abdominal pain 43 b 20 18 14

Reflux 34 b 20 c 19 c 11
Constipation 16 18 18 16

GSRS, Gastrointestinal Symptom Rating Scale; GFD, gluten-free diet. a Defined as GSRS scores > 1 SD compared
to mean values of healthy controls; b p < 0.05 compared with short and long treatment groups and with controls;
c p < 0.05 compared with healthy controls; d p < 0.05 compared with long treatment group.

Comparisons of GSRS scores between celiac disease patients in the present study (untreated
and long-term treated) and those with other gastrointestinal disorders can be seen in Figure 2.
In general, untreated celiac patients suffered from a wider spectrum of symptoms compared with
other gastrointestinal disease groups, the most severe being indigestion, diarrhea and abdominal pain
(Figure 2). However, in long-term treated patients the gastrointestinal symptoms were clearly milder.

Figure 2. The mean Gastrointestinal Symptom Rating Scale (GSRS) sub-dimension scores of untreated
and long-term treated patients (present study) compared with other gastrointestinal diseases [11,13–15].
Ulcer, peptic ulcer disease; Reflux, gastroesophageal reflux disease; IBD, inflammatory bowel disease;
IBS, irritable bowel syndrome.

4. Discussion

The main finding in the present study was that both short-term and long-term dietary treated
celiac disease patients have more symptoms than non-celiac controls. However, although the majority
of gastrointestinal symptoms are alleviated well on a strict gluten-free diet, not all patients reach the
level of the general population even in long-term follow-up.

Here, the majority of the celiac disease patients showed rapid relief of symptoms during the
first year on a gluten-free diet. This is in accord with previous studies investigating short-term
responses, where the diet has also alleviated typical gastrointestinal symptoms within the first few
months after diagnosis [20–22]. The only exception here was diarrhea, which, although alleviated
on a long-term diet, remained fairly common in short-term-treated patients. This raises the question
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whether the alleviation of diarrhea requires more complete histological recovery than other symptoms.
However, in a recent study we observed no differences in symptoms or quality of life between patients
evincing full histological recovery and those with ongoing mucosal damage after one year [22]. Hence,
incomplete mucosal recovery would not appear to explain slow recovery from diarrhea in our patients.
The few previous studies investigating this issue have obtained somewhat contradictory results. In
accord with our observations, Pulido and colleagues showed very slow resolution of diarrhea on
treatment within five or more years [7], whereas a group under Murray observed improvement of
diarrhea already within six months [20]. The reason for these considerable variations between the
studies remains unclear, but might for example involve differences in interpretation and definition of
symptoms. Obviously different study designs and populations may also have an effect, as we had
demographic characteristics and design similar to those of Pulido and colleagues [7], whereas Murray
and group [20] investigated mainly short-term responses to a gluten-free diet in one well-defined
geographical region.

In contrast to the well-documented short-term outcome [2], the long-term response to a gluten-free
diet has thus far been poorly investigated. Judging from our results, in most patients with good
adherence and recovered villi the good initial response to the diet remains after several years,
demonstrating that it is not only based on a short-term “honeymoon” effect. Notwithstanding this
long-lasting positive effect, we found even long-term dietary treated patients to have more symptoms
than healthy controls. Such ongoing symptoms may in the long run discourage patients from adhering
to what is a socially restrictive and expensive treatment mode if they consider it ineffective. In such
cases, it is particularly important for physicians to urge patients to persist with a strict gluten-free diet
in order to prevent disease-associated complications [2]. In addition to the increased GSRS total score,
particularly reflux symptoms showed a tendency to persist for several years. Gastroesophageal reflux
is common in general populations [23] and in earlier studies it has appeared to be approximately as
common in celiac patients [24]. Then again, initiation of a gluten-free diet has often reduced reflux
symptoms rapidly [25–27], and the response has also persisted in the long term [27]. In some studies
reflux symptoms have been suggested to be more common in aged people [28], but this is controversial
and did not explain the difference in the present study. Altogether, the reason for the increase in
reflux symptoms in long-term treated celiac disease remains unclear and needs to be clarified in
future studies.

We observed long-term treated celiac disease women to experience more symptoms than men.
Previously Hallert and associates has reported similar findings in Swedish women [6,29,30], and
Pulido and colleagues observed more symptoms in both undiagnosed Canadian women and those
on dietary treatment [7]. One plausible explanation for the gender difference might be the higher
prevalence of concomitant functional gastrointestinal disorders in women, which have also been shown
to be exacerbated by psychological distress such as that involved in following a burdensome dietary
treatment [31–33]. Women may also find the inevitable social restrictions caused by the gluten-free
diet harder to cope with [29]. Other possible reasons could be differences in fiber intake and the
symptom-modifying effect of gonadal hormones [34–36]. In any case, physicians should acknowledge
the higher risk of persistent symptoms in women and provide adequate support if needed.

In comparison with the other common gastrointestinal disorders as reported in the
literature [11,13–15], we observed that untreated celiac patients evince a fairly wide range of symptoms.
In line with this, other recent studies have reported that nowadays only a minority of patients present
with classical symptoms, such as diarrhea and malabsorption, but, instead, suffer from a plethora
of “atypical” symptoms or have no symptoms at all [4,19,37]. As well as in the diagnostic workout,
this heterogeneous clinical presentation also needs to be taken into account when evaluating the
long-term dietary response. In particular, although the specific GSRS scores here were mostly fairly low,
physicians should remember that suffering from multiple, even if moderate, symptoms simultaneously
may constitute a substantial burden in individual patients.
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The most common reason for the persistence of symptoms in celiac disease has been ongoing
gluten consumption [5,38]. However, in agreement with our previous studies [19,39,40], more than
90% of the patients here were strictly adherent and even in the few who reported lapses these
were only occasional. This conception was further confirmed by the well-recovered histology and
low EmA-positivity among patients on the diet. Thus, although gluten intake should always be
excluded [41], other explanations for persistent symptoms must be sought in patients with proven
strict adherence. These include for example small-intestinal bacterial overgrowth or some other
concomitant disorder such as IBD and microscopic colitis, and refractory celiac disease [5,41]. An
interesting new research topic related to this issue is dysbiosis of the intestinal microbiota [42]. We
have recently shown that celiac patients suffering from persistent symptoms on a gluten-free diet
had an altered balance and reduced richness of duodenal microbiota [43]. The intestinal microbiota
affects the complex gut-brain axis along with the enteric nervous system, immune system and external
environment, and alterations in this axis may predispose to chronic pain in functional gastrointestinal
disorders and perhaps also in celiac disease [44]. A deeper understanding of these mechanisms would
be important in order to make the development of new pharmacological interventions possible.

Several novel adjunct therapies to improve the treatment of celiac disease are currently under
development [45]. In these circumstances evaluating long-term symptoms in treated celiac disease
patients becomes more and more important. For now, gluten-free diet remains the gold standard
treatment for celiac disease and thus every new therapeutic approach needs to be compared with the
response to the diet. The present study provides solid information of the response of celiac individuals
to gluten-free diet and could thus be used as baseline to the future pharmacological trials.

Strengths of the present study were the large and nationwide cohort of clinically representative
celiac disease patients and the use of well-validated and structured symptom questionnaire. A major
limitation was the retrospective cross-sectional study design, this, however, being offset by the fact that
patients with different durations of gluten-free diet were comparable regarding most of the clinical
and demographic parameters and were diagnosed and treated similarly according to nationwide
guidelines. Another limitation was that the majority of the participants were recruited via celiac
disease associations, which may cause some selection bias. Finally, celiac disease was not excluded
among all healthy controls, a few of whom might have been suffering unrecognized.

5. Conclusions

In conclusion, we showed that the good initial clinical response to a gluten-free diet is sustained
also in the long run. However, it is important for physicians to realize that one year might not be long
enough for all symptoms to abate, and that some patients may continue to have mild or moderate
gastrointestinal symptoms despite long-term and strict dietary treatment. A fuller understanding of
the factors behind persistent symptoms in celiac disease would provide new treatment possibilities in
the future.
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Abstract: The gluten-free diet (GFD) is the only validated treatment for celiac disease (CD), but
despite strict adherence, complete mucosal recovery is rarely obtained. The aim of our study was
to assess whether complete restitutio ad integrum could be achieved by adopting a restrictive
diet (Gluten Contamination Elimination Diet, GCED) or may depend on time of exposure to GFD.
Two cohorts of CD patients, with persisting Marsh II/Grade A lesion at duodenal biopsy after
12–18 months of GFD (early control) were identified. Patients in Cohort A were re-biopsied after
a three-month GCED (GCED control) and patients in Cohort B were re-biopsied after a minimum
of two years on a standard GFD subsequent to early control (late control). Ten patients in Cohort
A and 19 in Cohort B completed the study protocol. There was no change in the classification of
duodenal biopsies in both cohorts. The number of intraepithelial lymphocytes, TCRγδ+ (T-Cell
Receptor gamma delta) T cell and eosinophils significantly decreased at GCED control (Cohort A)
and at late control (Cohort B), compared to early control. Duodenal intraepithelial lymphocytosis
persisting in CD patients during GFD is not eliminated by a GCED and is independent of the length
of GFD. [NCT 02711696]

Keywords: gluten free diet; celiac disease; mucosal recovery; gluten contamination

1. Introduction

Celiac disease is a systemic autoimmune disorder triggered by the ingestion of gluten, a complex
of proteins contained in wheat, barley and rye, in genetically predisposed patients. The autoimmune
process is responsible for alterations in the duodenal mucosa graded according to Marsh and the New
Classification as Marsh I/Grade A (intraepithelial lymphocytosis), Marsh II/Grade A (+ glandular
hyperplasia) and Marsh III (+ IIIa partial, IIIb subtotal or IIIc total villous atrophy)/Grade B
(B1 low-moderate or B2 severe atrophy ) [1–5].

The only treatment for celiac disease is exclusion of gluten from the diet; however, despite
strict dietary compliance, complete restitutio ad integrum of the duodenal mucosa is rarely achieved.
In most cases, a variable degree of inflammation persists characterized by persistent intraepithelial
lymphocytosis without or with associated glandular hyperplasia (Marsh I-II/Grade A) at control
biopsy usually performed after 6–18 months of gluten-free diet (GFD) [6–10]. In our experience on
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465 cases, complete normalization to Marsh 0 stage was observed in 8% of patients, with Marsh I and
II lesions persisting in 65% of patients with duodenal atrophy at baseline [7].

The cause of persistence of this inflammation, even in patients fully adherent to GFD, poses a
“million-dollar question” [11]. It is well known that there is a high degree of variability in individual
response to gluten, with some patients’ worsening of duodenal histology on exposure to very
small amounts of gluten [12–14]. This observation suggests that contamination with gluten from
commercially available processed food and/or small amounts of gluten present in products labeled
“gluten-free” (up to 20 ppm) may prevent complete mucosal recovery. This explanation is indirectly
supported in a study by Hollon and colleagues [15] showing that persistence of gastrointestinal
symptoms in celiac patients on a GFD is eliminated in 81% of cases by adopting a diet based
exclusively on naturally gluten-free products, and on removal from the diet of commercially available
processed food and products labeled “gluten free” (Gluten Contamination Elimination Diet, GCED).
Unfortunately, information on the effects of this diet on duodenal histology was largely incomplete.
Another explanation to gluten contamination is that complete mucosal recovery during GFD may go
undetected, as the time of follow-up biopsies at 12–18 months may be too short.

The aim of our study was to assess whether complete recovery of duodenal mucosa in patients
with persistent Marsh I-II/Grade A lesion after one year of GFD: (i) can be achieved by adopting
a GCED; and/or (ii) may depend on the time of exposure to GFD. To achieve this aim, we studied
two cohorts of patients with Marsh I-II/Grade A lesion after one year of GFD: cohort A was re-biopsied
after three months on GCED, and cohort B after a minimum of two years subsequent to the first
follow-up biopsy at 6–18 months.

2. Materials and methods

This study is a prospective, open label, interventional study involving celiac patients on regular
follow up at our Celiac Disease Clinic during GFD. We identified 2 cohorts of patients.

2.1. Recruitment

Cohort A consisted of patients from the Clinic with persistent Marsh II/Grade A lesion at
follow-up duodenal biopsy performed on GFD (early control), who were instructed to adopt a GCED
for three months, before repeating biopsy. Cohort B consisted of patients on long-term follow-up, who
accepted to repeat biopsy at least 60 months after the early control biopsy on GFD (late control). In both
cohorts, patient selection criteria included: (i) Marsh II/Grade A lesion at duodenal biopsy performed
at 12–18 months after starting GFD; (ii) negative CD related serology on GFD; (iii) strict adherence to
GFD without digression; (iv) absence of gastrointestinal or extra intestinal symptoms; and (v) absence
of Helicobcter pylori infection and no history of chronic NSAIDs (NonSteroidal Anti-Inflammatory
Drugs) use.

Patients in cohort A were informed of the rationale for adopting a GCED and of the characteristics
of the diet by a physician and a professional dietitian expert on CD and with the help of leaflets
(AL and MM). Patients were seen monthly at the Clinic by the physician and the dietician to ensure
adherence to the diet and to boost compliance with the protocol. The GCED was designed as indicated
by Hollon et al. [15] and patients were required to stay on the GCED for a minimum of 3 months or
more if well tolerated. Patients were given 2 kg of rice macaroni (Riso Viazzo, Crova, VC, Italy), 2 kg
of rice (Riso Viazzo, Crova, VC, Italy) and 2 kg of corn flour (Molino Bresciano, Azzano Mella, Bs,
Italy) free of charge for each month of the study. Before and after the GCED patients were asked to
fill in a questionnaire on gastrointestinal symptoms using the Gastrointestinal Symptom Rating Scale
(GSRS) questionnaire [16,17] that includes 15 items related to gastrointestinal symptoms grouped into
5 dimensions: abdominal pain, reflux, indigestion, diarrhea and constipation, and scored according
to a 7-point Likert scale graded 1 (no discomfort at all) to 7 (very severe discomfort) referring to the
previous week.
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Patients in cohort B were assessed by the dietitian for adherence to GFD and invited to a repeated
duodenal biopsy after long-term GFD (late control). Adherence to GFD was assessed by the dietician
using 4 point Likert scale (1 = no digression; 4 = no adherence at all) as previously described [18].

2.2. Serology

IgA t-TG antibodies were measured on the same day as duodenal biopsy with the enzyme-linked
immunosorbent assay procedure employing the human recombinant t-Tg antigen (Eu t-Tg®Eurospital,
Trieste, Italy), and anti-endomysial antibodies (EMA) were detected by indirect immunofluorescence
using monkey esophagus tissue as substrate (Antiendomysium®, Eurospital, Trieste, Italy).
HLA genotype was assessed with commercial kits [7].

2.3. Histology

According to our Institutional protocol [7], a minimum of 4 endoscopic biopsies were obtained
from the duodenum and specimens were oriented mucosal-up on cellulose filter. Duodenal histology
was classified according to Marsh [1] and to the New Classification [3–5]. For pathology assessment
two serials of 4-micron-thick were cut from each biopsy, one serial stained with H&E (Haematoxylin
and Eosin) and one serial routinely used for CD 3 identification by immunohistochemistry using rabbit
monoclonal antihuman antibodies 1:250 (Neomarker, Fremont, CA, USA). Intraepithelial lymphocytes
(IEL) were counted on the H&E stained sections and on the corresponding CD 3 immuno-stained
sections after counting at least 300 epithelial cells on both sides of five villous bodies. A cut-off value
of 25 IEL/100 epithelial cells was used.

TCRγδ+ T cells were identified using a commercially available method suitable for formalin fixed
paraffin embedded (FFPE) small bowel biopsies [19]. Serial cut sections (4 μm thick) of FFPE were
stained using anti TCRCγM1 (Thermo Scientific, Fremont, CA, USA). After the appropriate antigen
retrieval, the reaction was revealed using EnVisio (Dako, Glostrrup, Denmark) and Novolink polymer
(Novocastra, Newcastle upon Tyne, UK). Diamonobenzidine was used as chromogen and Meyer’s
hematoxylin as counterstaining. Sections were digitalized with Aperio Scanscope CS (Nikon) and a
mean of the count was obtained with a cut off value of 4/100 epithelial cells. Eosinophils have also been
counted with a cut off value of 2/100 epithelial cells. For Villous Height-Crypt Depth ratio (VH:CD),
a cut-off value of 2 was considered to categorize patients as having active celiac disease (VH:CD <2)
or not (VH:CD ≥2) [20]. All endoscopic biopsies were reviewed by experienced pathologists (V.V.
and M.S.).

2.4. Statistics

Results were expressed as mean ± SD, and differences were tested for statistical significance using
paired t test or Wilcoxon matched pairs test as appropriate, after testing normality with D’Agostino
and Pearson omnibus normality test. A p value of <0.05 was used to reject the null hypothesis.
The GraphPad Prism 5 statistical package (GraphPad Software, La Jolla, CA, USA) was used for
statistical analysis and graphs.

2.5. Ethics

Our Institutional ethical committee approved of the study protocol on 10 February 2014.
ClinicaTrials.gov identifier was NCT02711696.

3. Results

3.1. Patients’ Characteristics

Cohort A consisted of 13 patients (F 69%, mean age 38 ± 14 years) and cohort B of 19 patients
(F 79%, mean age 34 ± 10 years). A flow chart of the study design and the main baseline characteristics
in both cohorts reported in Figure 1 and Table 1, respectively.
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CD patients with incomplete
mucosal recovery after 12 18
months on GFD (Marsh I

II/GradeA)

Cohort A (n=13)
GCED for 3 months

3 dop out

10 patients re biopsed and
analysed

Cohort B (n=19)
standard GFD for a long

period (12 18 + 60 months or
more)

19 patients re biopsed and
analysed

Figure 1. Study design flow-chart and patients assignment in the two cohorts.

Table 1. Main characteristics of Cohorts A and B at the time of diagnosis of Celiac Disease.

Cohort A Cohort B

n Gender Age Marsh NC n Gender Age Marsh NC

1 M 23 3a B1 1 F 38 3c B2
2 M 30 3c B2 2 F 34 3c B2
3 F 22 3c B2 3 M 38 3c B2
4 F 30 3a B1 4 M 46 3c B2
5 F 30 3a B1 5 F 45 3c B2
6 F 43 3b B1 6 F 22 3a B1
7 F 47 3b B1 7 F 46 3a B1
8 F 49 3c B2 8 F 19 3 B1
9 F 26 3a B1 9 F 25 3c B2

10 F 68 3b B1 10 F 42 3b B1
11 M 44 3a B1 11 F 20 3b B1
12 F 29 3c B2 12 F 44 2 A
13 M 58 2 A 13 M 32 3b B1

14 M 29 3b B1
15 F 26 3c B2
16 F 30 3c B2
17 F 26 3c B2
18 F 52 3b B1
19 F 38 3c B2

NC: New Classification [3–5].

3.2. Effect of GCED: Cohort A

Ten of the 13 patients enrolled in cohort A completed the trial. Two patients withdrew immediately
after starting, and one patient after two months because of difficulties in adherence to GCED (patients
3 and 6, and 8 in Table 2, respectively).

As for selection criteria patients were virtually asymptomatic at control biopsy, and during GCED,
GSRS dimension scores remained virtually unchanged for abdominal pain (2.40 ± 0.54 vs. 1.97 ± 0.81,
p = 0.0954), reflux (1.7 ± 0.67 vs. 1.5 ± 0.85, p = 0.4962), diarrhea (2.23 ± 1.51 vs. 1.70 ± 0.97, p = 0.5736),
constipation (2.03 ± 1.20 vs. 1.23 ± 0.35, p = 0.0502) and statistically improved for indigestion
(2.93 ± 1.22 vs. 1.93 ± 0.83, p = 0.0183). All patients reported improvement in general wellbeing.
There was no significant change in body weight with a tendency in patients to gain BMI (22.5 ± 5.2 vs.
23.0 ± 4.9, p = 0.5625).
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There was no change in the classification of duodenal biopsies and in VH:CD category at the end
of GECD compared with results of the early control biopsies taken after a mean 15 ± 4 months of GFD.
In all patients, biopsies were classified as Marsh II/Grade A with VH:CD ≥2 on both occasions (Table 2).
The number of intraepithelial lymphocytes decreased from 47.9 ± 4.3 at the time of CD diagnosis
to 38.5 ± 3.6 at early control biopsies (p = 0.0015) with further decrease to 32.6 ± 2.8 after GCED
(p = 0.0056). The number of TCRγδ+ T cells decreased from 9.0 ± 2.1 at the time of CD diagnosis to
7.3 ± 2.1 at early control biopsies (p = 0.0006) with further decrease to 5.6 ± 2.1 after GCED (p < 0.0001).
The number of eosinophils decreased from 3.8 ± 1.1 at the time of CD diagnosis to 2.3 ± 1.1 at early
control biopsies (p < 0.0001) with further decrease to 1.6 ± 1.0 after GCED (p = 0.006) (Figure 2).
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Figure 2. Histologic Changes at the time of diagnosis, at early control and during Gluten Elimination
Contamination Diet (GCED) in the number of: IntraEpithelial Lymphocytes (IEL) (a); gamma-delta
CD3 (b); and eosinophils (c).

3.3. Effect of Long Term GFD

Nineteen patients enrolled in cohort B had repeated biopsies 96 ± 47 months (range 54–216) after
the first control biopsy taken 16 ± 7 months (range 12–36) after starting GFD (Table 3). There was
no change in classification of duodenal biopsies and in VH:CD category after long-term GFD
compared with results obtained at the early control biopsy. In all patients, biopsies were classified
as Marsh II/Grade A with VH:CD ≥2 on both occasions (Table 3) and in no case revealed compete
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normalization. The number of intraepithelial lymphocytes decreased from 45.1 ± 7.3 at the time of
CD diagnosis to 41.9 ± 3.3 at the early control biopsy (p = 0.0071) with a further decrease to 34.5 ± 5.1
after long-term GFD (p = 0.0012). The number of TCRγδ+ T cells decreased from 13.0 ± 2.0 at the time
of CD diagnosis to 10.5 ± 1.8 at early control biopsy (p < 0.0001) with further decrease to 9.1 ± 1.5
after long-term GFD (p < 0.0001). The number of eosinophils decreased from 4.0 ± 0.7 at the time of
CD diagnosis to 2.4 ± 0.8 at early control biopsies (p < 0.0001) with further decrease to 1.4 ± 0.7 after
long-term GFD (p = 0.0012) (Figure 3).
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4. Discussion

Our study shows that duodenal intraepithelial lymphocytosis persisting in celiac patients during
GFD is not completely eliminated despite a GCED, and is independent of the time of adherence to
GFD. Although the number of patients studied is limited, in none of the 10 patients completing the
three-month GCED trial, there was a regression in the histological stage from Marsh II/Grade A
to Marsh 0. Our finding, obtained in a prospective way, at predetermined time of histological
assessment extends the similar retrospective observations obtained in four out of five patients studied
by Hollon et al. [15]. Given these results, we felt it unethical to enroll more patients mainly because of
the alarmed reaction elicited by the proposal of a trial dealing with “incomplete mucosal recovery“,
and because adherence to the very restrictive GCED was very difficult, despite an improvement in
wellbeing, mainly for social and psychological reasons, especially in asymptomatic patients.

The reason why GCED did not result in mucosal recovery is unclear. One possible explanation
is that gluten contamination is unavoidable in our gluten-rich environment where the risk of
contamination is high even in inherently gluten free food [21]. A Significant increase of IEL is an early
event in the kinetics of histological response to gluten challenge in celiacs [22] thus acting as a sensitive
marker of ongoing gluten ingestion. In our study, we did not allow for cereals except for rice and maize
obtained by producers that exclusively process these two cereals. Besides contamination, a potential
for maize prolamins to induce a gluten-like cellular immune response has been hypothesized [23] and
this may contribute to persistent intraepithelial lymphocytosis at least in some patients.

A further possible explanation is that a three months of GCED is too short to achieve complete
mucosal recovery and switching off the immunological process that characterizes CD. We have chosen
a three-month period, because it proved sufficient in improving symptoms in 81% of the patients
studied by Hollon et al. [15]. The study by Hollon et al. focused on the identification of refractory
celiac disease (RCD) in non-responsive CD (biopsy-proven with persistence of symptoms and/or
villous atrophy on strict GFD for at least 12 months) and on the proposal of a new algorithm to identify
CD patients with RCD type 1 or type 2. Beside these differences in the study design, we felt unethical
to ask our patients (asymptomatic and without villous atrophy on GFD) for a longer period of GCED.

A third possibility is that persistence of intraepithelial lymphocytosis during GFD and the more
restricted GCED may be speculatively attributable to characteristics of intestinal microbiota. Intestinal
microbiota has a well-recognized role in the shaping of the intestinal immune system [24,25] and
research is focusing on its potential role in the pathogenesis of celiac disease as a key factor in
association with genetic predisposition and gluten [26]. Many factors known to influence intestinal
microbiota have been identified as risk factors for CD. These include caesarean delivery [27] and breast
feeding practices [28], although evidence is conflicting [29–31], history of infection and antibiotics
use [31]. Furthermore quantitative and qualitative differences of intestinal and fecal microbiota have
been identified between CD patients and controls [32–35], and composition of duodenal microbiota
appears to be in relation to clinical manifestations of CD [35]. An intestinal disbiosis also persists
during GFD even after reconstitution of the villous structure [32,36,37] and is different in patients
with persisting symptoms and those who are asymptomatic [38]. Small intestinal microbiota respond
metabolically to dietary changes [37] and it is reasonable to hypothesize that dietary components of
GFD and GCED may cause pro-inflammatory changes in the intestinal mucosa thus preventing the
mucosa from progress beyond reconstitution of the villous structure. This hypothesis is supported in a
recent study by Tjellstrom et al. [39] in children with CD showing that challenge with strictly gluten
free oats caused an increase of in fecal SCFA, acetic acid and n-butyric acid consistent with changes in
the gut microflora and resulting in increased “fermentation index”, a pro-inflammatory index.

Our study also confirms no further progression of intraepithelial lymphocytosis to normal limits
after eight years of GFD compared with results obtained after 1–2 years [7,40]. Tuire et al. [40] reported
a progressive reduction of in the prevalence of intraepithelial lymphocytosis from 85% at two years to
48% after 20 years of strict GFD and conclude that intraepithelial lymphocytosis may not disappear in
treated CD over time. The reason for this persistence, besides common causes other than CD [41] that
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were excluded in our study and that of Tuire et al. [40] may, as in the case of lack of improvement with
GCED, be related to gluten contamination or changes in microbiota during GFD.

Despite persistence of Marsh II/Grade A lesion, both patients treated with GCED and those on
long-term GFD exhibited a slight although statistically significant reduction of IEL-CD3, Delta-gamma
and eosinophils. This slight amelioration of the duodenal histology can be explained increased
strictness in the GFD, that was inherent to the GCED, and the well established phenomenon of stricter
adherence to dietary recommendations for patients enrolled in a clinical trial.

5. Conclusions

In conclusion, our study shows that residual duodenal inflammatory changes persist during GFD
despite adherence to a diet based on products that are in nature gluten-free and despite long-term
adherence to GFD. This incomplete mucosal recovery has, however, marginal clinical relevance and is
unlikely to affect long-term prognosis [42].
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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;
secalin; avenin

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 DQ8 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 ε-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-γ 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

Underlying cause Genetic: HLA-DQ2 or/and
–DQ8 haplotype Atopy (100%)

Probably, genetic: DQ2
and/or DQ8 (up to 50%
of patients)

Laboratory markers

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

Specific IgE for wheat, specific IgE
for ω-5 gliadin, specific IgE for
non-specific lipid transfer proteins

IgG antigliadin antibodies
(in only a part of
the patients)

Histopathological
intestine symptoms

Atrophy of villi, crypt
hyperplasia, increased
infiltration by
intraepithelial lymphocytes

Any mucosal damage or increased
infiltration by intraepithelial
lymphocytes or atrophy of villi
and crypt hyperplasia

Any mucosal damage or
increased infiltration by
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 ω5-gliadin is the main
allergen of gluten, inducing wheat-dependent exercise-induced anaphylaxis [13]. Furthermore, some
data suggest that α- and γ-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.

Figure 2. Prolamin Superfamily composition.

Table 2. Classification of gluten prolamins.

Grain Species Components
Molecular Weight

(% Total)
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

Wheat

γ-gliadins

30–45 kDa (70%–80%)

Monomers

α-gliadins Monomers

B- and C-type LMW subunits of glutenin Polymers

Barley B-hordeins and γ-hordeins 32–45 kDa (80%) Aggregated type, monomers
or single chain polypeptide

Rye γ-secalins 40–75 kDa (80%) Polymers

S-poor prolamins

Wheat
ω-gliadins

30–75 kDa (10%–20%)
Monomers

D-type LMW subunits of glutenin Aggregated type, polymers

Barley C-hordeins 40–72 kDa (10%–15%) Monomers

Rye ω-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
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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.

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, I2–I4—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 (α/β-, and γ-gliadins), or not connected at all (ω-gliadins) [19].
It has been reported that C and D groups of LMW glutenin subunits (LMW-GS) are mainly composed
of α-, β-, γ-, and ω-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.
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(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): α-, β-, γ-, and ω-gliadins, according to
their electrophoretic mobility in SDS-PAGE at low pH [18]. Precisely, ω-, α/β-, and γ-gliadins exist.
Proteins from α- and β-groups are similar, so this group is referred to as α-gliadins [21]. ω-gliadins
can be arranged into three types, which will be discussed further.

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 α- and γ-gliadins are encoded by Gli-2 genes. The estimated copy number
of α-gliadins in hexaploid wheat is between 25 and 150 copies. Gli-1 contains genes encoding not only
γ- and ω-gliadins but also LMW-GS, so there is a tight linkage between them [23].

Gliadins of different types bear distinct secondary structure. Thus, ω-gliadins contain randomly
coiled β-turns without α-helices or β-sheets. In contrast, α/β- and γ-gliadins possess α-helices and
β-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 β-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) α- and γ-gliadins

α- and γ-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). α- and γ-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]. α- and γ-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 α-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, α-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 α- and γ-gliadins is about 150 residues. In α-gliadins, almost all the
glutamic acid and aspartic acid residues are present in amide forms [31]. γ-gliadins contain a 12 residues
signal peptide and have more cysteine residues in their primary structure than α-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 α/β-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,
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on increasing the pH to 7.0, gliadin nanostructures repulsion decreases due to proximity to the
isoelectric point.

(1.2) ω-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, ω-gliadins are incapable of disulfide
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 ω-gliadins.
They are more polar than α- and γ-gliadins [35].

On the basis of the N-terminal sequences, three different types of ω-gliadins have been
distinguished from wheat proteins and related proteins from other species such as C-hordeins and
ω-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 pI (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 ω-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, γ, 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
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proteins. B and γ-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 γ-hordeins are encoded by
structural loci Hor 3 and Hor 5 located on the long arm of chromosome 5.

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 γ-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 B1 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, γ 1-, γ 2- and possibly γ 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].

γ-hordein is homologues to γ-gliadin of wheat. γ-hordein is presented in γ1-, γ2-, γ3-types.
Analysis of primary sequences revealed a distant relation between γ3-hordein to γ2- and B hordein,
while γ2-hordein is very close to γ-gliadin and γ-secalin (Figure 4) [47]. In addition, γ1- and
γ2-types have identical N-terminal sequences. Signal peptides allow γ1-, γ2-hordeins to be
co-translationally transported into the rough endoplasmic reticulum. They present in small aggregates
(hordein polypeptides) soluble in 55% isopropanol. γ1- and γ2-hordein can form intermolecular
disulfide bridges but γ3-hordein exists as a monomer only.

(2) C hordein

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 ω-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 β-turns [50].
Further analysis performed by l’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 γ-hordein and B hordein [47]. These globules merge with each other in cytoplasm.
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(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 β-turns [53]. Nevertheless, it has unique tetrapeptide present in C-terminal part of repetitive
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, γ-secalins and ω-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) γ-secalins

γ-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 γ-secalin and other γ-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 γ-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) ω-secalins

Sec-1 locus is a gene region of ω-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 ω-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 ω-secalin genes with ORFs but also pseudogenes,
which may be the subject of a reduced selection pressure [60].

ω-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 ω-gliadins. This was discussed earlier for C hordein, ω-secalin has no A,
B or C conservative domains. Repetitive domain of ω-secalin is flanked by short unique sequences
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of N-terminal 12 amino acid residues and four amino acids on its C-terminus. Repetitive region of
ω-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 γ-secalins (2R) of rye and LMW glutenins (1A and 1B). This complex was
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
α/β-gliadin and γ-gliadin of wheat, B-hordein of barley and γ-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
α- and γ-gliadins-like proteins. The expression levels of avenins of different groups have not yet
been well studied, but it is clear that α- and γ-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.
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Comparison of regions of A, B and C conserved domains (Figure 3, see I2–I4) identified subgroups
within S-rich group: α-type and γ-type, B hordein [68]. γ-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 I2–I4 blocks and repeated sequences. It has been shown that
α- and γ-gliadins are both related to LMW-GS. Moreover, it has been suggested that C and D groups
of glutenins are mainly composed of α-, β-, γ-, and ω-gliadins but mutated in cysteine residues [20].

Proteins of S-poor group of prolamins do not contain conserved regions. It is also clear that
repeated sequences of S-poor prolamins (ω-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.

Figure 4. Summary of evolutionary events that probably contributed to the divergence of
Prolamin Superfamily proteins. A, B, C—conserved regions, S—signal peptide, I2–I4—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
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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.

Evidence of the cross-reactivity of prolamin proteins was also reported in the course of allergy.
ω5-gliadin is the major wheat allergen. It was shown that anti-ω5-gliadin antibodies bind to rye
γ70-secalin, rye γ35-secalin and barley γ3-hordein [73]. In about 90% of patients with wheat-dependent
exercise-induced anaphylaxis, IgE antibodies against these proteins were found. Rye γ70- and
γ35-secalin and barley γ3-hordein cross-react with ω5-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 γ-type prolamins.

Even though there is no cross-reactivity between allergens in oat and other gluten species,
avenins show immunological cross-reactivity to γ-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 α-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-DQ2 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 DQ8 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 α5 and β2 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
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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 DQ8 lack canonical aspartic acid residue at DQβ57. 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].

Figure 5. 3D reconstruction of DQ α5-β2-binding cleft with a deamidated α-gliadin peptide (green),
using PyMOL (PBD ID 1S9V) [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 α- and γ-gliadin: the strongest and most common adaptive response to
gluten is directed toward an α2-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 α2-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 Ca2+ 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 α-gliadin

The α-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
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the N-terminal repetitive region of α-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 α-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 α-gliadins differ mainly in the number of repeat blocks consisting in interspersed motifs PFPPQQ
and PYPQPQ.

Figure 6. Fragment of α-gliadin protein sequence. Main immunogenic fragments: peptides p31-43,
33-mer and DQ2.5-glia-α3 are indicated.

Six epitopes of type 1 α-gliadin are DQ2.5-glia-α1a/b and DQ2.5-glia-α2 (Figure 6). There is also
a partial overlap with 33-mer DQ2.5-glia-α3 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-γ 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 α-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
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abundant in immunodominant peptides. Interestingly, both DQ2 and DQ8 molecules lack the aspartic
acid residue at β57 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 DQ8
complexes revealed only two glutamic acid-preferred positions (P1 and P9). This explains the lower
number of gluten peptides active in DQ8 individuals.

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-γ 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
α-gliadins map the N-terminal 57–89 region (33-mer). DQ2-restricted ω-gliadin peptides strictly
related to α-gliadin 17-mer: it contains two overlapping copies of 9-mer epitopes. Immunogenic
peptides of γ-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.

Grain Species Gluten Protein

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

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

Wheat

α-gliadins 3 3
γ-gliadins 11 4
ω-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 α-gliadin,
γ-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
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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
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 ω-gliadin as well as non-gluten protein of wheat
such as profilin, serpin, α-purothionin, etc. Non-gluten flour proteins and some γ-, α/β-gliadins can
cause an occupational respiratory allergy such as baker’s asthma, which appears after the inhalation
of flour by millers or bakers. ω5-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 γ-, α/β-, ω5-, ω1,2-gliadins contain IgE-binding epitopes as well as
HMW and LMW subunits of glutenin [99] (Table 4). Nevertheless, major allergenic protein of wheat
is ω5-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

α/β-gliadin QQQFPGQQ, LQQQ
γ-gliadin QPQQPFPQ
ω5-gliadin QQXPXQQ *
ω1,2-gliadin QQPXPXQ

HMW-GS QQPGQ(GQQ)
LMW-GS QQPIQQQP

γ-gliadin, α/β-gliadin and ω1,2-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-γ [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].
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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
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
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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.
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 ω-gliadins genes, encoding proteins that
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cause food IgE-mediated allergy, were silenced in order to decrease the level of ω5-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 γ-, α- and ω-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].

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 TJ 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

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-γ interferon-γ
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
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tomaz.langerholc@um.si (T.L.); masa.primec@um.si (M.P.)

5 Department of Pediatrics, Faculty of Medicine, University of Maribor, Taborska ulica 8, Maribor 2000,
Slovenia; dusanka.micetic@um.si

* Correspondence: diana.digioia@unibo.it; Tel.: +39-051-2096269
† These authors contributed equally to this work.

Received: 10 August 2016; Accepted: 13 October 2016; Published: 22 October 2016

Abstract: Coeliac disease (CD) is associated with alterations of the intestinal microbiota. Although
several Bifidobacterium strains showed anti-inflammatory activity and prevention of toxic gliadin
peptides generation in vitro, few data are available on their efficacy when administered to CD subjects.
This study evaluated the effect of administration for three months of a food supplement based on two
Bifidobacterium breve strains (B632 and BR03) to restore the gut microbial balance in coeliac children
on a gluten free diet (GFD). Microbial DNA was extracted from faeces of 40 coeliac children before
and after probiotic or placebo administration and 16 healthy children (Control group). Sequencing of
the amplified V3-V4 hypervariable region of 16S rRNA gene as well as qPCR of Bidobacterium spp.,
Lactobacillus spp., Bacteroides fragilis group Clostridium sensu stricto and enterobacteria were performed.
The comparison between CD subjects and Control group revealed an alteration in the intestinal
microbial composition of coeliacs mainly characterized by a reduction of the Firmicutes/Bacteroidetes
ratio, of Actinobacteria and Euryarchaeota. Regarding the effects of the probiotic, an increase of
Actinobacteria was found as well as a re-establishment of the physiological Firmicutes/Bacteroidetes
ratio. Therefore, a three-month administration of B. breve strains helps in restoring the healthy
percentage of main microbial components.

Keywords: coeliac disease; gluten free diet; probiotic; Bifidobacterium breve; intestinal microbiota;
qPCR; next generation sequencing

1. Introduction

Coeliac disease (CD) is a chronic gastrointestinal tract disorder showing damages at the small
intestine, which are hypothetically linked to an autoimmune response caused by gluten ingestion
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in genetically predisposed subjects. CD in Europe and North America is estimated to affect about
1% of the population, although its incidence in Western countries is increasing in the last decades [1,2].
CD is usually chronic but the lifelong adherence to a gluten-free diet (GFD) keeps the disease under
control: the small intestine returns to its physiological condition and subsequent tests for CD specific
autoantibodies are negative [3,4]. Even if the adherence to a GFD is the only effective solution against
CD, patients risk suffering from an unbalanced nutritional intake and difficulties to adhere to the strict
GFD are frequently reported.

The gut microbiota has a very close relation with the host contributing to the normal human
physiology. It can provide a barrier for colonization of pathogens, synthesize vitamins and other
beneficial compounds and stimulate the immune system. Environmental factors can lead to
a disturbance of the microbiota composition, disrupting microbiota-host mutualism and shifting from
a condition of homeostasis to a disease-associated profile [5]. In the last decade, CD has been associated
to an altered composition of the intestinal microbiota even though studies reported in literature show
that there is not a characteristic “coeliac intestinal microbiota” [6]. Some authors evidenced an intestinal
dysbiosis in CD patients with active disease characterized by a remarkable reduction in Gram positive
bacterial population in duodenal and faecal specimens facilitating the colonization of potentially
harmful Gram negative bacteria within the mucosal surface of CD patients [7–9]. In particular, data
obtained from duodenal biopsies revealed a reduction in the number of bifidobacteria [10] and changes
in species distribution within the Bifidobacterium genus have been evidenced by Denaturing Gradient
Gel Electrophoresis (DGGE) [11]. Moreover, symptom free CD patients adherent to a GFD at least
for two years did not completely restore the microbiota composition and this condition can lead to
a different metabolomics profile [9]. Bacteria belonging to the Bifidobacterium genus are well known
for their health promoting properties and for their capability of stimulating cells to produce immune
molecules and modulating the physiology of gut-associated lymphoid tissue (GALT) [12]. In particular,
in vitro studies have been focused on the capability of bifidobacteria to increase the IL-10 secretion
when co-incubated with mononuclear cells and faecal samples from CD patients [13]. Moreover,
a Bifidobacterium lactis strain and a probiotic product containing Lactobacillus and Bifidobacterium strains
resulted effective in reducing gliadin induced epithelial permeability through prevention of the toxic
gliadin peptide generation during in vitro digestion [14–16].

Despite the encouraging data on the potential of probiotic strains, particularly bifidobacteria,
in vivo studies in patients with CD remain still very scarce. Until now, only few studies have taken
into account the direct administration of bifidobacteria in subjects affected by CD. Smecuol et al. [17]
studied the effects of Bifidobacterium infantis natren life start strain in untreated CD patients or rather on
a gluten containing diet. Authors found that Bifidobacterium administration may alleviate symptoms
of untreated CD but it could not modify intestinal permeability. A second study [18] evaluated the
administration of Bifidobacterium longum CECT 7347 in children on a GFD with newly diagnosed
CD and it revealed a reduction of CD3+ T lymphocytes and TNF-α due to probiotic ingestion.
To date, no studies on CD considered the administration of Bifidobacterium breve strains although
this species has proven very successful in several paediatric trials regarding necrotizing enterocolitis,
immunodeficiency and constipation [19–21].

This work is aimed at the assessment of the impact of the administration of two Bifidobacterium breve
strains on the gut microbiota composition of coeliac patients compliant to a GFD and, at the same time,
it evaluates the difference in the intestinal colonization of coeliac subjects on a GFD for several years
with respect to healthy subjects.

2. Materials and Methods

2.1. Study Design and Samples Collection

The study was a double-blinded placebo controlled intervention including 40 patients affected
by CD and 16 healthy children for the Control group recruited at a single centre, Department of
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Paediatrics, University Clinical Center Maribor in a period from October 2013 to June 2014. Children
with CD, aged between 1 and 19 years, were positive to serologic markers for CD and positive for
small bowel biopsy, according to European Society for Paedriatric Gastroenterology Hepatology and
Nutrition (ESPGHAN) criteria for CD [22]. More details about patients (Table S1) and inclusion/exclusion
criteria of the recruiting process are available in Klemenak et al. [23]. The study was registered at
https://www.clinicaltrials.gov (registration number: NCT02244047). Patients affected by CD have been
randomly allocated into two groups: 20 in the Probiotic group and 20 in the Placebo group. The Probiotic
group of patients received an experimental formulation containing B. breve for three months and the
Placebo group received a placebo formulation for the same duration. Probiotic formulation was a mixture
of 2 strains, B. breve BR03 (DSM 16604) and B. breve B632 (DSM 24706) (1:1), administered as lyophilized
powder in a daily dosage of 109 Colony Forming Units (CFU) of each strain. Placebo was prepared with
the same excipients without probiotic strains using an identical form of package. Each package of 2 g
powder was mixed with fluids and ingested in the morning breakfast for three months.

Faecal samples of CD patients were collected twice, on enrolment (T0) and at the end of
intervention with probiotic/placebo (T1). Members of Control group were sampled only once.
Faecal samples were frozen immediately after collection at −80 ◦C, in numbered screw-capped plastic
containers, until they were processed for DNA extraction. Researchers carrying out DNA extraction
and molecular analyses (qPCR and sequencing) were blind to the group identity of patients (Control,
Probiotic or Placebo group).

2.2. DNA Extraction from Faecal Samples

DNA was extracted from 200 mg of faeces (preserved at −80 ◦C after collection) were used using
the QIAamp DNA Stool Mini Kit (Qiagen, West Sussex, UK) with a slight modification of the protocol:
An additional incubation at 95 ◦C for 10 min of the stool sample with the lysis buffer was added to
improve the bacterial cell rupture [24]. Extracted DNA was stored at −80 ◦C. The purity of extracted
DNA was determined by measuring the ratio of the absorbance at 260 and 280 nm (Infinite®200 PRO
NanoQuant, Tecan, Mannedorf, Switzerland) and the concentration was estimated by Qubit® 3.0
Fluorometer (Invitrogen, Life Technologies, Van Allen Way, Carlsbad, CA, USA).

2.3. Preparation of DNA Libraries for Illumina MiSeq Sequencing

The sample subjected to sequencing belonged to the following groups: 20 Probiotic group T0,
20 Probiotic group T1, 20 Placebo group T0, 20 Placebo group T1 and 16 Control group (Figure 1).

They were processed to amplify and sequence the V3-V4 region of the 16S rRNA gene.
The amplicons, approximately 460 bp in length, were generated using the forward and reverse primers,
respectively: 5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3′,
5′ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3′, already
used in [25].

Each 25 μL PCR reaction contained 12.5 μL of HiFi HotStart ReadyMix (KAPA Biosystems,
Woburn, MA, USA), 5 μL of each primer (0.2 μM) and microbial DNA (5 ng/μL). PCR amplification
was performed using the following program: Heated lid at 110 ◦C, 95 ◦C for 3 min followed by 25 cycles
at 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, followed by a final elongation step at 72 ◦C for 5 min.
PCR products were cleaned using the AMPure beads XP purification system (Beckman Coulter, UK)
following Illumina 16S Ribosomal RNA Gene Amplicon instructions. Illumina sequencing adapters
and dual-index barcodes were added to amplicons using the Nextera XT index kit (Illumina, San Diego,
CA, USA). The following program was utilized for the second PCR amplification: 95 ◦C for 3 min
followed by 8 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 30 s and a final elongation at 72 ◦C for
5 min. A further clean up protocol using AMPure beads XP purification system (Beckman Coulter, UK)
is performed. Amplicons were quantified using the Qubit® 2.0 Fluorometer (Invitrogen) and pooled
equimolar to 4 nM. The pool was denatured with 0.2 M NaOH, further dilution with hybridization
buffer to 20 pM and combined with denatured 30% PhiX. Samples were sequenced on the Illumina
MiSeq platform at the Fundacion FISABIO (Valencia, Spain) facility using a 2 × 300 nucleotide paired
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reads protocol. Sequencing raw data were deposited at European Nucleotide Archive (ENA) and
received the following ID: PRJEB14943.

Figure 1. Summary of inclusion/exclusion criteria adopted for samples selection. Samples who
showed the right DNA quantification level have been sequenced. * Inclusion criteria are summarized in
Klemenak et al. [23]. ** Analysis was performed at the beginning of the study (T0) and after 3 months
of treatment (T1).

2.4. Bioinformatics and Statistical Analyses of NGS Experiment

Several bioinformatics pipelines have been used to analyse the amount of data produced during
this project. The first step of analysis was represented by quality controls of the generated raw
data, which are essential to be confident of the quality of the experimental results. For this purpose,
the FastQC 0.11.4 software (Babraham Bioinformatics) was used for a rapid visualization of sequences
quality, then with the prinseq-lite.pl script sequences have been trimmed according to various quality
criteria: first of all sequences with less than 50 bp were eliminated, then remaining reads were analyzed
with a sliding-window approach of 20 bp, within this range each sequence with a mean quality lower
than 20 was removed [26].

After that, the fastq-join tool from the ea-tools suite [27] was used to join forward and reverse
sequences. The last quality control step was represented by the elimination of chimeric sequences
using the Usearch tool (http://drive5.com/usearch/). Once high-quality double-stranded reads were
obtained, they were aligned to the 16S reference sequences database at the RDP database project to
identify the microbial community with the RDP classifier tool [28]. RDP classifier outputs have been
then processed through several R software packages, such as vegan, reshape2, RDPutils and phyloseq
in order to estimate various biodiversity indexes and to perform the principle statistics analyses on
taxonomic profiles. Finally, data have been normalized and the function exactTest() of the edgeR
package was used to evaluate the effective microbial differentiation among the studied groups [29].

2.5. Absolute Quantification of Selected Microbial Groups Using Quantitative PCR (qPCR)

Quantification of selected microbial groups i.e., Bidobacterium spp., Lactobacillus spp.,
Bacteroides fragilis group (comprising the species B. fragilis, B. distasonis, B. ovatus, B. thetaiotaomicron,
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B. vulgatus), Clostridium sensu stricto or cluster I and total enterobacteria, was carried out with
real-time PCR on DNA extracted from faecal samples. The assays were performed with a 20 μL
PCR amplification mixture containing 10 μL of Fast SYBR® Green Master Mix (Applied Biosystems,
Foster City, CA, USA), optimized concentrations of primers (Tables 1 and 2), H2O molecular grade
and 2 μL DNA extracted from faecal samples at a concentration of 2.5 ng/μL for all the assays.
The primer concentrations were optimized through primer optimization matrices in a 48-well plate
and evaluating the best Ct/Rn ratio. The different primers were also checked for their specificity using
the database similarity search program nucleotide-nucleotide BLAST [30]. Moreover, to determine
the specificity of amplification, analysis of product melting curve was performed after the last cycle
of each amplification. The data obtained from the amplification were then transformed to obtain the
number of bacterial Log CFU/g faeces according to the rRNA copy number available at the rRNA copy
number database [31]. Standard curves were constructed using 16S rRNA PCR product of type strains
of each target microorganism. PCR products were purified with a commercial kit DNA purification
system (NucleoSpin® Extract II kit, MACHEREY-NAGEL GmbH & Co. KG, Duren, Germany) and the
concentration measured at 260 nm. Serial dilutions were performed and 102, 103, 104, 105, 106, and
107 copies of the gene per reaction and were used for calibration.

Data of microbial counts were subjected to T-test in order to evidence significant differences
between treated and Control group of subjects.

Table 1. Primer sequences and qPCR conditions used in the different assays.

Target Microorganisms Primer Sequences (5′-3′) Amplicon
Length (bp)

References
Annealing

Temperature

Bifidobacterium spp.
243 [32] 55 ◦CBifTOT-F TCGCGTCYGGTGTGAAAG

BifTOT-R CCACATCCAGCRTCCAC

Lactobacillus spp.
349 [33] 60 ◦CLac-F GCAGCAGTAGGGAATCTTCCA

Lac-R GCATTYCACCGCTACACATG

Bacteroides fragilis group
92 [34] 58 ◦CBfra-F CGGAGGATCCGAGCGTTA

Bfra-R CCGCAAACTTTCACAACTGACTTA

Enterobacteria
195 [35] 63 ◦CEco 1457F CATTGACGTTACCCGCAGAAGAAGC

Eco 1652R CTCTACGAGACTCAAGCTGC

Clostridium cluster I
232 [36] 52 ◦CCI-F1 TACCHRAGGAGGAAGCCAC

CI-F2 GTTCTTCCTAATCTCTACGCAT

Table 2. qPCR amplification protocols and primer concentrations.

Target Microorganisms
Initial

Denaturation
Denaturation Annealing Cycles Fw nM Rev nM

Bifidobacterium spp. BifTOT F/BifTOT-R 95 ◦C, 20 s 95 ◦C–30 s 60 ◦C–30 s 40 200 300
Lactobacillus spp. LAC-F/LAC-R 95 ◦C, 20 s 95 ◦C–30 s 63.5 ◦C–30 s 40 200 200

Bacteroides fragilis group Bfra-F/Bfra-R 95 ◦C, 20 s 95 ◦C–30 s 60 ◦C–30 s 40 300 300
Enterobacteria Eco-F/Eco-R 95 ◦C, 20 s 95 ◦C–30 s 60 ◦C–30 s 40 400 400

Clostridium cluster I CI-F1/CI-F2 95 ◦C, 20 s 95 ◦C–30 s 60 ◦C–30 s 40 200 200

Fw = Primer Forward, Rev = Primer Reverse.

3. Results

3.1. Metagenomic Analysis

The V3-V4 region of 16S rDNA gene was sequenced from 96 DNA samples using the Illumina
MiSeq platform. A total dataset of 4,348,432 filtered high-quality joined reads (excluding the
undetermined sequences) was thus generated, about 46,259 sequences per sample, with a mean
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quality between 30 and 35. Two samples were excluded from the whole dataset because they did not
pass the established quality threshold.

Massive sequencing revealed the presence of six phyla (five belonging to Bacteria and one
to Archaea) with a relative abundance higher than 1%: Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Verrucomicrobia and Euryarchaeota. The obtained phyla had a different distribution
among the five groups of examined subjects as highlighted in the heat map (Figure 2), in particular in
the Firmicutes and Bacteroidetes phyla.

Figure 2. Hierarchically clustered heat map: Sample groups are reported in column, while phyla are
reported in row.

In particular, the Firmicutes phylum showed the highest representativeness in the Control group
(accounting for 60%–70% of the total microbial community), whereas it reached 50%–60% in Probiotic
T1 and 40%–50% in the rest of CD patients (Probiotic T0, Placebo T0, and Placebo T1 groups).

On the other hand, the Bacteroidetes phylum was more abundant within CD subjects (20%–40%)
than in the Control group subjects (10%–20%). The other phyla were more evenly distributed among
groups, with the only difference for Proteobacteria and Verrucomicrobia that were more represented in
the Placebo group (~10%–20%). Moreover, the hierarchical cluster analysis combined with the heat
map pointed out that the Probiotic T1 group occupied an intermediate position between the Control
group and the rest of CD individuals, being thus considered as an outlier with respect to the other
disease clusters because of its closer relationship with control subjects.

From the comparison between the CD subjects and the Control group microbiota emerged
a marked difference in the ratio of Firmicutes/Bacteroidetes. Figure 3 shows values of ratio
Firmicutes/Bacteroidetes calculated for each group of subjects. CD subjects had a ratio values lower than
the Control group thus meaning a high proportion of Bacteroidetes (Gram negative) with respect to
Firmicutes (Gram positive). The administration of the probiotic for three months was found to increase
the ratio value due to the higher level of Firmicutes phyla than Bacteroidetes.
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Figure 3. The Firmicutes/Bacteroidetes ratio.

Following the data normalization procedure and assignation of statistical significance described
in Material and Method, several comparisons between pair of groups were performed in order to
identify which phyla could distinguish the microbiota of Control group from that of CD patients not
assuming the probiotic formulation, and from Probiotic T1 (Figure 4).

Figure 4. Relative abundance of the three phyla that show a statistical significance difference among
CD, Control and Probiotic T1. CD group is composed of Probiotic T0, Placebo T0 and Placebo T1
samples. The * indicates p < 0.01. Supporting information on relative abundance and p-values is found
in Tables S2 and S3.
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Statistical analyses confirmed that Firmicutes were significantly lower in CD subjects not receiving
the probiotic formulation compared to Controls and Probiotic group (p < 0.01). Similar results
were found for Actinobacteria that were underrepresented in the CD group and increased after the
administration of bifidobacteria, although not reaching the abundance found in the controls. A further
discernment regarded the Euryarchaeota phylum belonging to Archaea that was almost exclusively
present in the Control group. The same analysis was repeated comparing the microbial composition of
the Control group with the Probiotic groups before and after the probiotic administration (respectively
Probiotic T0 and Probiotic T1) (Figure 5). The comparison highlighted an increase in the relative
abundance of Firmicutes (p < 0.01) and Actinobacteria, due to the effect of probiotic administration.
On the other hand it was possible to observe a slight decrease of the abundance of Proteobacteria while
the Euryarchaeota phylum kept unchanged after the treatment.

The same comparison was carried out at the family taxonomic level. Within the Firmicutes phylum,
two families, which are poorly represented in the Probiotic T0 group, showed instead a higher level
in both the Probiotic T1 and the Control groups: Lactobacillaceae and Gracilibacteraceae. In particular,
both bacterial families showed a significant different abundance between Probiotic T0 and Probiotic T1
groups, whereas no differences were observed between Probiotic T1 and Control groups. In contrast,
Probiotic T1 subjects demonstrated a high percentage of unclassified Deltaproteobacteria families.
Moreover, this analysis enabled identifying the Methanobacteriaceae family as almost exclusively present
within the Control group (Figure 6).

Figure 5. Significant differences in phyla relative abundance among Control, Probiotic T0 and Probiotic
T1 groups. The * indicates p < 0.01. Supporting information on relative abundance and p-values is
found in Tables S4 and S5.

The α-diversity indices (Observed, Chao1 and Shannon) were computed for all Operational
Taxonomic Units (OTUs) founded in the five groups of samples as reported in Figure 7. No significant
changes in OTUs composition among the studied groups were observed. Particularly, the observed
raw biodiversity, as well as the Chao1 index, were slightly higher in the control samples than in all
the other groups, but the differences were not significant. Even the Shannon index indicated similar
trends among all groups, with a mean value of about 3. This similarity among groups was further
confirmed by the application of Wilcoxon test on these indices, which indicated the totally absence of
significant differences.
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Figure 6. Statistical significant differences in families relative abundance among Control, Probiotic T0
and Probiotic T1 groups. The * indicates p < 0.01. Supporting information on relative abundance and
p-values is found in Tables S6 and S7.

Figure 7. Alpha diversity indices among the studied groups.
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3.2. Quantification of Selected Microbial Groups in Faecal Samples

qPCR analysis was carried out in order to obtain the absolute quantification of selected microbial
groups as a supplementary information able to complete the microbial profile of the examined subjects.
Faecal samples were collected and DNA extracted at two sampling times for CD subjects, on enrolment
(Probiotic T0 + Placebo T0) and at the end of the three months intervention with probiotic or placebo
(T1), and once for healthy individuals (control group). Quantification regarded specific microbial
genera typical of the human gut, Bifidobacterium spp., Clostridium sensu stricto, Bacteroides fragilis
group (comprising the most abundant species in human, i.e., B. fragilis, B. distasonis, B. ovatus,
B. thetaiotaomicron, and B. vulgatus), and larger microbial group, Lactobacillus group, which include
Lactobacillus, Pediococcus, Leuconostoc and Weisella species, and total enterobacteria comprehensives of a
larger number of gram-negative intestinal bacteria. The average microbial counts obtained are shown
in Table 3.

Quantification of Bifidobacterium spp. evidenced a slightly higher value in the subjects affected by
CD at T0 with respect to the control group, although this difference was not significant. The comparison
between subjects belonging to the probiotic group before and after the treatment showed that the
administration of the probiotic formula containing Bifidobacterium breve led to a slight increase of
bifidobacteria counts from 7.64 ± 1.01 to 8.06 ± 0.98 Log CFU/g of faeces. Lactobacillus spp. group
analysis revealed that healthy subjects (Control group) had a higher presence of members of this group
compared to CD patients, which on the contrary, showed a great heterogeneity in the distribution
(Figure 8). ANOVA test revealed that the difference was statistically significant (emphp < 0.01).
The opposite trend was found for members of Bacteroides fragilis group showing a higher median
in CD subjects compared to healthy subjects, as shown in the box plot (Figure 9). The box plot
relative to healthy subjects is shorter than the other one and it also shows a higher median value but a
narrower distribution of the data. ANOVA test revealed that the difference is statistically significant
(p < 0.01). CD patients showed more than 8.70 Log CFU/g of faeces of Bacteroides fragilis group bacteria.
No significant differences were recorded concerning changes in the levels of Bacteroides due to treatment
with probiotics.

With regard to enterobacteria, they were more abundant in the control group compared to CD
patients: 8.29 ± 0.80 and 7.10 ± 1.24 CFU/g, respectively. This trend can also be outlined from
the graphs reported in Figure 10, which clearly shows that the median value of control group is
higher than CD groups, the latter showing a lower level of enterobacteria with a higher heterogeneity.
Furthermore, after the three months of probiotic treatment it was possible to observe a decreased
level of enterobacteria in Probiotic T1 (Figure 10 and Table 3). Regarding Clostridium sensu stricto,
its quantification was lower than the other microbial groups (values from 5.83 to 6.19 Log CFU/g of
faeces). No statistical differences resulted from the comparison between control and CD patients and
between Probiotic and Placebo groups.

Table 3. Mean counts of different microbial groups analysed in stool samples expressed as Log CFU/g
of faeces.

Target

Log No. CFU/g of Faeces

Probiotic Group Placebo Group Control Group

T0 T1 T0 T1 T0

Bifidobacterium spp. 7.64 ± 1.01 8.06 ± 0.98 7.82 ± 0.80 7.74 ± 0.73 7.26 ± 0.92
Lactobacillus spp. 6.87 ± 1.08 6.92 ± 0.95 7.21 ± 0.80 7.04 ± 0.97 7.84 ± 0.58
B. fragilis group 8.73 ± 0.79 8.71 ± 0.77 8.74 ± 0.76 8.84 ± 1.03 7.46 ± 1.47
Enterobacteria 7.10 ± 1.24 6.75 ± 1.29 7.25 ± 1.81 7.63 ± 1.48 8.29 ± 0.80

Clostridium sensu stricto 5.97 ± 0.96 5.83 ± 0.87 6.17 ± 0.95 6.19 ± 0.81 5.86 ± 0.80
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Figure 8. Box plots showing qPCR analysis of Lactobacillus group expressed in log CFU per gram
of faecal sample relative to CD group and Control group. CD group is composed of Probiotic T0,
Placebo T0 and Placebo T1 samples. Statistical difference between the two groups (p-values of < 0.01).

Figure 9. Box plots showing qPCR analysis of Bacteroides fragilis group expressed in log CFU per gram
of faecal sample relative to CD group and Control group. CD group is composed of Probiotic T0,
Placebo T0 and Placebo T1 samples. Statistical difference between the two groups (p-values of < 0.01).

Figure 10. Box plots showing qPCR analysis of total enterobacteria expressed in log CFU per gram
of faecal sample relative to CD group and Control group. CD group is composed of Probiotic T0,
Placebo T0 and Placebo T1 samples. Statistical difference between the two groups (p-values of < 0.01).
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4. Discussion

This work was focused on the characterization of the major changes occurring in the intestinal
microbiota of CD patients on a GFD and on the evaluation of the effects that the administration of
two B. breve strains (B632 and BR03) may have on these patients.

In the last few years a particular attention has been paid on the correlation between gut microbiota
composition and CD. Several studies demonstrated an increase in gram-negative bacteria, mainly
belonging to the Bacteroidetes phylum, at the expense of microorganisms of the Actinobatceria and
Firmicutes phyla in subjects with active disease [7,8,10], in agreement with the results registered in other
chronic inflammatory gastrointestinal diseases such as inflammatory bowel disease [37]. However,
these differences did not allow identifying a coeliac microbiota signature directly linked to CD [6].

Although data regarding the health promoting properties of bifidobacteria and more in general of
probiotic microorganisms are well documented, their role in the treatment of CD has been scarcely
investigated. The two strains administered in this work, B. breve B632 and BR03, are known to
possess anti-inflammatory activity stimulating intestinal cells in vitro to produce IL-6 and IL-10,
respectively [38,39] and have been previously characterized for safety issues such as the absence of
transmissible antibiotic resistance traits and toxicity towards gut epithelial cells. In addition, the
two strains in combination showed a great capability of colonizing the gut of healthy children [40].
In relation to CD, a preliminary important outcome obtained from the administration of the described
probiotic formulation to CD patients was the reduction of pro-inflammatory cytokine TNF-α in blood
samples of CD subjects on a GFD after three months of treatment, as reported in Klemenak et al. [23].

The first interesting evidence that emerges from the present study is the absence of a severe
intestinal dysbiosis in CD patients on a GFD diet, as shown by the comparison of the α-diversity
similarity indices and the absence of statistically significant differences in OTU variability in the
analysed cohort of CD patients with respect to the Control group. On the contrary, literature data
related to active disease patients non-adherent to a GFD showed the presence of extensive changes
in the microbial composition [8]. Therefore, the strict adherence to the GFD partially recovers the
intestinal equilibrium status.

However, the results obtained in this study showed a significant quantitative difference in
some microbial groups by qPCR and by metagenomic analysis in CD patients with respect to the
Control group. The elaboration of the microbial relative abundance data obtained by Illumina MiSeq
sequencing were able to clearly separate CD subjects from the Control group ones. The lower number
of Bacteroidetes phylum in CD patients with respect to the Control group was supported by B. fragilis
group quantification by qPCR and it is consistent with the results of another study on CD patients
on GFD [7]. The obtained results are also in agreement with the observation that CD subjects present
an imbalance in the Firmicutes/Bacteroidetes ratio, usually lower in CD patients, and this ratio is not
completely restored in patients under a GFD [41]. Moreover, the probiotic administration induced
an evident increase of Firmicutes abundance while maintaining a similar percentage of Bacteroidetes,
thus resulting in a higher value of the Firmicutes/Bacteroidetes ratio. In addition, the Control group
microbiota seems to be characterized by a higher percentage of Actinobacteria and Euryarchaeota.
The association between CD disease status and a lower presence of Actinobacteria has already been
described [42]. Particularly interesting, although not yet described in the literature, is the result
regarding the Euryarchaeota phylum, which is highly represented in the Control group, but almost
absent in the coeliac subjects. The same applies for the Methanobacteriaceae family. This evidence could
conceivably be linked to differences in the dietary habits of the two groups of subjects. Recent research
works focused on Euryarchaeota highlighted their ability to promote polysaccharide degradation and
absorption of fatty acids, thus they seem to play a role in energy extraction from degradation of organic
compounds [43]. Grain is the most common source of polysaccharides in modern human populations,
thus the important reduction of archaea microorganisms within coeliac group on GFD is linked to
their different nutritional status, in particular to the compliance of the GFD and the consequent lower
polysaccharide intake.
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Focusing on the effects of the administration of the B. breve strains on microbial composition,
an increase of members of the Actinobacteria phylum (NGS) and bifidobacteria (qPCR) have been
detected in the CD subjects after three months of probiotic supplementation, although the increase
was not statistically significant. One of the possible reasons could be the short duration of the
treatment, furthermore it is already known that, after the weaning period, the microbiota is resilient to
changes [44]. The treatment with the B. breve strains has therefore not caused major changes at the level
of the genus or phylum to which the probiotic belongs, as it might have been expected, but the intake
of the probiotic has nevertheless acted as a “trigger” element for the increase of Firmicutes and the
restoration of the physiological Firmicutes/Bacteroidetes ratio. By reaching the microbial family level of
analysis, it was possible to get more details on the effect of probiotic administration, allowing to reach
the conclusion that two Firmicutes families (Lactobacillaceae and Gracilibacteraceae) changed their relative
abundances upon probiotic treatment (Probiotic T1 group), particularly Lactobacillaceae that reached
almost the values that characterized the Control group. Other studies have also observed a lower
presence of Lactobacillaceae in CD patients, indicating a close relationship between this pathological
condition and the bacterial family [9]. This means that the probiotic has restored the normal amount
of Lactobacillaceae members belonging to these families within the treated individuals. It remains to
be explained why the administration of such a Bifidobacterium strain have affected Lactobacillaceae
species. This could be related to a high ability of Bifidobacterium to deep influence gut microflora
composition, by enhancing the blooming of some species and antagonizing others probably by the
effect of the production of metabolites such as acetic acid [45]. In particular, there are evidences that
Bifidobacterium support Lactobacillaceae development [46]. Moreover, it is highly probable that the
decrease of TNF-α observed within treated individuals is closely linked to the increase of lactobacilli,
with their anti-inflammatory function promoted by the administration of Bifidobacterium [47,48].

5. Conclusions

In conclusion, the present study demonstrated that three months administration of B. breve
strains could make the intestinal microbiota of coeliac patients more similar to that of healthy
individuals, restoring the abundance of some microbial communities that characterize the typical
physiological condition.
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Characterization of Bifidobacterium spp. strains for the treatment of enteric disorders in newborns.
Appl. Microbiol. Biotechnol. 2012, 96, 1561–1576. [CrossRef] [PubMed]

39. Drago, L.; de Vecchi, E.; Gabrieli, A.; de Grandi, R.; Toscano, M. Immunomodulatory effects of Lactobacillus
salivarius LS01 and Bifidobacterium breve BR03, alone and in combination, on peripheral blood mononuclear
cells of allergic asthmatics. Allergy Asthma Immunol. Res. 2015, 7, 409–413. [CrossRef] [PubMed]

40. Mogna, L.; del Piano, M.; Mogna, G. Capability of the two microorganisms Bifidobacterium breve B632 and
Bifidobacterium breve BR03 to colonize the intestinal microbiota of children. J. Clin. Gastroenterol. 2014,
48, S37–S39. [CrossRef] [PubMed]

41. Sanz, Y. Effects of a gluten-free diet on gut microbiota and immune function in healthy adult humans.
Gut Microbes 2010, 1, 135–137. [CrossRef] [PubMed]

78



Nutrients 2016, 8, 660

42. De Palma, G.; Capilla, A.; Nova, E.; Castillejo, G.; Varea, V.; Pozo, T.; Garrote, J.A.; Polanco, I.; López, A.;
Ribes-Koninckx, C.; et al. Influence of milk-feeding type and genetic risk of developing coeliac disease on
intestinal microbiota of infants: The PROFICEL study. PLoS ONE 2012, 7, e30791. [CrossRef] [PubMed]

43. Samuel, B.S.; Gordon, J.I. A humanized gnotobiotic mouse model of host-archaeal-bacterial mutualism.
Proc. Natl. Acad. Sci. USA 2006, 103, 10011–10016. [CrossRef] [PubMed]

44. Rodriguez, J.M.; Murphy, K.; Stanton, C.; Ross, R.P.; Kober, O.I.; Juge, N.; Avershina, E.; Rudi, K.; Narbad, A.;
Jenmalm, M.C.; et al. The composition of the gut microbiota throughout life, with an emphasis on early life.
Microb. Ecol. Health Dis. 2015, 26, 26050. [CrossRef] [PubMed]

45. Li, Y.; Shimizu, T.; Hosaka, A.; Kaneko, N.; Ohtsuka, Y.; Yamashiro, Y. Effects of Bifidobacterium breve
supplementation on intestinal flora of low birth weight infants. Pediatr. Int. 2004, 46, 509–515. [CrossRef]
[PubMed]

46. Ohtsuka, Y.; Ikegami, T.; Izumi, H.; Namura, M.; Ikeda, T.; Ikuse, T.; Baba, Y.; Kudo, T.; Suzuki, R.; Shimizu, T.
Effects of Bifidobacterium breve on inflammatory gene expression in neonatal and weaning rat intestine.
Pediatr. Res. 2012, 71, 46–53. [CrossRef] [PubMed]

47. Servin, A.L. Antagonistic activities of lactobacilli and bifidobacteria against microbial pathogens.
FEMS Microbiol. Rev. 2004, 28, 405–440. [CrossRef] [PubMed]

48. Tien, M.; Girardin, S.E.; Regnault, B.; le Bourhis, L.; Dillies, M.; Coppée, J.; Bourdet-sicard, R.; Sansonetti, P.J.
Anti-inflammatory effect of lactobacillus casei on shigella-infected human intestinal epithelial cells.
J. Immunol. 2016, 176, 1228–1237. [CrossRef]

© 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/).

79



nutrients

Article

Dietary Gluten-Induced Gut Dysbiosis Is
Accompanied by Selective Upregulation of
microRNAs with Intestinal Tight Junction and
Bacteria-Binding Motifs in Rhesus Macaque Model of
Celiac Disease

Mahesh Mohan 1, Cheryl-Emiliane T. Chow 2, Caitlin N. Ryan 2, Luisa S. Chan 2, Jason Dufour 3,

Pyone P. Aye 1,3, James Blanchard 3, Charles P. Moehs 4 and Karol Sestak 5,6,*

1 Division of Comparative Pathology, Tulane National Primate Research Center, Covington, LA 70433, USA;
mmohan@tulane.edu (M.M.); paye@tulane.edu (P.P.A.)

2 Second Genome Inc., San Francisco, CA 94080, USA; cheryl@secondgenome.com (C.-E.T.C.);
caitlin@secondgenome.com (C.N.R.); luisa@secondgenome.com (L.S.C.)

3 Division of Veterinary Resources, Tulane National Primate Research Center, Covington, LA 70433, USA;
jdufour@tulane.edu (J.D.); jblanch1@tulane.edu (J.B.)

4 Arcadia Biosciences Inc., Seattle, WA 98119, USA; max.moehs@arcadiabio.com
5 Division of Microbiology, Tulane National Primate Research Center, Covington, LA 70433, USA
6 PreCliniTria LLC, Mandeville, LA 70471, USA
* Correspondence: ksestak@tulane.edu; Tel.: +1-985-871-6409

Received: 29 August 2016; Accepted: 18 October 2016; Published: 28 October 2016

Abstract: The composition of the gut microbiome reflects the overall health status of the host. In this
study, stool samples representing the gut microbiomes from 6 gluten-sensitive (GS) captive juvenile
rhesus macaques were compared with those from 6 healthy, age- and diet-matched peers. A total of
48 samples representing both groups were studied using V4 16S rRNA gene DNA analysis. Samples
from GS macaques were further characterized based on type of diet administered: conventional
monkey chow, i.e., wheat gluten-containing diet (GD), gluten-free diet (GFD), barley gluten-derived
diet (BOMI) and reduced gluten barley-derived diet (RGB). It was hypothesized that the GD diet
would lower the gut microbial diversity in GS macaques. This is the first report illustrating the
reduction of gut microbial alpha-diversity (p < 0.05) following the consumption of dietary gluten in
GS macaques. Selected bacterial families (e.g., Streptococcaceae and Lactobacillaceae) were enriched in
GS macaques while Coriobacteriaceae was enriched in healthy animals. Within several weeks after
the replacement of the GD by the GFD diet, the composition (beta-diversity) of gut microbiome
in GS macaques started to change (p = 0.011) towards that of a normal macaque. Significance
for alpha-diversity however, was not reached by the day 70 when the feeding experiment ended.
Several inflammation-associated microRNAs (miR-203, -204, -23a, -23b and -29b) were upregulated
(p < 0.05) in jejunum of 4 biopsied GS macaques fed GD with predicted binding sites on 16S
ribosomal RNA of Lactobacillus reuteri (accession number: NR_025911), Prevotella stercorea (NR_041364)
and Streptococcus luteciae (AJ297218) that were overrepresented in feces. Additionally, claudin-1,
a validated tight junction protein target of miR-29b was significantly downregulated in jejunal
epithelium of GS macaques. Taken together, we predict that with the introduction of effective
treatments in future studies the diversity of gut microbiomes in GS macaques will approach those of
healthy individuals. Further studies are needed to elucidate the regulatory pathways of inflammatory
miRNAs in intestinal mucosa of GS macaques and to correlate their expression with gut dysbiosis.

Keywords: celiac; gluten; gut; microbiome; microbiota; dysbiosis; rhesus; macaque; metagenomics;
16S rRNA; miRNA; chronic inflammation
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1. Introduction

The human gastrointestinal (GI) tract contains approximately 1014 microorganisms [1] that
colonize a surface of >30 m2 [2]. The gut microbiome co-exists with its host as a super-organism, in a
mutualistic manner [3–5], affecting the host’s metabolism, immunity and overall fitness [6,7]. Diet, age,
gender, genetics, usage of antibiotics, and multiple other factors influence the composition of the gut
microbiome [8–17].

Non-human primates, owing to their close biological similarity with humans, are a valuable
resource in biomedical research [18]. An earlier study by McKenna and colleagues identified important
similarities but at the same time unique differences between human and rhesus gut microbiomes [19].
For example, Treponema sp. spirochetes were found to be abundant in macaques [19]. Recent
studies with rural African human populations revealed an overabundance of intestinal Treponoma
and Prevotella sp. compared to populations consuming a Western type of diet [16,20,21]. McKenna
and colleagues documented an alteration in the composition of the gut microbiome, i.e., intestinal
dysbiosis in rhesus monkeys, due to chronic colitis [19]. In another study, utilizing infant macaques
that were either breast- or bottle-fed, differences in immune responsiveness and accumulation of
metabolites were noted and linked to changes in gut microbiome composition [22]. In Japanese
macaques (Macaca fuscata), consumption of a high-fat maternal diet resulted in displacement of
potentially harmful gut microflora such as Campylobacter sp. [15]. Finally, inulin treatment successfully
resolved idiopathic chronic diarrhea and restored gut microflora in dysbiotic macaques [23,24].

A loss of gut microbial diversity as one of the hallmarks of dysbiosis is commonly found
in patients with Inflammatory Bowel Disease (IBD). While many obligate anaerobic commensal
microorganisms are lost during IBD, an increase of aerotolerant Enterobacteriaceae and expansion of
the Prevotellaceae takes place [25–30]. Intestinal dysbiosis has also been observed in patients with
celiac disease (CD) [31–35]. Investigations that focused on pediatric patients during and after the
Swedish CD outbreak, suggested that rod-shaped intestinal bacteria might have predisposed children
to CD [36–38]. It has been reported that bacteria most involved in gluten metabolism belong to phylum
Firmicutes, mainly from the Lactobacillus genus, followed by Streptococcus, Staphylococcus and Clostridium
genera [39]. It was shown that GFD treatment significantly alters proportions of these bacterial
populations [31]. It was suggested that increased presence of some of the bacteria involved in gluten
metabolism might be associated with enteritis [39]. An unrelated report showed that Proteobacteria and
not Firmicutes is the most abundant phylum in celiacs, with members of the Neisseria genus being the
most represented [40]. Regardless of the exact reflection of intestinal dysbiosis that appears may vary
in different categories of CD patients, it was observed that dietary gluten-induced dysbiosis is not
easily restored by GFD treatment [35]. Although in GS rhesus macaques the progression of enteropathy
is linked with the gradually decreasing presence of mucosal barrier-maintaining interleukins (IL)-17,
IL-22 [41] and various other functions, alterations in gut microbiota are yet to be studied in this model.
Since a recent study demonstrated that fecal miRNAs secreted by intestinal epithelial cells could
enter luminal bacterial cells and regulate their growth via post-transcriptional gene regulation [42],
we profiled miRNA expression in jejunum of GS macaques. Thirteen differentially expressed (DE)
miRNAs were identified, with eight containing specific binding motifs to dysbiotic bacterial species
and intestinal tight junction (TJ) proteins. In summary, our main objective was to determine if dysbiosis
takes place in GS macaques fed a gluten-containing diet and if it can be restored upon administration
of GFD. Results indicate that the diversity of the gut microbiome of GS macaques is significantly lower
than that of healthy, age-matched peers and dysbiosis is linked with upregulation of pro-inflammatory
miRNAs. Future studies shall focus on restoration of gut microbiome diversity and composition—by a
long-term dietary and/or other therapeutic interventions.

81



Nutrients 2016, 8, 684

2. Experimental Section

2.1. Ethics Approval

This study was performed using samples collected from normal healthy and GS non-human
primates. Ethics approval for veterinary procedures was obtained from the Tulane University Animal
Care and Use Committee, Animal Welfare Assurance A-4499-01. Tulane National Primate Research
Center (TNPRC) is accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC). Steps were taken to ameliorate animal suffering in accordance with the
recommendations of the Guide to the Care and Use of Laboratory Animals (NIH) 78-23 (Revised, 2011).

2.2. Rhesus Macaques, Diets and Samples Collected

Forty-eight stool samples were obtained via fecal loops from 12 juvenile (1–3-years-old, 6 healthy
controls and 6 GS) captive rhesus macaques (Macaca mulatta) of Indian origin. As described, the GS and
control macaques were stationed in a dedicated bio-security level 2 facility, physically separated from
the rest of the colony as well as from the same study animals on different, dietary gluten-modified
diets, to prevent contamination of each chow with undesirable gluten sources [43]. The 12 animals
were selected irrespective of sex. All animals were seronegative and free of viral, bacterial or parasitic
pathogens including the simian retrovirus type D, simian T lymphotropic virus type 1, simian
immunodeficiency virus and herpes B virus [41,44]. Tuberculin skin tests were negative for each
individual. The 6 GS macaques had previously been reported with celiac-like GS, i.e., an equivalent
of human CD [45]. Approximately 0.5 g of stool were obtained from at least 3 representative
macaques at each time point when fed gluten-modified diets: conventional monkey chow, i.e., wheat
gluten-containing diet (GD), gluten-free diet (GFD), conventional barley gluten-derived diet (BOMI)
and reduced gluten barley-derived diet (RGB) (Supplementary Materials Table S1). Samples from GS
macaques were obtained at multiple time points while samples from healthy control macaques were
obtained only once. Immediately upon collection, stools were suspended in 1.0 mL of phosphate saline
buffer and then stored at −80 ◦C until processed for DNA extraction.

2.3. DNA Extraction, Library Preparation and Profiling

Frozen stool samples were thawed at room temperature prior to DNA extraction. Approximately
0.25 g (wet weight) of stool was measured for each sample and DNA was extracted using the
MoBio PowerMag Microbiome kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) according to the
manufacturer’s guidelines and optimized for high-throughput processing. All samples were quantified
using the Qubit Quant-iT dsDNA High Sensitivity Kit (Invitrogen, Life Technologies, Grand Island, NB,
USA). To enrich samples for bacterial 16S V4 rDNA region, DNA was amplified utilizing fusion primers
designed against the surrounding conserved regions tailed with sequences to incorporate Illumina
(San Diego, CA, USA) adapters and indexing barcodes [46]. Each sample was PCR amplified with two
differently bar coded V4 fusion primers. Samples that met the post-PCR quantification minimum were
advanced for pooling and sequencing. For each sample, amplified products were concentrated using a
solid-phase reversible immobilization method for the purification of PCR products and quantified by
qPCR. An amplicon pool containing 16S V4 enriched, amplified, barcoded samples, was sequenced
for 2 × 250 cycles on an Illumina MiSeq (San Diego, CA, USA). Samples were processed in a Good
Laboratory Practices (GLP) compliant service laboratory running Quality Management Systems for
sample and data tracking.

2.4. Operational Taxonomic Unit (OTU) Selection

Sequenced paired-end reads were merged using USEARCH and the resulting sequences were
compared as described [47,48]. Briefly, all sequences matching a unique strain with an identity ≥99%
were assigned a strain OTU. To ensure specificity of the strain hits, a difference of ≥0.25% between the
identity of the best hit and the second hit was required (e.g., 99.75 vs. 99.5). For each strain OTU, one of
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the matching reads was selected as a representative and all sequences were mapped by USEARCH
(usearch_global) against the strain OTU representative sequence to calculate strain abundance. The
remaining non-strain sequences were quality filtered and de-replicated with USEARCH. Resulting
unique sequences were then clustered at 97% by UPARSE de novo OTU clustering and a representative
consensus sequence per de novo OTU was determined. The UPARSE clustering algorithm includes a
chimera filtering step. Representative OTU sequences were classified via mothur’s Bayesian classifier
with a threshold of 80% confidence; the classifier was trained against the Greengenes reference database
(v13.5, greengenes.lbl.gov) [49] of 16S rRNA sequences clustered at 99% similarity. Spurious OTUs
were removed.

2.5. Alpha- (within Sample) and Beta- (between Samples) Diversity

“Observed” diversity reflects the number of unique OTUs within each sample while Shannon
diversity reflects the richness of a sample along with the relative abundance of present OTUs. Both
Observed and Shannon diversities were used to assess alpha-diversity. The Bray-Curtis dissimilarity
index was evaluated to determine beta-diversity.

2.6. Ordination and Clustering

Dendrograms were constructed to graphically summarize the inter-sample relationships based on
Bray-Curtis dissimilarity using hierarchical clustering by Ward’s method.

2.7. Whole Microbiome and Taxon Significance Testing

Permutational Analysis of Variance (PERMANOVA) was utilized for whole microbiome beta-diversity
differences among discrete categorical or continuous variables [50]. Univariate differential abundance
of OTUs was tested using a negative binomial noise model for the overdispersion and Poisson process
intrinsic to this data, as implemented in the DESeq2 package [51], and described for microbiome
applications [52].

2.8. miRNA Profiling, Real Time qRT-PCR and Confocal Microscopy

Proximal jejunum biopsy tissues from 4 GS and 6 healthy control macaques fed GD for at
least one year (long-term GD) were collected and processed as described [45]. Half of the collected
biopsies were preserved in 5 mL of RNA-later solution (Qiagen Inc., Valencia, CA, USA) while second
half was embedded in paraffin and 7 μm sections were used for immunofluorescent staining, i.e.,
confocal microscopy.

Total RNA from intact jejunal tissue samples was isolated using the miRNeasy total RNA
isolation kit (Qiagen Inc.) following the manufacturer’s protocol. The 100 ng of total RNA was
first reverse transcribed using the miRNA reverse transcription reaction kit and loaded onto the
TaqMan® OpenArray® Human MicroRNA Panel, QuantStudio™ 12K Flex system (Thermo-Fisher,
Waltham, MA, USA) and processed as described previously [53].

TJ protein (Claudin-1, Claudin-3 and Occludin gene expression in jejunum samples was quantified
by Power SYBR Green RNA to CT One-Step RT-PCR assay (Thermo-Fisher). Each qRT-PCR reaction
(20 μL) contained the following: 2X Power SYBR Green Master Mix (12.5 μL), 200 nM forward
and reverse primer (Supplementary Materials Table S2) and 200 ng of total RNA. Comparative
real-time PCR was performed and relative change in gene expression was calculated using the ΔΔCT
method. Data was normalized to a combination of three endogenous controls (Beta-Actin, 18S rRNA
and GAPDH).

Immunofluorescence studies for the detection of Claudin-1 (1 in 50) (Abcam, Cambridge, UK)
was done as described earlier [53]. Cytokeratin (Biocare, Concord, CA, USA) (1 in 500) and Topro-3
(1 in 2000) was employed as a marker for intestinal epithelial cells and nuclei, respectively. Positive
signals were detected using appropriate Alexa fluor conjugated secondary antibodies (Thermo-Fisher,
Waltham, MA, USA).
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2.9. Data Analysis

QuantStudio™ run files from GS (n = 4) and control macaques (n = 5) were analyzed
simultaneously using ExpressionSuite software v1.0.3 (Thermo-Fisher) as described previously [54].
Since Expression Suite software is not equipped to perform non-parametric analysis, the output file
containing five columns (well, sample, detector, task and CT values) were saved as a tab-delimited text
file, imported and analyzed by non-parametric Wilcoxon’s rank sum test for independent samples
using RealTime STATMINER™ package (Integromics on Spotfire DecisionSite) designed to compare
samples using the ΔΔCT method for relative quantification of gene expression. miRNA expression
data was normalized to a combination of two endogenous controls (RNU44 and RNU48). In all
experiments, the CT upper limit was set to 28 meaning that all miRNA detectors with a CT value
greater than or equal to 28 were excluded. TaqMan OpenArray® microRNA data files were deposited
with the National Center for Biotechnology Information database (GEO, Accession number: GSE89170,
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89170).

For TJ protein mRNA qRT-PCR studies, one GS macaque with the highest ΔCT value served
as the calibrator/reference and assigned a value of 1. All DE mRNAs in GS and other macaques in
the normal healthy control group are shown as an n-fold difference relative to this macaque. mRNA
qRT-PCR data was analyzed by non-parametric Wilcoxon’s rank sum test for independent samples
using RealTime STATMINER™ package. A p value of less than 0.05 was considered significant.

3. Results

3.1. Gut Microbiomes Differ Significantly between Healthy and GS Macaques

In order to compare gut microbiomes between healthy and GS macaques that were fed
conventional, gluten-containing monkey chow (GD) for at least one year, we measured alpha-diversity,
relative abundance of top bacterial families and performed clustering analyses.

Alpha-diversity (Shannon diversity index) was significantly higher in healthy compared to GS
macaques (p = 0.02), despite that the observed number of OTUs did not differ (p = 0.07) (Figure 1,
Supplementary Materials Table S3). Proportionally, two of the top 8 families (Streptococcaceae and
Lactobacillaceae) were enriched in GS macaques, while one family (Coriobacteriaceae) was enriched in
healthy macaques (Figure 2, Supplementary Materials Table S4). When gut microbial diversity metrics
were compared between the GS and healthy animals with consideration of sex, there were similar
differences as there were without such consideration.

Hierarchical clustering (Supplementary Materials Figure S1) and weighted ordination analyses
showed good separation of represented bacterial families between samples collected from healthy
control and GS macaques. The 157 OTUs differed significantly in relative abundance between
healthy and GS macaques (Figure 3). Approximately 89 out of the 157 significant OTUs belonged
to the phylum Firmicutes. Genera enriched in GS animals included Anaerostipes, Coprococcus,
Dorea, Feacalibacterium, Fibrobacter, Lachnospira, Lactobacillus, Oscillospira, Peptococcus, Prevotella,
Ruminococcus, Sarcina, Streptococcus, and YRC22. Genera enriched in healthy rhesus macaques
included Anaerofustis, Corynebacterium, Dehalobacterium, Methanobrevibacter, Methanosphaera, Prevotella,
Ruminococcus, Treponema, and Weissella.
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Figure 1. Alpha-diversity of the gut microbiome is decreased in gluten-sensitive (GS) macaques.
Observed (A) corresponds to total number of Operational Taxonomic Units (OTUs) present in sample;
Shannon, (B) corresponds to Shannon Diversity Index that accounts for both the abundance and
evenness of OTUs. Green color represents GS juvenile macaques on GD (long-term) diet while blue

indicates age- and gluten-containing diet (GD) diet-matched healthy controls.
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Figure 2. Proportional abundance of microbial taxa in GS and control macaques. Plot shows the most
abundant taxa at the family level. Left panel represents GS juvenile macaques on GD diet while right

panel indicates age- and diet-matched healthy control macaques.
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Figure 3. Differentially abundant features: GS macaques vs. healthy controls on GD. Each point
represents an OTU belonging to each Genus. Only significant OTUs assigned at genus-level are
shown. Features were considered significant if their FDR-corrected p-value was less than or equal
to 0.05. There were 157 significantly different OTUs detected out of 1263 tested. Fifty-six OTUs had
genus-level annotations.

3.2. Gut Microbiomes of GS Macaques Are Influenced by GFD

After placing the GS macaques on GFD, alpha-diversity and relative OTU abundances were
evaluated at days 14, 28, 42 and 70 to assess the extent of potential improvement, i.e., restoration of gut
microbiome composition to that observed in normal healthy controls (Figure 4 and Supplementary
Materials Figure S2). No significant differences were observed in alpha-diversity metrics by day 70 of
GFD (Supplementary Materials Figure S2A,B).

Nevertheless, 145 of 1212 OTUs were significantly different in their abundance when the
individual GFD time-points were tested (Figure 4). Many of the significant OTUs (23) belonged to
families Ruminococcaceae and Lachnospiraceae (8) within the phylum Firmicutes (Figure 4, Supplementary
Materials Table S5). In addition, there were no significant differences in alpha-diversity between BOMI
and RGB diets (Supplementary Materials Figure S2C,D). Irrespective of the diet fed to GS macaques,
the phylum Firmicutes comprised majority of the microbial species (mean = 64.7%). The phylum
Proteobacteria was in a few instances dominant (mean = 7.8%) over Firmicutes. The relative abundances
of the top 8 most abundant phyla did not differ significantly when comparing the GFD, BOMI and
RGB diets. However, Firmicutes, followed by Bacteroidetes and Proteobacteria were dominant (Figure 5).
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Figure 4. Differentially abundant features in GS macaques while on GFD. One hundred forty-five
significantly different OTUs belonging to each genus out of 1212 tested were identified in GS
macaques while on GFD. Overall increase of beneficial bacterial groups is seen in GS macaques
while on GFD. Most of the significant features were from the phylum Firmicutes, particularly the
family Ruminococcaceae.

Figure 5. Composition at the phylum level. Irrespective of diet, the phylum Firmicutes comprised the
majority of the gut microbiome in GS macaques.
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While on GFD, significant changes in abundance of individual OTUs were detected in GS
macaques (Figure 4): 145 differentially abundant OTUs of 1212 tested were identified. Overall, increase
of beneficial bacterial groups was also seen in GS macaques while on GFD. Most of the significant OTUs
were from the phylum Firmicutes, particularly the family Ruminococcaceae. The greatest number of
significantly differential OTUs occurred between day 14 and 42 of GFD. Only 17 OTUs differed between
day 14 and 28. Eleven OTUs were classified to a strain-level as Brachyspira pilosicoli, Clostridium bartletti,
Clostridium perfringens, Coprococcus eutactus, Desulfovibrio piger, Eubacterium biforme, Eubacterium siraeum,
Flexispira/Helicobacter fennelliae, Oscillospira/Ruminococcaceae bacterium D16, Ruminococcus champanellensis,
and Treponema berlinense.

3.3. Inflammation-Associated miRNAs Are Upregulated in Jejunum of GS Macaques and Have Predicted
Binding Sites on Bacterial 16S Ribosomal RNA

We profiled miRNA expression in jejunum of four GS macaques and identified thirteen DE
(p < 0.05) miRNAs (Figure 6). Out of these, 8 were upregulated and 5 downregulated (Figure 6).

Figure 6. Heat Map of differentially expressed (DE) miRNAs in GS macaques. Values corresponding to
jejunum of four GS macaques normalized against average of 5 normal healthy controls are shown. Eight
out of 13 DE miRNAs were significantly upregulated (red) and the remaining five were downregulated
(green) (p < 0.05). Red arrows indicate miRNAs previously reported and linked to inflammatory
disorders [55–61].

We next scanned the bacterial 16S rRNA sequence of four bacterial species, namely,
Lactobacillus reuteri (accession number (No.) NR_025911), Prevotella copri (accession No. AB244773),
P. stercorea (accession No. NR_041364), Streptococcus luteciae (accession No. AJ297218) that were found
to be overrepresented in feces of GS macaques (Figure 3) for potential binding sites for these DE
miRNAs using the RNAhybrid algorithm [62]. As observed and reported previously by Liu et al. [42],
using the RNAhybrid algorithm, we identified binding sites for miR-204, miR-29b and miR-107 on the
16S rRNA sequence of P. copri and P. stercorea that showed perfect Watson and Crick base pairing in the
miRNA seed region (nucleotide positions 2 to 7 on 5’ end) with very low minimum free energy (MFE)
(Figure 7). Additionally, miR-29b and miR-204 were also found to have binding sites on the 16S rRNA
sequence of L. reuteri and S. leuticeae, respectively.
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Figure 7. miRNA (green) vs. 16S ribosomal RNA (violet) (rRNA) pairing using RNAhybrid algorithm.
Note the perfect Watson and Crick base pairing in miRNA 5′ seed nucleotides (nts) 2–7 (bracket) and
extra homology in 3′ region of miR-204, miR-29b and miR-107 with 16S rRNA of P. copri (A); and
P. stercorea (B); In addition, notice the significantly good homology between miR-204 and miR-29b seed
nts and 16s rRNA of L. reuteri (C); and S. leuticeae (D), respectively.

3.4. Claudin-1, an Epithelial Tight Junction Protein and A Validated Target of miR-29b Is Significantly
Downregulated in Jejunum of GS Macaques

MiRNAs and RNA binding proteins are known to regulate TJ protein expression [63,64]. Recent
studies in IBD and IBS have demonstrated miR-122 and miR-29b to directly target and downregulate
the expression of occludin [65] and claudin-1 [55] expression, respectively. Using the TargetScan 7.1 [66]
and RNAhybrid [62] algorithm, we identified a perfect Watson-Crick match to the seed nucleotides 2–7 of
three upregulated miRNAs, namely, miR-203, miR-204 and miR-29b on the 3′ UTR of claudin-1 mRNA
(Supplementary Materials Figure S3) that are highly conserved across multiple mammalian species
that includes chimpanzees and rhesus macaques [66]. These in silico findings strengthen the possibility
of direct post-transcriptional silencing of claudin-1 by three different miRNAs. Since miR-29b has
already been validated to directly target claudin-1 expression [55], we next investigated claudin-1
protein expression in the jejunum of GS macaques.

Consistent with miR-203, miR-204 and miR-29b upregulation, downregulation of claudin-1, a TJ
protein that regulates intestinal epithelial permeability was observed (Figure 8). The miRNA expression
of three TJ proteins, namely, claudin-1, -3 and occludin was significantly diminished in GS relative to
normal healthy control macaques (Figure 8A). The decreased RNA expression was corroborated by
the confocal microscopy of claudin-1 protein expression (Figure 8B,C) directly in the jejunal villous
enterocytes of GS macaque compared to the healthy control. These findings suggest that dysregulated
miRNA expression in response to chronic inflammation could enhance epithelial permeability by
downregulating TJ protein which in turn would facilitate systemic translocation of dysbiotic bacteria
in GS macaques.
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Figure 8. Tight junction protein expression in jejunum of GS macaques. mRNA expression of
Claudin-1,-3 and Occludin is significantly decreased (p < 0.05) in jejunum of GS (n = 4) relative
to normal healthy control macaques (n = 6) (A); Data was normalized to a combination of three
endogenous controls (Beta-Actin, 18S rRNA, GAPDH) and analyzed using non-parametric Wilcoxon’s
rank sum test for independent samples. The error bars represent standard error of mean fold change
within each group. While Claudin-1 (green) protein is well expressed in jejunum epithelial cells (red)
from normal healthy macaque (B); its signal is very low or absent in jejunum from GS animal (C). Both
B and C panels are triple labels with claudin-1 in green, cytokeratin in red and nuclear labeling with
Topro3 in blue.

In summary, a non-significant increase in alpha-diversity was observed in GS macaques while on
GFD (Supplementary Materials Figure S2A,B), raising the proposition that with further progression of
time and continued feeding of GFD, gut microbiomes of GS macaques might revert towards normal,
healthy controls. Remarkably, the PERMANOVA results for GFD and RGB time points confirmed that
gut microbiome composition (beta-diversity) was changing in GS macaques with progression of time:
It was determined that beta-diversity values differed significantly between the time points when GS
macaques were switched from gluten-containing to gluten-free (p = 0.011) or gluten-reduced (p < 0.05)
diets. In contrast, alpha-diversity metrics attributed to samples associated with GFD, BOMI and RGB
diets did not change significantly during the short-term (1–2.5 months) periods of experimental feeding
although their average values were increasing (Supplementary Materials Figure S2C,D). miRNA data
demonstrated significant dysregulation in the intestines of GS macaques (Figures 6 and 7) and as
previously demonstrated [42], allude to the possibility that dysregulated miRNAs could potentially
regulate the intestinal microbiome in GS macaques via post transcriptional gene regulation [42].
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4. Discussion

Non-human primates are being used in translational research involving infectious, immune-
mediated, metabolic and other disorders where the scientific objectives cannot be fully accomplished
by the use of other animal models [43,67–69]. The gut microbiomes of two biologically distinct (GS and
healthy) groups of captive rhesus macaques were for the first time compared. A recent work by Yasuda
and colleagues demonstrated that rhesus stool microbiome is a suitable proxy for both large and small
intestine microbiomes [70]. In the present study, representative stool samples were characterized
by amplifying V4 region of the 16S rRNA gene [19,32,34,35,37]. It was hypothesized that disease
progression in GS macaques is associated with a loss of gut microbial diversity which can potentially
lead to increased epithelial permeability thereby exacerbating intestinal inflammation [25–29]. Our
findings clearly demonstrate that microbiomes in GS and healthy macaques differ significantly while
on long-term (≥one year) conventional, gluten-containing diet, i.e., GD. Since the gut microbiomes of
GS macaques have not been studied before, findings reported here are novel and provide directions
for potential future studies. The GS macaques can be used in preclinical studies to evaluate if novel
dietary or other therapeutic interventions can reverse gut dysbiosis. In studies with unrelated, chronic
bacterial colitis-affected macaques, an overgrowth of Pasteurellaceae and Enterobacteriaceae, as well as
decreased microbial diversity was observed. Taken together, our findings also corroborate that gluten
sensitivity can contribute to chronic bacterial enterocolitis e.g., one of the major health concerns of
polyfactorial origin in captive macaques [24,44,71,72].

As noted by McKenna and colleagues [19], a distinctive feature of the macaque gut microbiome
is the abundance of intestinal Spirochetes from the Treponema lineage. In agreement with those
observations, in the present study, intestinal Spirochetes were abundant in healthy controls, while
GS macaques had lower loads of these bacteria. This finding suggests that a thriving population of
intestinal Spirochetes is indeed an indicator of robust health in macaques. It is also consistent with the
findings of Zeller and Takeuchi [73], who pointed out the presence of intestinal Spirochetes in healthy
macaques. Our group previously reported that intestinal Spirochetes, despite their high prevalence,
were not among intestinal bacteria linked with chronic enterocolitis [44].

One of the key similarities between human and rhesus gut microbiomes is that Firmicutes and
Bacteroidetes are the two prominent phyla. It was established that the ratio between these two can be in
humans affected by “western” and “low-calorie/high-fiber” types of diets [74,75]. Consistent with
these findings, Firmicutes followed by Bacteroidetes, were amongst the most abundant phyla represented
in our study macaques. Nonetheless, several differences in composition were observed between GS
and healthy control macaques. While GS macaques exhibited dysbiosis, several groups of intestinal
bacteria were differentially abundant when compared with healthy controls. The over-abundant groups
included two major families belonging to the phylum Firmicutes, i.e., Streptococcaceae and Lactobacillaceae.
Previously, it was reported by Caminero et al., that both Lactobacillaceae and Streptococcaceae play an
important role in metabolism of gluten [39]. While it is obvious that the presence of Streptococcaceae
represents potential to contain pathogenic strains, the biological significance underlying the increased
presence of Lactobacillaceae in GS macaques is less certain. Clearly, Lactobacillus spp. have the capacity
to degrade gluten resulting in decreased immunotoxicity of its major immunogens such as the 33-mer
of alpha-gliadin [76]. At the same time, however, the full pathogenic potential of dysbiotic bacterial
taxa including Lactobacillaceae, Streptococcaceae and others in GS individuals still needs to be elucidated.
Interestingly, and in concordance with our study, Ardeshir and colleagues (2014) independently
reported that chronic intestinal enterocolitis is in rhesus macaques associated with an over-abundance
of intestinal Lactobacillaceae [24], suggesting that not all of the Lactobacilli spp. act as a health-promoting
probiotics. According to their study, Lactobacillaceae overgrowth can be reduced in macaques by inulin
treatment [24]. Less abundant taxa in GS macaques were mostly represented by Coriobacteriaceae that
belong to phylum Actinobacteria. Actinobacteria were recognized as the producers of host-beneficial
metabolites with antibacterial, antifungal, immunomodulatory and other functions [66,77]. Reduced
abundance of Bacteroidetes has been previously reported in human celiac infants [33]. Similar studies
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that utilized different technologies, and focused on different types of (biopsy) samples, have not
always produced consistent results [32,34,35,37]. In our study, a few of the bacterial taxa belonging to
Bacteroidetes were less abundant in GS macaques while others, namely Prevotella sp., were overabundant
compared to healthy controls. One group of patients where GS occurs with higher frequency and in
parallel with neurodevelopmental disorders, are the patients with Autism Spectrum Disorder [78,79].
It has been reported that Autism and Parkinson’s disease patients lack beneficial gut microflora [80,81].
In this context, we previously reported that up-regulation of the Autism Spectrum Disorder-associated
gene CADPS2, and other neurodevelopmental disorder-related genes (BACE2 and DSCR5) were
detected in GS macaques [82]. Despite that these associations and links are still largely under-explored,
they offer clues for potential future studies.

While microbial dysbiosis is a hallmark of chronic inflammatory diseases of the gastrointestinal
tract, the potential mechanisms underlying these alterations remain unknown. A recent study
demonstrated that fecal miRNAs secreted by intestinal epithelial cells could enter luminal bacterial
cells and regulate their growth via post-transcriptional gene regulation [42]; suggesting a critical
mechanism by which the host could not only shape but also potentially dysregulate its intestinal
microbiome. Additionally, miRNAs have also been demonstrated to regulate the intestinal epithelial
barrier in inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) via post-transcriptional
regulation of TJ proteins [54,83]. Notable miRNAs associated with inflammation in our study included
miR-203 and miR-29b that have previously been reported to be upregulated in IBD and IBS [54–56].
More importantly, the inverse relationship between miR-203, -204 and -29b expression and their
predicted/validated claudin-1 target protein expression, suggests an important post-transcriptional
mechanism regulating the intestinal epithelial barrier that could promote translocation of dysbiotic
intestinal bacteria leading to adverse systemic inflammation/immune dysregulation in GS macaques
and celiac disease patients. Similarly, dysregulation of miR-204 and miR-23a/b has been reported in
various other inflammatory conditions [58–61].

Although we identified several DE miRNAs previously associated with various chronic
inflammatory diseases to have binding sites on the 16S rRNA sequence of Lactobacillus, Prevotella
and Streptococcus species in GS macaques with gut dysbiosis, further studies are needed to
corroborate presence of these miRNAs in feces of GS individuals and to correlate their expression
levels with changes in the bacterial flora. Data from such analyses will pave the way for
in vitro mechanistic/growth kinetic studies [42] to elucidate the novel concept of whether dietary
gluten-induced dysbiosis involves selective modulation of the GI microbiota via luminal shedding of
intestinal epithelial miRNAs.

5. Conclusions

This is the first report illustrating the reduction of gut microbial diversity following the
consumption of dietary gluten in GS macaques. Although administration of GFD to GS macaques was
expected to restore composition of dysbiotic gut microbiomes to normal, diversity metrics did not
corroborate such expectation. These findings are consistent with studies of celiac patients whose
gut microbiome composition was not restored even after “long-term” treatment with GFD [84].
Notwithstanding, we believe that further extension of GFD feeding regimen and/or inclusion
of additional treatments such as anti-inflammatory compounds would result in more complete
restoration of intestinal microbiota in GS subjects. Thus, the present study has set the stage for future
experiments, in which the effects of novel treatment strategies will be assessed. These approaches will
include oral probiotics, microbiome restitution, gluten-modified diets, recombinant glutenases and
anti-inflammatory drugs. The gut microbiome and miRNA metrics are expected to provide useful
evaluative tools in these studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/11/684/s1,
Figure S1: Hierarchical clustering by GS status. Microbiomes were clustered by the Ward Method and Bray-Curtis
Distance. The two clusters (control healthy = blue and GS = green) of macaques, all fed GD diet, are differentiated
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by GS status, except for KM76. KM76 macaque had a lower proportion of Strepococcaceae (6.8%), similar to
healthy controls, Figure S2: Alpha-diversity estimates (Observed and Shannon) in GS macaques while on GFD
(A,B); as well as comparisons between BOMI, GFD and RGB diets (C,D), Figure S3: miRNA (green) vs. claudin-1
mRNA 3′ UTR (red) pairing using RNAhybrid algorithm. Note the perfect Watson and Crick base pairing in
miRNA 5′ seed nucleotides (nts) 2–7 (bracket) and extra homology in 3′ region of miR-203, miR-204 and miR-29b
with claudin-1 mRNA 3′ UTR, Table S1: Rhesus macaque stool sample descriptions, Table S2: Primer sequences
used for real time SYBR Green One-step qRT-PCR. Table S3. Kruskal-Wallis rank sum test—alpha-diversity
metrics, Table S4: Kruskal-Wallis rank sum test—8 most abundant families, Table S5: Selected time points of
GFD: D14–D70.
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Abstract: Background: A growing number of individuals reports symptoms related to the ingestion
of gluten-containing food in the absence of celiac disease. Yet the actual prevalence is not
well established. Methods: Between April 2015 and March 2016, unselected adults visiting
marketplaces, dental practices and a university in The Netherlands were asked to complete a modified
validated questionnaire for self-reported gluten sensitivity (srGS). Results: Among the 785 adults
enquired, two had celiac disease. Forty-nine (6.2%) reported symptoms related to the ingestion of
gluten-containing food. These individuals were younger, predominantly female and lived more
frequently in urban regions compared with the other respondents. Symptoms reported included
bloating (74%), abdominal discomfort (49%) and flatulence (47%). A total of 23 (47%) srGS individuals
reported having had tried a gluten-free or gluten-restricted diet. Abdominal discomfort related to
fermentable oligosaccharide, disaccharide, monosaccharide and polyol (FODMAP)-containing food
was more often reported in srGS individuals compared with the other respondents (73.5% vs. 21.7%,
p < 0.001). Conclusion: Self-reported GS is common in The Netherlands, especially in younger
individuals, females and urban regions, although the prevalence was lower than in a comparable
recent UK study. It cannot be excluded that FODMAPs are in part responsible for these symptoms.

Keywords: gluten; non-celiac gluten sensitivity; non-celiac wheat sensitivity; celiac disease; irritable
bowel syndrome; FODMAPs

1. Introduction

The concept of a causal relationship between the ingestion of gluten and the occurrence of
symptoms in the absence of celiac disease (CD) and wheat allergy was first described in the late 1970s
by Cooper and Ellis [1,2]. This clinical entity has been termed non-celiac gluten or wheat sensitivity
(NCGS or NCWS) [3,4]. Over the past several years, NCWS has gained significant interest and the
number of individuals embracing a gluten-free diet is rapidly growing [5]. The discussion of whether
or not gluten can cause symptoms in the absence of CD is confused by a popular phenomenon of
people who avoid gluten-containing food in the light of a healthier lifestyle which is related to the
fast growth of the gluten-free market [6]. This theory that grains by means of their composition are
unhealthy, should be distinguished from the question as to whether gluten can cause symptoms in the
absence of CD and wheat allergy.

As defined by the 2015 Salerno Expert’s Criteria [4], NCWS includes both intestinal and
extra-intestinal symptoms which are related to the ingestion of gluten-containing food after exclusion of
CD and wheat allergy. Most common symptoms include bloating, abdominal pain, diarrhea, tiredness
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and headache [4]. These symptoms display a significant overlap with the irritable bowel syndrome
(IBS), which is one of the most common disorders in daily practice [7,8]. Although NCWS patients
report that their symptoms are induced by gluten, it has been hypothesized that their symptoms may
in fact be induced by other compounds in grains, among which a group of carbohydrates, referred to as
fermentable oligo-, di-, monosaccharides and polyols (FODMAPs) have gained substantial interest [9].

Despite the overwhelming current interest in NCWS, the actual prevalence is difficult to establish
in the absence of a gold standard. The number of studies that have addressed this question are sparse
and the outcome varied widely between 0.6% and 13% [3,10–16].

Here, we studied the population prevalence of self-reported gluten sensitivity (srGS) in a large
cohort of adults in the Dutch population.

2. Materials and Methods

2.1. Participants

Between April 2015 and March 2016, individuals visiting markets, dental practices and a university
in The Netherlands were asked to participate in a survey from the Gastroenterology and Hepatology
department of the VU University Medical Center, Amsterdam (The Netherlands). There was no referral
to the subject of the study during recruiting respondents. Participants completed a modified version of
a previously validated questionnaire as described elsewhere [12]. Participation was anonymous and
informed consent was given by completing the survey. Exclusion criteria included individuals under
18 years of age. At all sites a trained person was available to support the respondents when necessary.

2.2. Questionnaire

The questionnaire was divided in four sections. The first comprised basic demographic
information, including age, sex and education level. Living area was divided in urban and rural
region based on the location where the respondents completed the questionnaire. Urban region was
defined as the Randstad, a megalopolis in The Netherlands consisting of the four largest Dutch cities
(Amsterdam, Rotterdam, The Hague and Utrecht). Rural area was defined as the area outside the
Randstad and all these sites included small to middle-large villages with less than 20,000 inhabitants
(Figure 1). A high education level was defined as having completed at least a higher professional
education level or university education level.

Figure 1. Sites where participants were recruited in The Netherlands. Orange: dental practice.
Blue: market. Green: university. Circled: Randstad (considered as urban region).
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The second section screened for symptoms consistent with irritable bowel syndrome (IBS)
in accordance with the Rome III criteria: recurrent abdominal pain or discomfort during the last
six months. These should be present on three or more days a month together with two or three of the
following situations: improvement with defecation, onset associated with a change in frequency of
stool and/or onset associated with a change in shape of stool [7]. Participants were also asked about
their medical history.

The third section of the survey enquired about srGS and recognized related symptoms to gluten,
as demonstrated by previous studies and those of expert opinions. In this section we also asked about
the use of a GFD and other grain products in srGS as well as healthcare visits due to gluten-related
symptoms. Respondents who did not reported gluten sensitivity or CD were considered as controls.

The fourth and final section of the survey enquired about abdominal discomfort due to 17 different
high FODMAP-containing supplements.

2.3. Statistical Analysis

Statistical analysis was performed using SPSS version 22.0 software (SPSS Inc., Chicago, IL, USA).
Categorical variables were summarized by descriptive statistics, including total numbers, percentages
and odds ratio (OR). Significance was analyzed using the two-tailed Fisher exact test. Continuous
variables were summarized by mean and standard deviation (sd), with significant differences between
two groups analyzed using the Independent Samples T-test. A p-value of less than 0.05 was considered
as statistically significant.

3. Results

A total of 785 adults completed the questionnaire, of whom 66% were recruited in dental practices,
28% at markets and 6% at a university. Two individuals had an established diagnosis of CD and
were excluded from further analysis. Mean age at the time of survey was 47 years old (sd: 18 years,
range 18–90) with a slight predominance of women (60%). The majority of questionnaires (57%) was
completed in the urban region.

A total of 49 individuals (6.2%) indicated symptoms after the ingestion of gluten-containing foods.
Such srGS individuals were younger (39 vs. 47 years old, p = 0.001), predominantly female (80% vs.
58%, p < 0.01) and mostly lived in the urban region (76% vs. 56%, p < 0.01) compared with the controls.
Although not statistically significant, there was a trend for a higher education level in srGS individuals
(49% with a high education level vs. 39%, not statistically significant).

3.1. Characteristics of Self-Reported Gluten Sensitivity

The most frequently reported intestinal symptoms in srGS were bloating, abdominal discomfort
and flatulence. Tiredness and headache were the most frequent extra-intestinal symptoms reported,
as shown in Figure 2. Especially bread (n = 32, 65%), pizza (n = 15, 31%) and pasta (n = 18, 37%)
induced these symptoms. Interestingly, 35% (n = 17) of the srGS respondents reported a reduction of
clinical signs when consuming spelt bread.

The median duration of symptoms was four years (range 0 months–40 years) at the time of the
survey. Most srGS individuals (n = 16, 33%) reported symptoms nearly every day after eating gluten,
with the onset of symptoms 1 to 6 h after ingestion of a gluten-containing food (n = 23, 47%). In most
srGS individuals, these symptoms resolved within hours (n = 29, 59%). More details are shown in
Figure 3.

The prevalence of individuals fulfilling the Rome III criteria for IBS in srGS was 37% vs. 9% in
controls (p < 0.001). Medical history showed more often anxiety, anemia, chronic headache, IBS and
gastro-intestinal reflux disease in srGS individuals. Table 1 shows basic demographic information and
medical history. Family medical history was more often positive for CD, thyroid disease and IBS in
srGS (Table 2).
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Figure 2. Intestinal and extra-intestinal symptoms in self-reported gluten sensitivity (n = 49).

(a)

(b)

Figure 3. Cont.
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(c)

Figure 3. Frequency (a); time of onset (b) and duration (c) of srGS symptoms.

Table 1. Comparison between self-reported gluten sensitivity individuals and controls:
basic demographic information and medical history.

Variables
srGS (n = 49)

(6.2%)
Controls (n = 734)

(93.5%)
Odds Ratio

(95% CI)
p-Value

Mean age ± sd (years) 39 ± 15.1 47 ± 18.3 - 0.001
Sex (% female) 79.6 58.3 2.8 (1.4–5.7) <0.01

Education level (% high educated) 49.0 39.3 1.5 (0.8–2.7) NS
Region (% urban) 75.5 55.7 2.5 (1.3–4.8) <0.01

Rome III criteria for IBS (%) 36.7 9.0 5.9 (3.1–11.1) <0.001
Anxiety (%) 16.3 3.1 6.0 (2.5–14.3) <0.001

Depression (%) 14.3 8.3 1.8 (0.8–4.3) NS
Bipolar disorder (%) 2.0 0.4 5.1 (0.5–49.7) NS
Schizophrenia (%) 0 0.1 - NS

Thyroid disease (%) 4.1 4.6 0.9 (0.2–3.8) NS
Diabetes mellitus (young age onset) (%) 4.1 1.1 3.9 (0.8–18.7) NS

Anemia (%) 16.3 6.1 3.0 (1.3–6.8) 0.01
Chronic Fatigue (%) 6.1 3.1 2.0 (0.6–7.0) NS

Fibromyalgia (%) 0 1.2 - NS
Chronic fatigue syndrome (%) 2.0 0.8 2.5 (0.3–21.4) NS

Rheumatoid arthritis (%) 4.1 4.0 1.0 (0.2–4.5) NS
Chronic headache (%) 12.2 3.3 4.1 (1.6–10.6) <0.01

Nut allergy (%) 2.0 1.8 1.2 (0.1–9.0) NS
Egg allergy (%) 0 0.5 - NS

Lactose intolerance (%) 2.0 1.4 1.5 (0.2–12.0) NS
Inflammatory bowel disease (%) 4.1 1.2 3.4 (0.7–16.3) NS

Gastro-intestinal reflux disease (%) 18.4 7.8 2.7 (1.2–5.8) <0.05
Psoriasis (%) 4.1 2.0 2.0 (0.5–9.2) NS

Table 2. Medical history of relatives.

Variables
srGS (n = 49)

(6.2%)
Controls (n = 734)

(93.5%)
Odds Ratio

(95% CI)
p-Value

Celiac disease in all relatives (%) 8.2 2.5 3.4 (1.1–10.6) <0.05
Celiac disease in children of srGS

individuals (%) 6.1 0.4 15.9 (3.1–80.3) <0.01

Rheumatoid arthritis (%) 30.6 20.2 1.7 (0.9–3.3) NS
Diabetes mellitus (young age onset) (%) 14.3 7.6 2.0 (0.9–4.7) NS

Thyroid disease (%) 20.4 8.9 2.6 (1.3–5.5) <0.05
Psoriasis (%) 8.2 7.1 1.2 (0.4–3.4) NS

Inflammatory bowel disease (%) 6.1 2.2 2.9 (0.8–10.4) NS
Irritable bowel syndrome (%) 26.5 6.7 5.0 (2.5–10.1) <0.001

Some srGS individuals reported self-initiated dietary changes, of whom two (4%) followed a strict
gluten-free diet and 21 (43%) a gluten-restricted diet.
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Eight srGS individuals (16%) visited their general practitioner, five (10%) visited a medical
specialist, three (6%) visited an alternative healthcare professional, and two (4%) a dietician.
The median time before consulting a healthcare professional after onset of the symptoms was two
years (range 0 months–32 years). Six individuals (12%) underwent upper endoscopy examination.
None of them reported a diagnosis of CD or other diagnosis after upper endoscopy examination.

3.2. Fermentable Oligosaccharides, Disaccharides, Monosaccharides and Polyols (FODMAPs)

Of all srGS individuals, 74% reported abdominal discomfort related to at least one high
FODMAP-containing product compared to 22% of the controls (OR 10.0 (95% confidence interval
5.2–19.3), p < 0.001) with a predominance of legume, cabbage, onions and leek (Table 3).

Table 3. Comparison between self-reported gluten sensitivity individuals and controls: abdominal
discomfort related to FODMAPs.

Variables
Self-Reported

Gluten Sensitivity
(n = 49) (6.2%)

Controls (n = 734)
(93.5%)

Odds Ratio (95%
Confidence Interval)

p-Value

Legume (%) 24.5 2.7 11.6 (5.3–25.5) <0.001
Cabbage (%) 36.7 7.2 7.5 (3.9–14.2) <0.001

Onion (%) 38.8 10.2 5.6 (3.0–10.4) <0.001
Leek (%) 32.7 5.3 8.6 (4.4–17.0) <0.001

Cauliflower (%) 22.4 3.4 8.2 (3.8–17.9) <0.001
Mushroom (%) 12.2 2.3 5.9 (2.2–15.7) <0.01

Apple (%) 10.2 2.0 5.4 (1.9–15.7) <0.01
Cherry (%) 2.0 0.5 3.8 (0.4–34.7) NS

Sugar-free gum (%) 12.2 2.7 5.0 (1.9–13.0) <0.01
Plum (%) 10.2 3.3 3.4 (1.2–9.2) <0.05
Pear (%) 8.2 1.8 4.9 (1.5–15.7) <0.05

Mango (%) 2.0 0.4 5.1 (0.5–49.7) NS
Watermelon (%) 4.1 0.3 15.6 (2.1–113.0) <0.05

Milk (%) 20.4 4.6 5.3 (2.4–11.5) <0.001
Buttermilk (%) 8.2 2.0 4.3 (1.4–13.4) <0.05

Yogurt (%) 14.3 3.3 4.9 (2.0–12.1) <0.01
Custard (%) 18.4 1.8 12.5 (5.0–30.9) <0.001

4. Discussion

This study confirms that a significant part of the general adult population reports sensitivity
to gluten-containing foods. The percentage is substantially less (6.2%) than in a recent comparable
UK study (13%) [12]. Second, we showed that self-reported gluten sensitivity (srGS) individuals
more frequently reported symptoms upon consumption of products high in FODMAPs. Third, quite
surprisingly, we found that only a small number of the srGS individuals visited a doctor or ever
consumed a self-initiated strict gluten-free diet (GFD).

Why srGS was found to be less prevalent in The Netherlands compared to the UK is unknown.
It may be related to differences of media attention, but data to support this are lacking.

Despite the large growth of the gluten-free market [6] and the popularity of gluten-free products,
knowledge about gluten is still low in the general population as described in Australian and UK
literature [17,18]. Indeed, in our survey, a high percentage of srGS individuals (35%) reported no
symptoms when consuming spelt bread.

In this study, type and onset of symptoms after consumption of gluten were comparable with
other non-celiac wheat sensitivity (NCWS) studies [12,15,19,20]. As shown in Table 1, anxiety, chronic
headache and gastro-intestinal reflux disease were more common in the srGS group compared with
controls. These subjective health complaints are also common symptoms in patients with irritable
bowel syndrome (IBS) and self-reported food intolerance in general [21–23].

A significant number of NCWS patients fulfills the Rome III IBS criteria with a strong overlap
between NCWS and IBS symptoms [12]. Foods which are reported to be associated with IBS symptoms
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are commonly rich in gluten, wheat and carbohydrates [23]. Therefore NCWS could be seen as part of
IBS with a gluten-free diet as treatment strategy. Although the pathophysiology of IBS is still not well
understood, food could affect a variety of physiologic parameters important in IBS such as visceral
perception, motility, permeability, microbiota composition, brain-gut interactions, neuro-endocrine
function and immune activation [24].

It is well known that stress and anxiety may exacerbate or contribute to gastrointestinal
symptoms [25]. Indeed, individuals with srGS often reported an association between increase of
abdominal symptoms and stress (84% vs. 48% in the control group, OR 5.7, p < 0.001).

The mechanisms by which gluten causes symptoms in individuals without celiac disease (CD) is
unknown. There are some indications that NCWS belongs to the group of the gluten-related disorders.
The relatively large number of relatives with CD in srGS individuals could indicate a shared (genetic)
predisposition, although current literature is not consistent about the relationship between HLA-DQ2
and NCWS [26–28]. Another indication for (mild) immune activation in NCWS comes from a study
which showed that serum levels of soluble CD14 and lipopolysaccharide-binding protein as well
as antibody reactivity to microbial antigens are elevated in NCWS patients with resolution after
a GFD [29].

Whether or not such immune activation is triggered by gluten is not yet established. At this
point, it cannot be excluded that other ingredients in grains, including wheat germ agglutinin [30] and
amylase-trypsin inhibitors [31], are in fact responsible for these signs of immune activation.

An alternative explanation is that symptoms are not immune mediated, but caused by the result
of other mechanisms. One such mechanism is luminal distention of the intestine via a combination of
osmotic effects and gas production caused by bacterial fermentation of poorly absorbed short-chain
carbohydrates referred to as FODMAPs [32,33]. FODMAPs can be found in a variety of products,
including grains. In support of the FODMAP theory, we found that individuals reporting gluten
sensitivity more often reported symptoms after consuming products high in FODMAPs and less
symptoms after eating spelt bread.

It is remarkable that only a fraction of srGS individuals started a GFD and that only 16% of them
had visited their general practitioner due to srGS. This indicates that apparently burden of symptoms
was not severe enough to change the diet or might be related to costs and availability of gluten-free
products [34].

5. Conclusions

This study confirms that gluten sensitivity is common, especially in younger individuals, females
and in urban regions, although the prevalence was lower than in a comparable UK study. The high
number of patients reporting symptoms in relation to FODMAPs suggests that FODMAPs are in fact
responsible for part of the symptoms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/11/714/s1.
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Abstract: The treatment of Celiac disease consists in a strict lifelong gluten-free (GF) diet. As the
ingestion of small amounts can have damaging complications, there has been an ongoing discussion
regarding the safe threshold for dietary residual gluten. The aim was to analyze the evolution
of gluten content in cereal-based GF foodstuffs (n = 3141) from 1998 to 2016 measured by the
enzyme-linked immunosorbent assay (ELISA) technique. Eight categories were defined: flours,
breakfast cereals/bars, bakery, pasta, breads, dough, snacks, and yeasts, and these were divided into
GF labeled-foods (GF-L) or reportedly GF foodstuffs, but not certified (GF-NC). Gluten-detection
was decreased over time in line with the evolving European regulations about food information and
gluten content claims. This decline started sooner in GF-L products than in GF-NC. As a whole,
gluten was detected in 371 samples, with breakfast cereals/bars being the most contaminated group.
Snacks and yeasts changed from being high gluten-detected samples to being totally GF over the
years. The downside is that, of contaminated samples, those in the low levels of gluten detection
range have decreased while flour samples containing over 100 mg/kg gluten have risen in the
2013–2016 period. Obtained data confirm that GF cereal-based foods are becoming safer but gluten
control must be maintained.

Keywords: gluten-free; cereal based foodstuff; gluten content evolution; ELISA; European regulation

1. Introduction

The only treatment for Celiac disease (CD) is the exclusion of gluten-containing cereals (e.g., wheat,
rye, barley, and other closely-related cereal grains) and their derivatives in a strict lifelong gluten-free
(GF) diet, achieving complete remission of symptoms. However, the ingestion of small amounts
of gluten (which is called dietary transgression) can have serious and damaging complications [1].
For the majority of the individuals affected, intakes below 10 mg/day are unlikely to cause histological
changes, while some authors have found that daily exposure to 50 mg/day is likely to damage
intestinal mucosa [2,3].

Maintenance of a reliable gluten-free diet is a challenge, due to the fact that gluten is present
in many more forms than just flours, bread, pasta or other cereal derivatives. Firstly, inherently
gluten-free grains, such as rice, maize, quinoa, buckwheat, millet, or sorghum can be contaminated
with gluten at different steps during their cultivation and processing, such as, crop rotation, milling,
transportation, or handling. Furthermore, hidden sources of this protein can be commonly consumed
because gluten is also widely used in several types of foodstuff as a thickener, flavour enhancer,
emulsifier, filler, and fortification ingredient [4].

Taking the above into account, it has been difficult to establish a secure cutoff for residual gluten
amount in GF products. In fact, for many years the standards of the Codex Alimentary Commission
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(the international organization founded by Food and Agriculture Organization and the World Health
Organization) for gluten-free products dated back to 1979. At that time, Codex stated in the GF labelling
purposes that products could be labelled gluten-free when total nitrogen content from the protein gluten
did not exceed 0.05 g per 100 g of dry food, which was established as 200 mg/kg or ppm [5].

In 2008 The Codex standard for “foods for special dietary use for persons intolerant to
gluten” [6] and the European Commission (Commission Regulation (EC) No. 41/2009) [7] introduced
compositional and labelling standards that set levels of gluten for foods claiming to be either
“gluten-free” (less than 20 mg per 1 kg food or 20 ppm) or “very low gluten” (less than 100 mg per 1 kg
food, also expressed as 100 ppm). A similar rule for gluten-free labeling was established by the Food
and Drug Administration (FDA) in 2013 [8].

Nowadays, Regulation (EC) No. 41/2009 has been repealed and these levels are supported
by the Commission Implementing Regulation (EU) No. 828/2014. This regulation explains that
different gluten sensitivity levels vary among people with gluten intolerance over a restricted range
and that, on this basis, a food market with different low levels of gluten, always within that range,
should be possible. Thus, this new standard allows the inclusion of food information for consumers
accompanied by the statements “suitable for people intolerant to gluten” or “suitable for celiac” either
for “gluten-free” or for “very low gluten” foods [9]. Nevertheless, considering that individual gluten
sensitivity of celiac people is not commonly known, the general recommendation is to consume
foodstuffs with the lowest gluten content and, thus, those advisory statements could be misleading
among celiac consumers. In fact, the Association of European Celiac Societies (AOECS), only licences
the use of the Cross-Grain symbol—quality mark—to manufactured products containing less than
20 mg/kg, that is, “gluten-free”.

Although the market demand for GF food products is long-established, in recent years growing
consumer need for GF foods has led to an increased development of these products. Therefore, the
food industry has responded by improving its offer with new formulas of cereal-based GF foods [10].
To this end, as the removal of gluten from gluten-containing grains presents considerable technical
difficulties and economic constraints, some celiac organizations have encouraged manufacturers of
gluten-free-rendered foods towards the use of trademarks, such as the above-mentioned Crossed
Grain symbol. Producers interested in using these trademarks should follow technical requirements
for licensing. These include good manufacturing practices and Hazard Analysis of Critical Control
Points (HACCP), thus ensuring the avoidance of gluten contamination during all stages of production,
storage, transportation, and handling. Nevertheless, there are food manufacturers that decide not to
include any quality mark in the labels of gluten-free products, although these, in fact, appear to be free
of gluten based on a review of the list of ingredients contained.

In order to ensure consumer safety, it is necessary to evaluate gluten content in foods for special
dietary use as gluten-free foodstuffs. Moreover, regulations like (EU) No. 1169/2011 require the
declaration of cereals containing gluten even in unpackaged foodstuffs [11]. The few studies carried
out in Europe and the USA have revealed a variety of gluten contamination (from 0.5% to 37% of the
samples analyzed had over 20 mg/kg of gluten) [1,12]. Those studies were carried out over particular
time-periods, but currently there is no information about the evolution on this prolamin content among
the most commonly consumed cereal-based GF products over the years. The objective of this study
was to analyze the changes in gluten content of these GF foodstuffs from 1998 to 2016. This overview
would provide information for practitioners or CD patients about the reliability of gluten-free labeled
products, as well as the potential safety of GF rendered products over the years.

2. Experimental Section

2.1. Food Samples

A number of samples (3141) of cereal-based GF foods sold in Spain were selected for gluten
analysis from 1998 to 2016. Sampling was performed according to the production of cereal based
GF products by food companies linked to guarantee marks, or by food safety control programs
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organized by health authorities or celiac associations. In the case of some samples, the same food
products made by the same companies were analyzed in different years.

These products were divided into two subgroups: either GF-labelled foods using a quality mark
(GF-L) or foods assumed to be this on the basis of gluten-free ingredient list. This second group can be
considered as reportedly GF, but not certified, as such (GF-NC).

Depending on the food characteristics, the samples were further sorted by eight categories flours,
breakfast cereals/bars, pasta, breads, dough/pastry/pizza, bakery, snacks and yeasts. Although yeasts
are not a final product, these samples were included as a regular raw material in bakery foods (Table 1).

Table 1. Food categories of samples used for gluten quantification.

Category Selected Examples

Flours starches, baking mixes, all-purpose flours, grains and seeds

Breakfast cereals/bars corn and other GF cereal pancakes, granola bars, soy/quinoa/almond/rice
beverages, corn flakes, rice crisps, rice and quinoa waffle, muesli

Pasta products
macaroni, rices/multigrain/corn pasta, rice, lasagna sheets, semolina,
noodles, tagliatelle, pasta with egg, with vegetables, fettuccini, cooked and
dry pasta, organic pasta

Breads
baguettes, loaf, sliced or toasted bread, breadcrumbs, breadsticks,
white/multi-grains/artisan/rustic bread, pita bread, crackers, wraps, bread
rolls, ciabatta, bagels, hamburger buns

Dough/pastry/pizza all types of pizza, pastry, croquettes, baked dough, wafers, pizza bases, all
kind of sandwiches, cooked lasagna

Bakery all types of cakes, chocolate/fruit/filled cookies, biscuits, muffins, cupcakes,
scones, pies, donuts, sweet rolls, croissants, shortbread, sponge cake

Cereal-based snacks

salted/sweet popcorn, tortilla chips, pretzel cereal treats, cheddar/chili corn
sticks, rice/corn triangles, fried corn nuts, baked corn snack with flavours
(butter, ham, cheese, ketchup), flavour fried potato crisps, flavour rice and
corn snack, crunchy/crispy/flavour crackers and bugles

Yeasts bakery yeast and chemical leavening agents

2.2. Gluten Analysis by ELISA Techniques

Gluten content was studied by enzyme-linked immunosorbent assay (ELISA), as it is the currently
accepted technique for gluten detection in foodstuffs [6]. During the period 1998–2016, two different
methods have been used. The main differences between them are based on (1) the employment of
different specificity antibodies; (2) diverse extraction methods; and (3) different reference materials or
standards used for the assay calibration. Both methods have been recommended by organizations,
such as Codex Alimentarius and/or AOAC International [13].

From 1998 to 2001, gluten was extracted using 40% aqueous ethanol solution. In this period gluten
detection was performed using the commercial ELISA test Transia Plate Gluten (Diffchamb, Lyon,
France), approved by AOAC International (method 991.19). This test is based on the anti ω-gliadin
antibody (also called, 401.21) [13,14]. The reference material included in the kit was lyophilized gliadin
extracted from bread wheat flour.

From 2001 to 2016, analysis were carried out using a RIDASCREEN® Gliadin kit, (R7001,
R-Biopharm AG, Darmstadt, Germany), approved by AOAC International (method 2012.01), INGEZIM
gluten (R.30.GLU.K.2, Ingenasa, Madrid, Spain) and INGEZIM gluten Quick kit (R.30.GL2.K.2,
Ingenasa, Madrid, Spain). All of these are based on the monoclonal secalin antibody R5. This detects
gliadin fractions of wheat and corresponding prolamins from rye (secalins) and barley (hordeins),
whereas prolamins from oats, maize, and rice are not detected [15]. Using these commercial kits,
extraction was, in general, carried out using a 60% aqueous ethanol buffer containing reducing agents
such as 2-mercaptoethanol. For those samples containing tannins and polyphenols like chocolate,
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cocoa, millet, etc., a special extraction procedure, consisting of adding the sample and different proteins
in the same quantity, was carried out. When using the Ridascreen kit, skim milk powder (food quality,
Nestlé España S.A., Barcelona, Spain) was added to the sample, whereas with Ingezim ones, gelatin
from fish skin (SIGMA, St. Louis, MO, USA) plus polyvinylpyrrolidone (PVP) (SIGMA, St. Louis,
MO, USA) were used (16.7% PVP in the sum sample and gelatin). In all cases the extraction was then
completed following the general extraction procedure.

Prolamin Working Group (PWG) gliadin solutions are included as standards for preparing the
calibration curve. This gliadin has been prepared from 40 different European wheat varieties by the
European Working Group on Prolamin Analysis and Toxicity [16].

No significant differences were found among the different methods used in terms of false negatives
or positives or detected (gluten) content range [17]. During the period from 1998 to 2008 the analyses
were carried out according to the kit’s manufacturer instructions. The Transia Plate Gluten kit fixed
the limit of quantification (LQ) at 10 mg/kg, whereas R5 antibody-based kits fixed the LQ at 5 mg/kg.
Furthermore, internal validations were made to assure these assays. Since 2009 all analysis have been
carried out using the ENAC (Spanish National Accreditation Body) accredited method 774/LE1626
according to ISO 17025 International Standards (ISO, 2005), which is based on the R5 antibody.
The quantitative method was validated in terms of precision (repeatability and reproducibility),
accuracy, and LQ. Repeatability (intra-day) showed a relative standard deviation (RSD) of 15%, while
reproducibility (inter-day) obtained a RSD of 20%, and accuracy, calculated as recovery, was in the
range 67%–115%. The limit of quantification (LQ) was determined at 5 mg/kg.

2.3. Statistical Analysis

Statistical analyses of our results were performed by using the IBM SPSS statistical program 21
(IBM Inc., Armonk, NY, USA). The χ2 test followed by multiple comparisons (Bonferroni correction)
was performed to determine differences in frequencies of categorized variables between groups.
p-values < 0.05 were accepted as statistically significant.

3. Results

In total, 3141 GF products, analyzed from 1998 to 2016, were divided into eight categories. Among
these categories, bakery, flours, and bread were the most frequently analyzed samples (with 905, 564,
and 498 sample numbers, respectively). As a whole, gluten was detected in 371 samples (Table A1).
Yeasts and breakfast cereals/bars food groups represented the highest proportion of gluten-detected
samples with 22.2% (8/36) and 21.5% (73/339), respectively.

A decrease in gluten-detected samples (>20 mg/kg of gluten) was observed over the years
(Figure 1). The evolution of gluten-detected products from 1998 revealed that there were three different
periods in relation to gluten content. The first period was from 1998 to 2002, the second period from
2003 to 2008, and the last one from 2009 to 2016.

In the 1998–2002 period, the GF market was small and many of the foodstuffs contained gluten
traces. In that period, 356 samples were analyzed and a 30% (107/356) contained detectable gluten.
By food groups, percentages of contamination samples (>20 mg/kg of gluten) were as follows:
breads, 17.5% (7/40; flours, 16.7% (8/48); bakery, 13.2% (16/121); breakfast cereal/bars, 11.3% (8/71);
pastry/dough, 10.0% (2/20); pasta, 7.8% (4/51); snacks, 0% (0/4); and yeast, 0% (0/1). Six of forty
bread samples analyzed contained more than 100 mg/kg of gluten.

Table 2 shows the evolution of gluten-detected samples from 2003 to 2016, according to three
different gluten quantity intervals proposed by Regulation No. 828/2014 (gluten-free ≤20 mg/kg, very
low gluten 21–100 mg/kg, and out of labelling >100 mg/kg). In the case of flour group, a progressive
diminution in the percentage of gluten-free and very low gluten samples was observed among
the detected-gluten samples. Meanwhile the ratio of samples not suitable for celiac people was
continuously increasing from 2003 to 2016. Taken as a whole, the same tendency was revealed in all
analyzed food groups (Table 2). The percentage of samples whose gluten content was in the range of
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5–20 mg/kg from all gluten detected samples was 55% (57/104) in 2003–2005 time period and reduced
to 19% (6/31) in 2013–2016 period. By contrast, in the case of samples over 100 mg/kg of gluten the
percentages increased from 13% (14/104) to 58% (18/31) for the same time periods.
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Figure 1. Evolution of gluten-containing samples (>20 mg/kg), sorted by five periods (1998–2002,
2003–2005, 2006–2008, 2009–2012, and 2013–2016). Data are expressed as the percentage of total
samples analyzed in each period. Bars not sharing a common letter (a, b, c, d) are significantly different
(p < 0.05).

Until 2008 the snack and yeast food groups differed from the rest of the groups analyzed, with
a higher percentage of samples over 100 mg/kg of gluten (Table 3). From 2008, these two groups
dramatically reduced the percentage of samples not suitable for any statement on the product label.
Therefore, after 2008, there was no difference between snack and yeast and the rest of the groups. In the
2009–2016 time period, only the flour food group showed a slightly greater percentage of samples
not suitable for any label mark (5% (14/276) for flours vs. 1% (2/374) for bakery products) (Table 3).
In order to relate the decrease of gluten-positive products in line with the changing of European
regulations requiring information to be given about gluten content in foods, a specific analysis of
gluten-free-labeled products (GF-L) and reportedly gluten free, but not certified (GF-NC), products
was made (Figure 2). Considering that most of the samples analyzed were carried out from 2004
to 2016, this period was selected for the evaluation. The number of products studies for GF-L was
1652, and for GF-NC was 962. As it is indicated in Figure 2, at the start point there was a higher
percentage of gluten-positive samples in GF-NC than in GF labeled ones (12.6%, 45/358 vs. 4.9%,
41/817). The comparison revealed differences between GF-L and GF-NC in 2004–2008 and 2008–2014
periods of time, but not in the last two years (Figure 2).

Table 2. Time-period comparison of gluten-detected samples.

Food Group Gluten Content (mg/kg)
Time Period

2003–2005 2006–2008 2009–2012 2013–2016

Flour
5–20 67 (6/9) a 37 (11/30)

a,b
27 (3/11)

a,b 0 (0/10) b

21–100 22 (2/9) 40 (12/30) 18 (2/11) 20 (2/10)

>100 11 (1/9) b 23 (7/30) b 55 (6/11)
a,b 80 (8/10) a

Breakfast
cereals/bars

5–20 72 (21/29) 40 (6/15) 33 (1/3) 33 (1/3)
21–100 24 (7/29) 27 (4/15) 33 (1/3) 33 (1/3)
>100 4 (1/29) 33 (5/15) 33 (1/3) 33 (1/3)

Bakery
5–20 57 (17/30) 38 (3/8) 67 (6/9) 67 (2/3)

21–100 37 (11/30) 50 (4/8) 11 (1/9) 33 (1/3)
>100 7 (2/30) 12 (1/8) 22 (2/9) 0 (0/3)
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Table 2. Cont.

Food Group Gluten Content (mg/kg)
Time Period

2003–2005 2006–2008 2009–2012 2013–2016

Pastry/dough
5–20 50 (3/6) 0 (0/3) 83 (5/6) 0 (0/1)

21–100 33 (2/6) 33 (1/3) 17 (1/6) 0 (0/1)
>100 17 (1/6) 67 (2/3) 0 (0/6) 100 (1/1)

Breads
5–20 100 (4/4) 60 (3/5) 0 (0/1) 27 (3/11)

21–100 0 (0/4) 20 (1/5) 0 (0/1) 9 (1/11)
>100 0 (0/4) 20 (1/5) 100 (1/1) 64 (7/11)

Pasta
5–20 24 (4/17) b 78 (7/9) a 33 (1/3) a,b 0 (0/3) a,b

21–100 59 (10/17) 11 (1/9) 0 (0/3) 67 (2/3)
>100 18 (3/17) 11 (1/9) 67 (2/3) 33 (1/3)

Snacks
5–20 40 (2/5) 40 (8/20) 67 (2/3) -

21–100 20 (1/5) 20 (4/20) 33 (1/3) -
>100 40 (2/5) 40 (8/20) 0 (0/3) -

Yeasts
5–20 0 (0/4) 67 (2/3) - -
>100 100 (4/4) 33 (1/3) - -

Total
5–20 55 (57/104)

a
43 (40/93)

a,b
50 (18/36)

a,b 19 (6/31) b

21–100 32 (33/104) 29 (27/93) 17 (6/36) 23 (7/31)

>100 13 (14/104)
c

28 (26/93)
b,c

33 (12/36)
a,b 58 (18/31) a

Notes: Data are expressed as percentage of gluten-content interval (5–20, 21–100, and >100 mg/kg) from total
gluten-detected samples, analyzed by each period and categorized by food group. The numerical fraction
of samples detected for each range, in each food group and in each time period are expressed in brackets.
Percentages not sharing a common letter (a, b, c) are significantly different (p < 0.05).

Figure 2. Evolution of gluten-containing samples (>20 mg/kg) sorted by three time periods related
to gluten regulation (2004–2008, 2009–2014, and 2015–2016). From the total number of 2614 samples,
1652 were gluten-free-labeled products (GF-L) and 962 reportedly gluten free, but not certified, products
(GF-NC). Data are expressed as percentages of the total sample analyzed in each period. Significantly
different time period are expressed as * (p < 0.05).
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4. Discussion

According to the Mintel’s report the GF product market not only represents one of the most
prosperous markets in the field of food and beverages nowadays, but also offers positive perspectives
in the near future, with a forecast growth of around 10% [10]. Apart from celiac people, other consumers
as a result of cultural- or health-beliefs and dietary habits, are responsible for the growth of the GF
food market [18].

For people with CD, the involuntary intake of gluten, apart from dietary transgressions of GFD,
is probably one of the major reasons for symptom persistence. This unintentional intake could be
for two main reasons: contamination of the foodstuff at some step of the manufacturing process,
or inadvertent gluten intake due to misleading nutritional labelling. In order to protect the celiac
population’s rights several laws have been put into place in the last decade. First, in 1979 the Codex
adopted a standard for foods for special dietary use for people intolerant to gluten, which, later, in
2008, was revised and corrected [6]. This document set the definition of gluten-free foods as those
containing less than 20 mg/kg. As mentioned, the terms gluten free (≤20 mg/kg) and very low gluten
(21–100 mg/kg) are nowadays covered by 2014 legislation relating to GF foods [9]. Consequently,
samples with gluten content over 100 mg/kg are not suitable for any statement on the product label.

Bearing this in mind, our results for products sold in Spain confirmed that rules implemented to
control gluten content were effective. There was a marked cutoff year, 2008, with a strong reduction of
the gluten-positive samples (>20 mg/kg of gluten).

Other studies in Europe have been conducted in order to evaluate the gluten content of
GF products. Before the cut-off year, Valdes et al. carried out research where a large miscellaneous
group (n = 4454 samples) comprising gluten-free foods was analyzed [12]. They found that close to
half of the samples contained detectable gluten whereas in that period (1998–2002), we found that
nearly one third of the analyzed samples were contaminated (Figure 1). This discrepancy might be
justified, at least in part, by the quantification limit (LQ) established because these authors set a lower
LQ (3.2 mg/kg) than ours. Furthermore, they found a higher ratio of samples over 20 mg/kg than we
did during the period of 1998–2002. It has to be taken into account that they analyzed many flours
(rice, maize, oats origin) while we measured processed products. Indeed, in less processed categories
such as bread or flours, we found a larger percentage of contaminated samples over 20 mg/kg, data
that are closer to those obtained by Valdes et al. [12].

1998–2002 was a confusing time-period, due to the scarce European regulation in terms of gluten
control. This allowed a high proportion of gluten contaminated samples in a low diversity GF product
market. By contrast, from 2003 onwards, analyses performed by Gibert et al. for Italian, Spanish,
German, and Norwegian samples indicated that, out of 205 samples, only one (0.5%) was over the
gluten threshold [1]. These data are in the same line as our results obtained in the 2009–2012 period
(2.7%), confirming that Codex revision implementation was efficiently followed by Central and Western
European countries.

Nevertheless, celiac people cannot completely presume the foodstuffs on offer to be safe.
The evolution of analyzed products revealed that, in general, when gluten is detected in samples
nowadays, it is detected in higher quantities (<100 mg/kg of gluten) than 10 years ago. Considering that
most of the analyzed products have to represent the basis of the diet, due to the fact that they provide
carbohydrates and, thus, the main energy source, those gluten-contained products represent a real
concern for celiac people.

Additionally, it must be emphasized that before Codex revision (prior to 2008) snacks and yeast
could be considered the most risky food for celiac people. Both showed elevated percentages of
samples not suitable for people with celiac disease compared to the rest of analyzed food groups
(12% for snacks and 21% for yeasts). However, after the revision, no more differences in samples
containing more than 100 mg/kg among food groups were observed.

In the case of snacks, one possible explanation for this fact could be related to consumer
preferences. A Nielsen global snacking report indicated that, nowadays, the GF aspect of a snack
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is very important for one-fifth of global respondents [19]. Traditionally maize has been the prime
flour source to produce extruded snacks [20], despite the addition of wheat in some formulations.
Taking into account the tendencies in snack preferences in recent years, they cannot be discounted
as responsible for the gluten-contamination control improvement from 2008. Apparently, something
similar could take place for bakery yeasts. Sugars are the source of yeast fermentation and, therefore,
of bakery yeast production. Whether the origin of sugars is related to gluten containing cereals (rye,
wheat, and barley) or not is a simple decision of yeast manufacturers. It might be said that the 2008
Codex revision made bakery yeast manufacturers aware of the need to reinforce their gluten control,
probably changing the sugar source.

In terms of GF cereal products, as mentioned before, two cases apply to a gluten-free claim.
On one hand, there are gluten-free foodstuffs produced by manufacturers which include a quality
mark, label, or certificate of prolamin content below 20 mg/kg. Alternatively, there are unlabeled
products that appeared gluten-free based on scrutiny of their listed ingredients [21]. Our results reveal
that there were differences in both, GF labelled (GF-L), and reportedly GF, but not certified products
(GF-NC), over time. Specifically during the 2004–2014 time-period, a higher rate of gluten-positive
samples was detected in GF-NC samples than in GF labelled ones. However, after 2015 both groups of
samples showed a similar range of positives.

After the revision of the Codex standard (2008), and basing on it, the European commission
regulated the provision of food information to consumers with No. 1169/2011 [11]. Although this
regulation was made in 2011, the deadline for its mandatory complementation was 13 of December
2014. It could be postulated that this brought about the closing of the gap between GF-labeled and
GF-NC products in terms of positive samples.

It is worth noting the evolution of not certified GF products from 2004, during which time
a constant and noticeable reduction in gluten-positive samples can be observed. Very much in
line with this tendency, the literature reflects how research conducted in Europe and published in
2010, 2011, and 2013, detected decreasing ratios of gluten-positives samples (10.5%, 9.7%, and 0.5%,
respectively) [1,22,23].

Outside Europe, other countries adopted similar rules in terms of gluten. With compliance date
of August 2014, the USA Food and Drug Administration regulated the term GF as did European
regulation [8]. Prior to 2014, in the USA, there was reported a high gluten detection in gluten-free
grains, seeds, and flours but not in the labelled products (32% vs. 3.6%–5.1%) [21,24,25]. As in
our study, there was a clear difference between both kinds of GF products before GF regulation.
However, a study published in 2016 revealed that positive samples ratio for GF-NC products went
down (4.9% from a total of 101) [26]. In view of the above, it seems that GF rule implementation in the
USA was effective as the number of positive samples decreased not only among GF labeled products,
but also in GF-NC ones.

As far as we know this is the first study that analyzes the evolution of gluten detection in
GF products over a long period of time. Furthermore, data of gluten presence sorted by five ranges
provide useful information for food safety authorities, manufactures, practitioners, and other related
professionals working on gluten and CD from other countries, who do not set the gluten threshold at
20 mg/kg (Table A1). For instance, Australia and New Zealand, recently, set narrower regulations
establishing that “gluten-free” foods must not contain detectable gluten [27]. However, it is necessary to
consider that the non-standardized sampling of this research is not representative of the entire Spanish
gluten-free cereal retail market. Due to this fact, information about the raw material in origin (rice,
corn, quinoa, or others) of all of the samples was not collected. On the other hand, the categorization
proposed in this research could not fit with other authors, limiting, at least in part, specific comparison.
For instance, some authors include bread in bakery foods [28] and others defined other group, such as
a convenience food category [29].
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5. Conclusions

In summary, a tendency toward a reduction in the presence of gluten contamination in gluten-free
rendered foods over the years has been observed. Our results confirm the effectiveness of European
regulation in terms of gluten control for GF foodstuffs. Indeed, the significant drops which have
taken place can be linked to European regulations about gluten content in food and, probably, to the
involvement of the food industry over the years. In this context, the data obtained in recent years are
reassuring and make grain-based foods more reliable products for the celiac population, but strict
gluten control should be maintained.
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Appendix A

Table A1. Summary of results obtained in gluten detection analysis from 1998 to 2016.

Food Group Analyzed Sample
Number

Gluten-Detected
Samples

Gluten (mg/kg)

5–10 11–20 21–100 101–200 >200

Flours 564 75 10 17 21 11 16
Breakfast

cereals/bars 339 73 22 22 15 6 8

Bakery 905 87 21 28 24 6 8
Pastry/dough 292 23 7 6 6 0 4

Bread 498 31 5 8 3 4 11
Pasta 313 45 8 13 14 4 6

Cereal based-Snacks 194 29 5 8 6 2 10
Yeasts 36 8 2 1 0 1 4
Total 3141 371 80 103 87 34 67

Notes: Data related to gluten quantification are expressed as number of samples.
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Abstract: IgE-mediated wheat allergy is a gluten-related disorder. Wheat is one of the five most
common food allergens in children. However, the natural history of IgE-mediated wheat allergy has
seldom been described in the research literature. This study presents the current state of knowledge
about the IgE-mediated wheat allergy in children.
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1. Introduction

Wild wheat grains (Triticum aestivum) were consumed by people in America as early
as 11,000 years BC (before Christ). Table 1 shows the centuries of utilization of wheat by people.

Table 1. History of wheat cultivation and consumption.

Years Event

11,000 years BC Wild wheat grains were consumed by people in America.

7800 years BC
The first records of wheat cultivation began in fertile lands of Southwest
(Palestine) and Middle Asia (Mesopotamia); people living in farming
settlements grew wheat and barley.

400 years BC The type of wheat that could be used for baking bread or pastries was first
cultivated in China.

100 years BC The first bread prepared with the use of the brewer’s yeast was baked in France.

Today almost a half of the calories consumed by the human population worldwide come from
cereals, with wheat being the most popular grain in Europe and the Americas. Its use is so widespread
that people suffering from gluten-related disorders have great difficulty in avoiding it. Flour and bran
are used in the production of bread, muesli, breakfast cereals, pasta, bulgur, couscous, and pastries.
Being a binding agent, wheat is added to cold cuts, desserts, ice cream, and cream. Starch is used for
coating pills, pralines, and roasted coffee grains, as well as in cosmetic, paper, and chemical industries.

2. Wheat-Related Allergic Disorders

Depending on the routes of entry, wheat-related allergic disorders are classified into: food allergies,
respiratory allergies, and skin allergies (Figure 1) [1]. The allergy classifications also consider celiac
disease (CD) as a wheat-related allergic disorder. However, CD is, rather, an autoimmune disease
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and in most countries it is treated according to gastroenterological protocols. Food allergies triggered
by wheat consumption are divided to IgE-dependent wheat allergy (WA) and IgE-non-dependent
WA [1]. One of the WA syndromes is also wheat-dependent, exercise-induced anaphylaxis (WDEIA).
In the latest EAACI (European Academy of Allergy and Clinical Immunology) classification it has
been recognized as an independent form of wheat allergy [1].

Pathogenesis

Allergic

Food allergy/wheat allergy (WA)
IgE mediated WA

WDEIA *
non IgE mediated WA

Respiratory allergy
(baker's allergy or baker's

asthma)

Skin allergy
(contact urticaria)

Autoimmune:
celiac disease
dermatitis
herpetiformis

Figure 1. Classification of wheat-related allergic diseases. * WDEIA—wheat-dependent
exercise-induced anaphylaxis.

WA is also one of the gluten-related disorders, the classification of which was published in 2012
(Figure 2) [2]. It is important to note that although WA belongs to this group, all of its forms stem
solely from the adverse effect of wheat proteins (including gluten proteins). Therefore, the treatment
is based on the elimination of wheat grains only. The allergy induced by proteins contained in other
gluten grains is less common and has not been included in the classification discussed herein.

Gluten related
disorders

Autoimmune

Celiac disease Dermatitis
herpetiformis Gluten ataxia

Allergic

Wheat allergy:
IgE mediatedWA
non IgE mediated WA

Indeterminate
pathogenesis

Gluten sensitivity *

Figure 2. Classification of gluten-related disorders. * Gluten sensitivity (GS) = non-celiac gluten
sensitivity (NCGS).
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3. Prevalence of IgE-Mediated Wheat Allergy

Wheat is one of the five most common foods that trigger allergic reactions in children. In Germany,
Japan, and Finland it has been reported as the third most common allergen, after milk and egg [3].
WA prevalence, both in children and adults, is usually approximately 1% (0.4%–4%), depending on
age and region [3–6]. In patients with food allergies, WA is diagnosed in 11%–20% of children and in
25% of adults [7]. Taking into account all gluten-related disorders, it has been estimated that about 3%
of the human population suffers from wheat intolerance (1% WA, 1% celiac disease, 1% non-celiac
gluten sensitivity) [4,5,8].

4. Clinical Picture of IgE-Mediated Wheat Allergy

WA prevails chiefly in children with a family history of atopy. Almost all of the juvenile WA
patients are diagnosed with allergies to other foods and other allergic disorders, most commonly
atopic dermatitis (78%–87%). Half of patients suffer from asthma (48%–67%) and/or allergic rhinitis
(34%–62%) [9,10]. The majority of children are allergic to cow’s milk (80%), chicken egg white
(56%–72%), fish (28%), soya (24%–50%), and peanuts (29%–50%) [9–13].

The WA clinical picture depends on age [10]. Symptoms develop within minutes to 1–2 h after the
ingestion of wheat. In young children gastroenterological symptoms prevail, such as vomiting, diarrhea
or, rarely, abdomen pains. In about 40% of children skin symptoms are observed in a form of urticaria,
erythema, angioedema, pruritus, or worsening atopic dermatitis [9,10,12,13]. Intestinal symptoms
recede with age; therefore, older children suffer mostly from dermatitis, which is accompanied by
respiratory disorders (wheeze, stridor, persistent cough, hoarse voice, respiratory distress, nasal
congestion) and, in the most severe cases, anaphylaxis. In teenagers and adults the most severe forms
of allergy prevail, such as anaphylaxis symptoms (in 45%–50%), which is typical of wheat allergy.
Intestinal and skin symptoms are less common in these age groups [1,9,10,12].

WA is usually diagnosed in young children, but it is rarely seen in infants, despite the fact that
wheat proteins pass into breast milk, which was proven by Linn et al. in 1996 [14]. In our study
on 50 children with WA, the disease was diagnosed in 32% of infants. Three of them were fed
exclusively on their mother’s milk [10]. In 1981, Rudd et al. described a case of an infant with
anaphylactic shock after consuming semolina pudding [15].

WA can be accompanied by allergies to other cereals, most often to rye and/or corn [12].

5. Development of Tolerance to IgE-Mediated Wheat Allergy

The prognosis of WA tolerance is not as poor as it is in the case of allergies to peanuts, shellfish,
or fish that usually continue into adulthood. It is similar to the tolerance prognosis in children allergic
to milk or egg. WA will prevail to maturity in about 10% of patients, with the most severe clinical
forms of the disorder [9–11]. In our study the age median of the tolerance was seven years (3–16 years).
Fifty-two percent of patients developed the tolerance by the age of eight years, 66% of them by the age
of 12, and 76% by the age of 16 [10]. Other researchers have reported similar results [11].

Similarly to other food allergies, the progress of tolerance can be assessed by means of the wheat
IgE titers determined repeatedly during the elimination diet. When wheat IgE concentration increases,
tolerance is unlikely to develop quickly. Conversely, it is likely to occur when the wheat IgE titers
decline steadily. Moreover, such a procedure allows the determination of the maximum wheat IgE
concentration. The higher the titers, the older the patient at the time when the tolerance develops.
In our studies the tolerance age median was 3.5 years when the maximum wheat IgE concentrations
were below 19.9 kU/L. When it was within the range of 20–49.9 kU/L, the median rose to seven years.
It reached 16 years of age when the concentrations exceeded 50 kU/L [10].
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6. Wheat-Dependent, Exercise-Induced Anaphylaxis—A Rare Form of Wheat Allergy

WDEIA is a rare syndrome [16]. It is typically diagnosed in adults and sporadically in older
children. It is clinically characterized by anaphylactic reactions (hives, Quincke’s edema, shock)
occurring 10–60 min after exercise following the ingestion of wheat 10 min to four hours earlier.
The amount of ingested wheat and the intensity of exercise can vary substantially. The rω-5 gliadin
is the major WDEIA allergen—it is found in all the patients. The serum concentrations of rω-5
gliadin-specific IgE are correlated with the severity of the WDEIA clinical response. IgE serum
concentrations for the rω-5 gliadin higher than 0.89 kU/L confirm the WDEIA diagnosis (sensitivity
78%, specificity 96%), while the sIgE sensitivity for whole wheat extract and gluten is low (48% and
56%, respectively) [17].

7. Wheat Grain Proteins

All of the wheat-induced diseases are caused by wheat proteins which constitute 10%–18% of the
grain mass, depending on the strain. The main component (70%) of the wheat grain is starch.

Depending on their dissolving agent, the wheat grain proteins are categorized into four main
fractions: albumins (15%), globulins (7%), gliadins (33%), and glutenins (45%). Albumins are soluble
in water; globulins, in salt solutions; gliadins, in alcohol; and while glutenins, in dilute acid and alkali.
Albumins and globulins are structural proteins that contain many enzymes. Gliadins and glutenins
are prolamins and are referred to as gluten. They are storage proteins.

The wheat proteins that are regarded today as the WA major allergens will be discussed in detail
in the next chapter. Wheat proteins triggering CD symptoms belong to gliadins. Wheat proteins
responsible for non-celiac-gluten sensitivity (NCGS) have not been identified yet. One of the proteins
under the researchers’ examination is a group of amylase-trypsin inhibitors (ATIs) that do not belong
to glutens (JunkerY et al., 2012) [18].

8. Major Allergens of IgE-Mediated Wheat Allergy

In the serum of patients with IgE-mediated wheat allergy numerous IgE antibodies are found
that bind with proteins of all of the wheat grain fractions, most commonly with gliadins. However,
in different examinations, they are not the same proteins and, therefore, they cannot be regarded as the
major allergens in children with WA [19,20]. A protein can be regarded as the major allergen when IgE
antibodies specific for this protein are found in a considerable number of children with WA.

The list of the World Health Organization includes 27 wheat allergens [21]. Clinical relevance of
many of them has not been determined yet.

The best-understood allergenic molecule of WA is rω-5 gliadin (Tri a 19) [16,22,23]. The rω-5
gliadin-specific IgEs are present in all patients with WDEIA, in 80% of children with anaphylaxis
symptoms after wheat ingestion, and in 20%–30% of children with WA and atopic eczema [20,24–28].

The second allergenic molecule of WA, for which commercial tests are available, is a non-specific
lipid transfer protein (Tri a 14) (nsLTP). Antibodies signaling the presence of the IgE specific to Tri a 14
are found in WA children and in patients with WDEIA. They are not very sensitive. It is now thought
that they do not exhibit cross-reactivity with grass pollen, although there is not enough data to exclude
this. Their assessment may help in differentiating wheat sensitization from pollen allergy, which is
vital in patients with high levels of grass pollen-specific IgE [1].

In everyday allergological practice the possibility of swift and simple exclusion of cross-reactions
is very important. Wheat is highly cross-reactive with other cereals; mainly rye and barley [20].
It has been shown that prolamins, like gamma-70 and gamma-35 secalins in rye, as well as gamma-3
hordein in barley, cross-react with rω-5 gliadin [29]. These three cereals contain several other proteins
that are highly cross-reactive. It has also been confirmed that there is high sequence identity (>80%)
among many other proteins, such as alpha-purothionins from wheat, rye, and barley [30]. Positive
SPTs and elevated assays of IgE specific to whole wheat extract are common among atopic patients.
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Up to 65% of the patients with grass pollen allergy have false positive results when tested for wheat
extract, i.e., they do not report any health problems after the ingestion of wheat [31]. If the medical
history of patients with positive SPT results and with IgE specific to whole wheat extract does not rule
out negative reactions to wheat, it is necessary to perform a wheat challenge test, which is rather time
consuming. Such a test will be positive in barely 20% of the patients and such a low probability of
positive allergy incidence in allergic individuals is reported only in WA.

Today, intense studies are conducted on some wheat protein components: glutenins with low
and high molecular weight (LMW-glutenins and HMW-glutenins), α-, β-, and γ-gliadins, as well as
non-specific lipid transport protein Tri a 14 [32,33]. However, none have reached a high specificity and
sensitivity to become a gold standard in the diagnosis of WA and, therefore, the precise diagnosis still
relies on standardized challenges which must be done under medical supervision [1,31,33].

9. Diagnosis of IgE-Mediated Wheat Allergy

The WA diagnosis is difficult because not all of the major wheat grain allergens are recognized.
Similarly, to any other allergy, the gold standard of WA diagnosis remains the oral food challenge.
It is usually performed in its open form, as the majority of the observed adverse reactions is of the
objective nature. The patient is given whole wheat starting from small doses of wheat-specific protein
(1–50 mg) followed by increasingly larger hourly doses (digestion of wheat can be slower than egg or
milk), ending with a cumulative dose of up to 0.5–1 g of wheat protein [1]. Additionally, double-blind
placebo-controlled protocols of WA have been published both for children and adults [28,34].
WA is diagnosed when the challenge test results are positive and the symptoms appear up to two
hours after ingestion.

In the next stage, allergological tests should be performed to confirm the elevated levels of wheat
allergen-specific IgE. The first are skin tests (SPTs) to wheat flour. Generally, commercial wheat extract
is used, the specificity of which is very low [1]. Some allergologists prepare an in-house wheat flour
solution, but its specificity is also very low. It can be improved by additional testing to ω-5 gliadin or
other gliadins, but these solutions are not routinely available and are mainly used in scientific research.

Another step is the determination of serum concentrations of allergen-specific IgE to whole wheat
extract. They are commercially available but their specificity is low despite high sensitivity [1,33].

Solutions used for skin tests to wheat flour and for the assessment of allergen-specific IgE to whole
wheat extract consist of the mixture of grain albumins and globulins and, thus, do not contain the
insoluble major wheat allergens, i.e., prolamins. This is why the utility of these tests in WA diagnosis is
lower than in allergies to other foods, such as milk, egg, or peanuts [35]. Moreover, their concentration
is not correlated with the severity of clinical reactions after wheat ingestion.

Gluten-specific IgE can also be assessed. Since the commercial test contains wheat gluten
proteins, it is positive only in the case of a wheat allergy and negative in the case of allergies to
other gluten-containing cereals. It is not known if it includes major wheat allergens. Gluten-specific
IgE assays are positive in two thirds of children with WA [10].

Currently, there are commercial tests for the IgE specific to two known allergenic molecules of
wheat: Tri a 14 non-specific lipid transfer protein and Tri a 19 rω-5-gliadin [1]. Their importance to the
WA diagnosis has been discussed in the section “Major Allergens in IgE-Mediated Wheat Allergy” of
this paper.

It is characteristic of children who had WA, and have developed a tolerance to wheat, that in
most of them (approximately 80%) SPTs to wheat continue to be positive and IgE specific to whole
wheat extract and gluten-specific IgE remain elevated, which is rare in other food allergies [9,10].
For the majority of food allergens, tolerance development is accompanied by negative SPTs and
normalized specific IgE levels. In our studies, at the time of tolerance development, the levels of IgE
specific to whole wheat extract ranged between 0.35–23.9 kU/L (median: 3.0 kU/L) [10]. In that group
of patients, at the time of WA diagnosis, the levels of IgE specific to whole wheat extract had been
between 2.2 kU/L and 39.3 kU/L (median: 8.42 kU/L). This is why the size of SPT and the levels of
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IgE specific to whole wheat extract are not useful in differentiating between the periods of allergy and
tolerance. It should be stressed, however, that in individual children who have developed tolerance to
wheat the SPT values and IgE specific to whole wheat extract and gluten are lower than when WA
was diagnosed.

10. Treatment of IgE-Mediated Wheat Allergy

It is worth emphasizing that even though IgE-mediated wheat allergy belongs to
gluten-dependent disorders, it is induced solely by wheat proteins, thus being treated by a wheat-free
diet. The remaining gluten cereals, such as rye, barley, and oats are well tolerated by most patients
and should not be eliminated from their diet. In WA children, oat allergy is very rare. Rye and barley
allergies are slightly more common.

It is believed that different species of wheat have the same allergenicity, therefore, it is not
recommended for the patients with severe WA to try different forms of wheat. There are no studies
describing changes in allergenicity of wheat during processing [1].

Moreover, it is not recommended to routinely administer a gluten-free diet to WA patients.
Gluten-free products made from rice or corn flour, tapioca, millet, or sorghum, are usually well
tolerated by WA patients. However, such products often contain wheat starch as the main ingredient
which can be insufficiently purified of wheat proteins to be safe for WA patients. The gluten-free
products dedicated to CD patients can contain no more than 20 mg of gluten proteins per 1 kg.

Since 2009 the packaging of all products sold in the European Union must inform consumers
about the wheat content.

In 2013 the case was reported of two children with anaphylaxis after wheat ingestion who
had developed prior tolerance to pressure-cooked whole wheat. The process of pressure-cooking
changes the structure of the wheat husk. It is not known, however, if it damages the structure of the
allergens [36]. No other cases of such a two-stage process of tolerance to wheat have been reported
so far.

The research literature has provided the first report on the oral immunotherapy administered to
older children with anaphylaxis triggered by wheat ingestion. After two years, the therapy resulted
in the desensitization in 61% of the patients [37]. Further studies are necessary to evaluate the
effectiveness of this type of WA treatment [1].

In the USA the rω-5 gliadin-free variety of wheat has been produced [38].

11. Prophylaxis against IgE-Mediated Wheat Allergy

It is presently believed that the time when foods are introduced into the infants’ diet is relevant to
their tolerance. For half of the century, from 1955 to 2005, Europe, America, and Australia used nutrition
charts for infants where the delayed introduction of strong allergens was strictly recommended.
It is a general opinion that those schemes were responsible for the increased incidence of allergies in
that period of time. Today, it is recommended to introduce foods containing strong allergens into the
infants’ diets as early as between the 17th and 26th weeks of life.

The initial exposure to wheat grains delayed until after six months of age may increase the risk of
wheat allergy [39]. So far only one prospective study has been published (EAT study) which assesses
the effects of introducing wheat (and other allergens) after the third vs. the sixth month of life on the
incidence of WA in three year olds. The study was inconclusive because in neither group had WA been
diagnosed [40].

In recent years the results of two extensive studies (Celiprev, Prevent CD) have been published
that indicate that the time of introducing wheat into the diet of infants at high risk of celiac disease
has no effect on the CD prevalence [41,42]. In spring 2016, ESPGHAN issued recommendations to
introduce wheat into the infant diet between the 4th and 12th months of life.
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Abstract: Conditions associated to the consumption of gluten have emerged as a major health
care concern and the treatment consists on a lifelong gluten-free diet. Providing safe food for
these individuals includes adapting to safety procedures within the food chain and preventing
gluten cross-contamination in gluten-free food. However, a gluten cross-contamination prevention
protocol or check-list has not yet been validated. Therefore, the aim of this study was to perform the
content validation and semantic evaluation of a check-list elaborated for the prevention of gluten
cross-contamination in food services. The preliminary version of the check-list was elaborated
based on the Brazilian resolution for food safety Collegiate Board Resolution 216 (RDC 216) and
Collegiate Board Resolution 275 (RDC 275), the standard 22000 from the International Organization for
Standardization (ISO 22000) and the Canadian Celiac Association Gluten-Free Certification Program
documents. Seven experts with experience in the area participated in the check-list validation and
semantic evaluation. The criteria used for the approval of the items, as to their importance for
the prevention of gluten cross-contamination and clarity of the wording, was the achievement of
a minimal of 80% of agreement between the experts (W-values ≥ 0.8). Moreover, items should have
a mean ≥4 in the evaluation of importance (Likert scale from 1 to 5) and clarity (Likert scale from 0 to
5) in order to be maintained in the instrument. The final version of the check-list was composed of
84 items, divided into 12 sections. After being redesigned and re-evaluated, the items were considered
important and comprehensive by the experts (both with W-values ≥ 0.89). The check-list developed
was validated with respect to content and approved in the semantic evaluation.

Keywords: gluten; gluten contamination; food safety; celiac disease; gluten related disorders

1. Introduction

Recently, there has been a growing demand for gluten-free products in the world population.
The global market of these products approached $2.5 billion (US) in sales in 2010. It seems that the
number of individuals embracing a gluten-free diet (GFD) is much higher than the projected number of
celiac disease (CD) patients. This finding can be explained by the existence of Gluten Related Disorders
(GRD) other than CD, which is now clear. The GRD include three main forms of gluten reactions:
allergic (wheat allergy), autoimmune (CD, dermatitis herpetiformis, and gluten ataxia), and possibly
immune-mediated (gluten sensitivity) [1].
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Despite differences in pathological mechanisms, clinical manifestations, and epidemiology, the
treatment for all GRD consists of excluding gluten-containing cereals and sub-products from the diet.
Combined, these conditions affect many individuals who consequently need to follow the GFD. CD
accounts for around 1% of the general population. In regards to wheat allergy, different prevalence
rates have been found in studies around the world, varying from 0.4% in adults to as high as 9% in
children [1]. The prevalence of gluten sensitivity is not clearly defined yet. However, indirect evidence
suggests that it is slightly more common than CD [2].

According to Codex Alimentarius, “gluten-free foods” (GFF) are those in which the gluten level
does not exceed 20 ppm (mg/kg) in total [3]. In a systematic review, Akobeng et al. (2008) [4]
investigated the threshold amount of gluten that could be tolerated by people with CD and found that
there is a variation among individuals. Although there was no evidence to suggest a single definitive
threshold, they found that a daily gluten intake of less than 10 mg was unlikely to cause significant
histological abnormalities in celiac patients [4]. As to the other GRD, further studies are necessary to
clarify whether the spectrum of toxic cereals, the gluten threshold, and the disease duration are the
same as in CD, since their natural history, particularly of gluten sensitivity, is still unclear [1].

Following the GFD is a difficult task for GRD patients due to the presence of gluten in a wide range
of products. Moreover, gluten may be found in supposedly gluten-free products as a consequence of
cross-contamination, which leads to the involuntary and unconscious consumption of it [5].

Cross-contamination might occur because of shared production areas, kitchenware not properly
sanitized, and inadequate procedures by restaurant staff [6]. In most countries there is not a consistent
monitoring process to assess gluten content in supposedly GFF in order to guarantee safe products
for CD and other GRD patients [7]. Moreover, studies have revealed gluten-contamination in both
industrial products and food services preparations [8–10], which represents a problem for these patients
since maintaining gluten in the diet triggers symptoms and health problems such as gastrointestinal
manifestations and other related conditions [1].

Therefore, eating out may be considered a health risk for GRD individuals [11] and the need to
follow the GFD may compromise social activities and influence quality of life [12]. Thus, in order to
contribute to a better quality of life for GRD patients, it is important to establish viable and effective
strategies to prevent contamination and enable the safe production of gluten-free food [11].

The development of an instrument for the verification of non-conformities in loco that are related
to the occurrence of cross-contamination seems like an interesting approach in order to control the
production process and provide safe food for GRD patients considering the paucity of studies that
investigate possible strategies to prevent gluten cross-contamination in food services.

In a study conducted in Italy, the Hazard Analysis and Critical Control Point system (HACCP)
was used for the elaboration of a plan to prevent gluten contamination in a school cafeteria, and
the results showed the effectiveness of this plan in the reduction of contamination [13]. In Brazil,
Bicudo (2010) [14] elaborated and implemented the standard operating procedures (SOPs) for items
related to accidental gluten cross-contamination in a bakery. In this study, a checklist was first
applied followed by the elaboration of corrective measures for problems found. The association of the
SOPs together with the corrective measures based on good manufacturing practices was effective in
controlling gluten contamination in the study site [14].

Most studies on food safety discuss issues related to microbiological contamination, however, it is
important that food services adapt to food preparation practices in order to produce safe special diets,
such as the GFD.

There are specific regulations on gluten-free labelling in the context of gluten intolerance
worldwide. Most of them are based on the Codex Alimentarius Standard 118-1979 and recommend
following good manufacturing practices for the prevention of gluten cross-contamination, ranging
from country to country. The European Union, United States, and Canada follow the limits proposed
by Codex for GFF (20 ppm). In Argentina, the threshold set for GFF is 10 ppm. In Australia and
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New Zealand, legislation is stricter and states that to be considered “gluten-free”, food must not
contain detectable gluten [7,15,16]. However, it must be emphasized that, in food services, this is rarely
regulated and monitored.

For the development of an instrument for data collection, the phenomena of interest must be
translated into concepts that can be measured, observed, or recorded. Without proper methods
for data collection, the validity of the questionnaire conclusions is questionable. Thus, it is very
important to consider some points during the process, such as, an extensive review of literature on
the theme, experience of the researcher on the subject, care and monitoring of the formulation of each
question/item regarding clarity, consistency, relevance, and impartiality; evaluation of the instrument
by experts in the field of knowledge, and the testing to verify whether the instrument is useful in order
to obtain the desired information [17].

The validation of an instrument consists of a methodological procedure to evaluate its quality,
which is related to the capacity of the instrument to accurately measure what it is intended to
measure [17]. The content validity refers to the representativeness and relevance of the instrument
questions. The content validation can be analyzed by a panel composed of professionals and researchers
recognized in their area [18]. The expert panel consensus helps defining the instrument items which
should be maintained, revised, or excluded and its application is increasing in several areas [19].

Another important procedure to obtain a satisfactory instrument is to perform the semantic
evaluation, which measures the comprehension of the instrument items by the judges and helps
to evaluate the need to rewrite the questions in order to achieve a better understanding of the
instrument [20].

This study aimed to perform the content validation and semantic evaluation of an instrument
(check-list) elaborated for the prevention and control of gluten cross-contamination in food services.

2. Methods

2.1. Development of the Instrument

The instrument (check-list) was elaborated based on extensive literature review and experience of
the researchers on the matter. The following documents were used to design the preliminary version
of the check-list: the Brazilian resolutions for food safety Collegiate Board Resolution 216 (RDC 216)
and Collegiate Board Resolution 275 (RDC 275), the international standard 22000 from the International
Organization for Standardization (ISO 22000), and the documents from the Gluten-Free Certification
Program, of the Canadian Celiac Association [21–24].

Topics and items from the resolutions RDC 216 and RDC 275 and the ISO 22000 standard were
carefully evaluated and those thought to be relevant to the prevention of gluten cross-contamination
were chosen and adapted for the initial version of the check-list, even though these documents
do not specifically address the prevention of gluten cross-contamination. However, the premise of
a functional gluten contamination control system is based on prerequisites programs implemented in the
establishment, attending minimally to the good manufacturing practices, as proposed by the Codex [3].

Important topics of the Gluten-Free Certification Program, Canada, were also selected to compose
the check-list and adapted to contemplate the reality of food services. The preliminary version was
composed of 136 items divided into 13 major sections, listed below:

- Identification/information of the establishment
- Building and facilities
- Equipment, furniture, and kitchenware
- Food service employees
- Food production and transport
- Distribution

130



Nutrients 2017, 9, 36

- Documentation
- Responsibility and authority
- Coordinator of the food safety team
- Internal communication
- Flow charts
- Traceability
- Treatment of potentially unsafe products

All of the items had a “Yes/No/Not Applicable” type of answer, such as the check-list presented
in the RDC 275, except for the items of the “Identification/information of the establishment” section,
which contains open questions to characterize the establishment (name of the place, address, owner,
among others).

2.2. Pilot Test (Subjective Evaluation)

For the content validation, a total of 11 experts with a PhD and known experience in instruments
of quality control for food services and/or gluten and CD were invited to participate. A total of seven
experts were available for the study. The experts received the necessary information and guidance on
the check-list method of evaluation. The check-list was sent by e-mail.

At first, experts were asked to express their opinion on the preliminary version of the instrument
and evaluate the overall questionnaire, considering aspects such as the content, clarity, type, and
consistency of the items. Experts were also asked to suggest any modification, exclusion, or inclusion
of items they judged relevant and to freely comment on any subject regarding the instrument. This was
characterized as a qualitative analysis stage.

2.3. Content Validation

The Delphi method was used, with some adaptations, for the content validation. This method
is based on obtaining the opinions of experts in order to achieve a consensus on a specific subject.
The Delphi method is currently employed in several areas in situations where new ideas are being
created. It is a method in which, through collegial communication ordered by individual responses,
often conducted by questionnaires, we seek the consensus of a group [19].

The Monkey Survey@ platform was used to create a questionnaire for the application of the
content validation of the check-list. On the first page of the questionnaire there was an orientation
letter specifying the evaluation criteria for the check-list items. Experts were asked to evaluate each
item considering its importance for the prevention of gluten cross-contamination using a Likert scale,
as follows: (1) “I totally disagree with the item”; (2) “I partially disagree with the item”; (3) “I neither
agree nor disagree with the item”; (4) “I partially disagree with the item”; and (5) “I fully agree with
the item”.

The Monkey Survey@ platform was also used to provide feedback to the experts in regards to
the evaluations performed by other experts and final results of the analysis. Two stages of evaluation
were performed in the content validation process. For the items which did not receive approval in
the first stage, the means resulting from the experts’ opinions were presented to each one of them.
After being informed about the other experts’ opinions, the experts were asked to review their analysis
and decide whether or not they would confirm previous answers. This procedure was performed in
order to obtain consensus among the experts. All seven experts participated in this phase.

2.4. Semantic Evaluation

The semantic evaluation of the check-list was performed simultaneously with the content
validation, using the same questionnaire in the Monkey Survey@ platform. Experts were asked
to evaluate each item in regards to its clarity, considering their level of understanding of the
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item. For that purpose, the Likert scale was used, as follows: (0) “I did not understand it at all”;
(1) “I understood it a little”; (2) “I somewhat understood it”; (3) “I understood almost everything,
but I had some questions”; (4) “I understood almost everything”; (5) “I understood it perfectly and
had no questions”. According to Conti et al. (2010) [20], answers from 0 to 3 indicate insufficient
understanding and a new version of the item is required [20].

In cases of poor understanding of the item or unsuitable language, experts were also asked
to suggest changes. These commentaries were used to create new versions of the items for further
evaluation. Three stages of evaluation were performed in the semantic evaluation process. Six experts
participated in the last stage.

2.5. Data Analysis

For data analysis, all answers obtained with the questionnaire were compiled using the Microsoft
Excel 97-2003 software.

The mean grade for the evaluation of importance and clarity of each item was calculated
considering the answers provided by the seven experts, except for the last stage of the semantic
evaluation, in which six experts participated. The degree of agreement among the experts for the
evaluation of importance and clarity of the items was evaluated through the Kendall (W) coefficient of
concordance, which ranges from 0 to 1. High W-values (W ≥ 0.66) indicate that the experts applied the
same standards of evaluation as opposed to Low W-values, which suggest disagreement among the
experts [17].

The criteria established for the approval of the item was a minimal of 80% of agreement between
the experts (W-values ≥ 0.8). Moreover, items should have a mean ≥4 for the evaluation of importance
(content validation) and clarity (semantic evaluation) in order to be maintained in the instrument.
Items not considered important for the prevention of gluten-cross contamination in food services were
excluded from the instrument. Items considered unclear were rewritten in a different manner and
subject to further evaluation by the experts.

Suggestions made by the experts were considered and incorporated into the final version of
the instrument.

3. Results

Considering the suggestions made by the experts in the pilot test, a new version of the check-list
was created, consisting of 88 items, divided into 12 sections. The “Traceability” section was not
considered applicable for the food service environment and it was removed from the check-list.
This new version was then submitted to an objective evaluation. At this point, the first stage of the
content validation and the semantic evaluation was performed. In total, two stages of evaluation were
necessary in order to obtain agreement among the experts for the content validation and three stages
were necessary for the semantic evaluation.

The summary of stages and exclusion or corrections of items of the whole validation process are
displayed in Figure 1.
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Figure 1. Stages of the content validation and semantic evaluation processes.

3.1. First Stage: Content Validation and Semantic Evaluation

In the first evaluation of the content validation process, a total of 83 items (94.3%) were approved,
that is, there was a minimal of 80% of agreement between the experts (W-values ≥ 0.8) and the items
displayed a mean ≥4 in the evaluation of importance. The remaining five items without approval
in this stage were: 1.6.2 (regarding goods lift for gluten-free food), 1.8.1 (regarding washbasins
and soap supply in the production area), 1.12.1 (regarding the proper layout for food production),
8.5 (regarding the report on effectiveness and adequacy of the control of gluten contamination by the
coordinator of the food safety team), and 9.8 (regarding information about relevant issues from outside
concerned parties).

As to the semantic evaluation, a total of 80 items (90.9%) were considered sufficiently
understandable (these items received grades “4” or “5” in the Likert scale) and thus were approved
without needing to adjust the wording.

The mean grades and W-values for each section, considering the means of all items, for the content
validation and semantic evaluation are presented in Table 1.

Despite being approved in regards to the content validation in stage 1, items 9.7 (regarding
information about customer requirements, sectoral requirements, and others), 9.9 (regarding
information about customer complaints indicating food safety hazards associated with the product),
9.10 (regarding information about other conditions which might impact the gluten contamination
control), 9.11 (regarding update of the gluten contamination control system), and 9.12 (regarding the
inclusion of relevant information for critical analysis in the system) were not considered clear enough
by the experts in the semantic evaluation.

Moreover, some experts suggested the removal of some of those items and made comments
about the lack of understanding of the purpose of the item in the check-list and how to verify what it
proposed regarding food service practices. They also mentioned that some of those items were too
subjective and/or repetitive. Therefore, researchers considered it important to resubmit these items to
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the evaluation of importance in the instrument, through a new evaluation of content, before rewriting
the items and submitting them to a new semantic evaluation.

Thus, a total of 12 items were subject to further evaluation in stage 2.

Table 1. Experts evaluation of the check-list—mean grades and Kendall coefficient of concordance of
the check-list sections.

Section of the Check-List

Content
Validation

(Mean Grade ±
SD *)

Content
Validation
(W-Value)

Semantic
Evaluation

(Mean Grade ±
SD *)

Semantic
Evaluation
(W-Value)

Building and facilities 4.74 ± 0.30 0.96 4.76 ± 0.15 0.92
Equipment, furniture and

kitchenware 4.79 ± 0.25 0.97 4.83 ± 0.17 0.96

Food service employees 4.81 ± 0.20 0.98 4.79 ± 0.20 0.93
Food production and transport 4.79 ± 0.21 0.96 4.87 ± 0.17 0.98

Distribution 4.86 ± 0.14 0.94 5.00 ± 0.00 1.00
Documentation 4.82 ± 0.27 0.96 4.75 ± 0.32 0.96

Responsibility and authority 4.86 ± 0.00 1.00 5.00 ± 0.00 1.00
Coordinator of the food security

team 4.57 ± 0.26 0.89 5.00 ± 0.00 1.00

Internal communication 4.78 ± 0.23 0.92 4.71 ± 0.29 0.94
Flow charts 4.86 ± 0.14 1.00 4.71 ± 0.14 0.90

Treatment of potentially unsafe
products 4.52 ± 0.24 0.90 4.76 ± 0.20 0.95

* Standard Deviation.

3.2. Second Stage: Content Validation and Semantic Evaluation

In this stage, items 1.6.2, 1.8.1, 1.12.1, 8.5, 9.7, 9.8, 9.9, 9.10, 9.11, and 9.12 were submitted once
more to the content validation. For that purpose, the means of grades attributed by the experts in the
previous stage were presented to them in order for them to check whether they wanted to maintain
the grade that was previously assigned to the item or whether they wanted to reconsider taking into
consideration the opinion of the other experts. A sum of comments made by the experts was also
presented for them to help achieve a consensus.

At this point, six of these items (60%)—1.6.2, 1.8.1, 1.12.1, 9.9, 9.10, and 9.11—were considered
important by the experts and thus maintained in the check-list. The other four items—8.5, 9.7, 9.8, and
9.12—were removed from the check-list (mean grade < 4).

Items 1.6.1 (regarding ramps and workbenches) and 1.11.1 (regarding containers for the collection
of waste within the facility) were not considered sufficiently understandable in stage 1. These items
were reformulated considering comments and suggestions made by the experts in stage 1 and subject
to semantic evaluation. Both of them were approved in this new version.

Since items 9.9, 9.10, and 9.11 were reassessed by the experts as to their importance for the
prevention of gluten cross-contamination and received grades >4, they were kept in the check-list.
However, they had not been approved as to their clarity in the first stage of the semantic evaluation.
Therefore, these items were subject to a new stage of semantic evaluation.

3.3. Third Stage: Semantic Evaluation

At this point, only three items—9.9, 9.10, and 9.11—needed further evaluation, in regards to their
clarity. The items were reformulated based on previous comments and suggestions by the experts.
In this stage, one expert was not available to participate and the mean grades were calculated based
on the other six experts’ opinions. The new versions of the items were approved in this stage and the
process of content validation and semantic evaluation was accomplished. It is important to mention
that the content validation and semantic evaluation were performed in Portuguese, the original version
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of the instrument. However, the complete check-list (Appendix A) was translated into English in order
to facilitate the readers’ understanding. It can be found in the appendix section.

4. Discussion

Gluten contamination in supposedly gluten-free food is a very concerning issue. As the study by
Hollon et al. (2013) [25] showed, gluten traces may impair histological and clinical recovery of patients,
even leading to an incorrect diagnosis of refractory celiac disease (RCD), which would result in the
unnecessary use of corticosteroids or immunotherapy with potential adverse health effects [25].

The most common cause of non-response in the treatment for CD is related to the failure to
adhere to the GFD [25], including unintentional consumption of gluten by means of contaminated
food. This fact highlights the importance of providing safe food for CD patients.

In the process of development and validation of an instrument, it is very important to use rigorous
methods [17]. In this study, the Delphi technique was chosen. It allows the implementation of
an experts panel in order to perform the content validation, facilitating the achievement of consensus
on the experts’ opinions [26].

As in the study by Ceniccola et al. (2014) [26], the Delphi technique was used to guide the stages
of the experts’ evaluations, making them interact with the research group through structured rounds.
As mentioned earlier, this was performed using the Survey Monkey@ platform, which enables the
provision of feedback to the experts. The feedback is proposed in the Delphi technique as it helps to
assure a more organized interaction with the experts [26].

The appropriate selection of the experts is also a critical point to obtain solid results and it is based
on the experience and the knowledge of the participants in a certain area, besides the willingness to
collaborate with the study. There is no consensus in the literature in regards to the number of experts to
perform the validation process [19,27–30]. Nevertheless, Pasquali (1999) [28] considers that a minimum
of six experts is necessary to reach a consensus, although this number may vary according to the type
of the instrument [28]. In this study, a total of seven experts participated.

The obtaining of a validated check-list for the control of gluten contamination is of urgent need
for food services. In Brazil, hygienic-sanitary control in food production has been improving in recent
years. The rules defined in resolutions on the subject have proved to be effective, since a lot of studies
have shown the reduction of outbreaks of foodborne diseases [31]. However, there is a lack of studies
on the development of quality control instruments for the prevention of gluten cross-contamination.
Despite the fact that the Brazilian legislation sets the obligatoriness when including a statement
regarding the presence or absence of gluten in the label of industrial products, it does not address the
production of gluten-free food in food services [8].

In this study, a check-list was elaborated and evaluated with the purpose of providing an
appropriate tool to assist in the gluten-free food production system and ensuring the right to safe food
for GRD patients. The final check-list was carefully revised and all items included were considered
important and comprehensive by the experts (both with agreement by Kendall coefficient ≥0.89).

The check-list created presents strong points, since it was submitted to the evaluation of experts on
the area, who were free to make any comments which they deemed relevant to improve the instrument.
Moreover, the semantic evaluation process helps to ensure that the items are clear and comprehensive
as to the language and writing.

As a study by Araújo et al. (2011) [32] revealed, individuals who follow a GFD ingest food with
gluten because of lack of alternatives and/or information in food found in public places [32]. Having a
meal in a restaurant creates a problem for those individuals because of the lack of knowledge by the
restaurant staff concerning the correct procedures to prevent contamination and provide safe food [33].
In a study conducted in Brazil, Laporte et al. (2011) [34] interviewed restaurant chefs regarding their
knowledge about CD and only 30% of the participants referred knowing the disease [34].

Machado et al. (2013) assessed adherence to the GFD by structural interviews with CD patients
and the results were compared to their IgA anti-transglutaminase antibodies’ levels. The serological
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tests showed that 56.5% of the individuals did not follow the GFD. However, 60.9% referred complete
elimination of gluten from the diet. Among those, 35.7% presented a positive result in the serological
test, which possibly indicates involuntary diet transgression [35].

This fact compromises social activities which ultimately impair quality of life [5]. Thus, viable
and effective strategies to prevent contamination must be developed, including quality control audits
to assure that established protocols are being followed. This has already been accomplished for the
control of microbiological contamination and there is an urgent need to enable the same for the control
of gluten cross-contamination.

Although there are other available check-lists for the control of gluten contamination, this study
brings a novelty that is the validation of a specific tool for food services. Moreover, the use of the Delphi
method allows for the ability to have a great volume of information; better reflection on the subject
and more elaborated answers due to the use of questionnaires; elimination of influences of judgment
that could interfere with the quality of the answers due to the anonymity of the technique; and the
possibility of incorporating new ideas raised by experts in the area [19]. The semantic evaluation
performed also makes this check-list an interesting tool since it helps to assure proper understanding
of the items, which is crucial for the correct evaluation of conformities/non-conformities situations in
loco and ultimately might impact the safety of the food produced in certain establishments.

This study is part of a larger study currently in progress. The check-list will be applied in food
services where samples will be collected for the evaluation of gluten contamination. Data obtained
will be submitted to statistical analysis to determine which items/sections are in fact related to the
contamination and which trigger higher chances of generating contaminated food. Thus, in this second
phase, it will be possible to evaluate the removal of unnecessary items from the check-list—which
will make the check-list shorter and more practical—and also provide different grades to each
item/section which will culminate in a score for classifying the establishment as to its risk of providing
contaminated food.

The proposed check-list is attractive for its practicality and low cost. Moreover, it can be used for
identifying inappropriate routines and allowing the correction of non-conformities to ensure safe food
for those who need to engage a GFD.

5. Conclusions

The instrument (check-list) developed for the verification of non-conformities related to
gluten-contamination in food services was validated with respect to content, after careful revision of
its items. After it was redesigned, the items were considered important and comprehensive by the
experts (both with agreement by Kendall coefficient ≥0.89).

However, it is important to highlight that future studies are necessary to assess other properties
of the instrument, such as reliability using the criteria of reproducibility which aims at verifying the
proportion of agreement among the responses when the instrument is applied in the same location
and circumstances by different professionals.

Further studies are also necessary in order to test this instrument in food services and evaluate its
effectiveness in contributing to the prevention of gluten cross-contamination. Strategies such as this
are very important to improve the access to safe food by GRD patients and ultimately contribute to
greater quality of life.
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Appendix A

Check-List for the Verification of Non-Conformities Related to Gluten-Contamination in
Food Services

Legend:

Y—Yes N—No NA—Not Applicable OBS—Observation

Number: Year:

Company identification:

Company name:

Trading name:

Health license: State/municipal registration:

National record of legalized

person/individual registration:
Phone: Fax:

E-mail:

Address:

Neighborhood: City: State: Zip code:

Activity branch: Monthly output:

Number of employees: Number of shifts:

Products’ categories:

Category description:

Technical manager: Academic background of the technical manager:

Is there an employee responsible for the

good manufacturing practices in the

establishment?

( ) Yes ( ) No

Academic background of the employee responsible for

the good manufacturing practices:

( ) training course

( ) technical course. Which?

( ) college degree. On what?

Legal representative/owner of the establishment:

Items Y N NA OBS

1. Building and Facilities

1.1. floor

1.1.1. Floor material that allows easy and proper sanitation
(smooth, drained with slope, waterproof).

1.1.2. Floor in proper conservation (free of defects, cracks, holes,
and others).

1.2. Ceiling

1.2.1. Ceiling easy to clean waterproof with smooth finishing.
1.3. Walls

1.3.1. Smooth finishing walls, impermeable and easy to clean at
suitable height for all operations.

1.3.2. Wall in proper conservation (free from cracks and peeling).
1.4. Doors

1.4.1. Smooth surface doors, adjusted to the jambs and without coating
faults in order to reduce the risk of contamination coming from
the external area.

137



Nutrients 2017, 9, 36

1.5. Windows and other openings

1.5.1. Smooth surface windows, adjusted to the jambs and without
coating faults in order to reduce the risk of contamination
coming from the external area.

1.6. Stairs, service elevators, goods lift, and auxiliary structures

1.6.1. In case of ramps and workbenches used to support both
gluten-free and gluten-containing food, a hygienic procedure is
performed between the use of this surface for gluten-containing
and gluten-free food.

1.6.2. There is a goods lift exclusive for the use of gluten-free food.
1.7. Toilets and dressing rooms for employees

1.7.1. Toilets equipped with washbasins and products intended for
personal hygiene: antiseptic odorless liquid soap or odorless
liquid soap and antiseptic, non-recycled paper towel or other
safe and hygienic drying system, collectors with lid and without
manual activation.

1.8. Washbasins in the production area

1.8.1. Existence of washbasins in the production area with running
water, in appropriate positions in relation to the production and
service flow, with sufficient number to suit the entire production
area, preferably equipped with automatic stopcock, antiseptic
odorless liquid soap or odorless liquid soap and antiseptic,
non-recycled paper towels or other hygienic and safe drying
system and paper collectors without manual activation.

1.9. Ventilation and air conditioning

1.9.1. Artificially air-conditioned environments, without fans, without
generating airflow and absence of natural airflow from the
production area of gluten-containing food to the production area
of gluten-free food, avoiding an environment with particles
in suspension.

1.10. Cleaning of the facilities

1.10.1. Facilities kept under appropriate hygienic-sanitary conditions,
that is, without the presence of accumulation of residues, with
proof by means of registration in specific spreadsheets, updated
and with information consistent with what is being observed.

1.10.2. Utensils used for the cleaning of facilities distinct from those
used for the cleaning of equipment that come into contact with
food, with hygiene products and utensils exclusive for the use in
the production area of gluten-free food.

1.11. Waste management

1.11.1. Containers for the collection of waste inside the establishment
which are easily sanitized (i.e., without cracks that allow dirt to
accumulate and are difficult to access by cleaning utensils) and
transported (i.e., can be easily moved by those responsible for
the procedure); emptied whenever its content reaches 2/3 of its
capacity and constantly sanitized, showing no evidence of
accumulated dirt; use of appropriate garbage bags.

1.11.2. Waste removed from the gluten-containing food production area
does not pass through the production area of gluten-free food.
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1.12. Layout

1.12.1. Layout suitable for the productive process: number, capacity,
and distribution of dependencies according to the branch of
activity, production volume, and expedition.

1.12.2. Areas for receiving and depositing ingredients distinct from the
areas of production, storage, and expedition of the final product.

1.12.3. Gluten-free ingredients warehouse identified and in a different
space from that of gluten-containing ingredients.

1.12.4. Area of production of gluten-free food identified and in a
separate space from that of the production area of
gluten-containing food.

2. Equipment, furniture, and kitchenware

2.1. Equipment

2.1.1. Equipment arranged in a way that allows easy access and
proper cleaning.

2.1.2. Equipment with contact surfaces which are smooth, undamaged,
waterproof, and easy to clean.

2.1.3. Production line equipment (mixers, processors, blenders,
toasters, etc.) identified and exclusive to the production of
gluten-free food.

2.1.4. Food preservation equipment (refrigerators, freezers, cold
rooms) exclusive for gluten-free products or, when not possible,
the disposal of products is done in separate spots and/or with
some kind of physical separation between gluten-free and
gluten-containing products.

2.1.5. Thermal processing equipment (ovens) exclusive for gluten-free
food or, when of common use, not used for baking gluten-free
and gluten-containing food simultaneously.

2.1.6. Thermal processing equipment (fryers, hot plate for tapiocas,
pancakes, and others) exclusive for gluten-free food.

2.2. Furniture (tables, workbenches, window displays, shelves)

2.2.1. Furniture designed for easy cleaning (smooth, without wrinkles
and cracks, and of a waterproof material).

2.2.2. Existence of specific furniture for the production of gluten-free
food or existence of a proper cleaning process between the use of
the furniture for gluten-containing and gluten-free food proved
by an updated registration worksheet with information
consistent with what is being observed.

2.3. Kitchenware

2.3.1. Kitchenware of material, size, and shape that allow
easy cleaning.

2.3.2. General kitchenware (pans, spoons, knives, cutlery, etc.)
exclusive for gluten-free food, stored in an appropriate and
identified place, in organized manner, and protected against
contamination by gluten or, when not exclusive, properly
sanitized prior to the usage and preparation of gluten-free food.

2.3.3. Difficult to clean kitchenware (sieves, pastry brush, graters, etc.)
exclusive for the production of gluten-free food.
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2.4. Cleaning of equipment, machinery, furniture, and kitchenware

2.4.1. Equipment, machinery, furniture, and kitchenware kept in
proper hygienic-sanitary conditions, that is, without the
presence or accumulation of residues, with proof by means of
registration in specific spreadsheets, updated, and with
information consistent with what is observed.

2.4.2. Availability of cleaning products required to perform the
operation and dilution, contact time, and form of
use/application according to the instructions recommended by
the manufacturer.

2.4.3. Availability and suitability of all necessary utensils to carry out
the cleaning operation with those in good condition.

2.4.4. Whenever gluten-free food is handled, cleaning of equipment,
machinery, furniture, and kitchenware that are of common use
for gluten-free and gluten-containing foods is
performed properly.

2.4.5. Use of an exclusive sponge or similar to sanitize all kitchenware,
equipment, and surfaces that will come into contact with
gluten-free food.

2.4.6. Dishwasher usage: crockery used for gluten-containing and
gluten-free food sanitized at different moments.

3. Food service employees

3.1. Clothing

3.1.1. Employees display proper personal cleanliness: body
cleanliness, clean hands, short nails, clean uniforms.

3.1.2. Employees use a uniform exclusive for handling gluten-free
food or a uniform which has not been previously used to handle
food with gluten, without having been washed afterwards.

3.2. Hygienic habits

3.2.1. There is guidance (posters) for proper hand hygiene, which
includes appropriate moments and procedures, accessible to
employees and followed correctly.

3.2.2. Employees do not handle gluten-containing and gluten-free
foods simultaneously or engage in any act that could lead to
cross-contamination, such as eating during food preparation.

3.3. Employees training program and supervision

3.3.1. Existence of a proper and continuous training program related
to the production of gluten-free food and registration of
these trainings.

3.3.2. Existence of supervision of the procedures to avoid gluten
contamination by a properly trained supervisor.

4. Food production and transport

4.1. Raw materials, ingredients, and package

4.1.1. Raw materials, ingredients, and packaging are inspected at the
reception, observing if the labels of the raw material and
ingredients meet the specific legislation for gluten. Potential
sources of gluten are identified and controlled upon reception.

4.1.2. Defrosting of gluten-free food held in a separate location from
gluten-containing food and without getting in touch with
utensils and equipment where gluten-containing food is stored
or held in locations that are cleaned before procedure.
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4.2. Selection of recipes and ingredients and food preparation

4.2.1. The selection of recipes and ingredients and the manufacturing
technical cards are accurately followed for gluten-free food, with
the label of all ingredients being checked at the time
of preparation.

4.2.2. Water or oil previously used in the preparation of
gluten-containing food is not reused at the preparation of
gluten-free food.

4.2.3. Ingredients are not of common use for the production of
gluten-free and gluten-containing food (e.g., margarine).
All products intended for the preparation of gluten-free food
are identified.

4.3. Production flow

4.3.1. The reception of gluten-free products occurs in a separated space
from other products or carried out at a different moment.

4.3.2. Segregation or separation of procedures such as production
scheduling or specific/exclusive lines for gluten-free food, with
an ordered flow without crossing between gluten-free and
gluten-containing food.

4.4. Labeling and storage of final product and/or semi-prepared products

4.4.1. Final and/or semi-finished products (products that will be used
in the elaboration of pasta, fillings, sauces, etc.), packaged in a
suitable container (known composition of the container
material—gluten-free), intact and exclusive for gluten-free food.

4.4.2. Labeling statements with visible identification and in accordance
with current legislation regarding the presence or absence
of gluten.

4.4.3. Products with and without gluten stored separately by a
physical barrier or proper distance, in order to avoid contact
between them.

4.5. Transportation of the final product

4.5.1. Transportation maintains the integrity of food.
4.5.2. The vehicle does not simultaneously carry gluten-containing

and gluten-free food or it does carry these products
simultaneously, but with due care of separation by physical
barrier or proper distance between them (use of sealed
containers, of impermeable material).

5. Distribution

5.1. At the distribution of food, employees follow procedures to eliminate the
risk of gluten contamination, through hand hygiene, use of protective
utensils, and disposable gloves and others whenever there is previous
contact with gluten-containing food.

5.2. Separate disposal, at different distribution counters. Preparation
according to the presence/absence of gluten.

5.3. Preparation identified with labels or other visible method according to its
gluten content.

5.4. Kitchenware used for serving food exclusive for gluten-free preparation
and identified with different colors.

5.5. Monitoring of the preparation identification plates in regards to the
presence/absence of gluten at the moment of distribution.
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6. Documentation

6.1. Manual of good practices

6.1.1. Operations carried out at the facility are in accordance with an
on-site Good Practices Manual that meets the legal requirements
in regards to content and updating.

6.2. Proper hygienization of furniture and facilities in order to prevent

gluten contamination

6.2.1. Existence of Standard operating procedures established for this
item, which are being fulfilled.

6.3. Proper hygienization of surfaces, equipment, and kitchenware in

order to prevent gluten contamination

6.3.1. Existence of SOPs established for this item, which are
being fulfilled.

6.4. Food recall program

6.4.1. Existence of SOPs established for this item, which is
being fulfilled.

7. Responsibility and authority

7.1. Responsibilities and authorities are defined and communicated within
the organization to ensure effective operation and maintenance of the
gluten contamination control.

8. Coordinator of the food safety team

8.1. Top management has a Gluten Contamination Control Team Coordinator.
8.2. The designated Coordinator has the responsibility and authority to

administer the Gluten Contamination Control Team and to organize
their work.

8.3. The designated Coordinator has the responsibility and authority to
ensure relevant training and education of all members of the gluten
contamination control team.

8.4. The designated Coordinator has the responsibility and authority to
ensure that the gluten contamination control system is established,
implemented, maintained, and updated.

9. Methods for comunication in the gluten contamination control

9.1. The organization ensures that the team is informed in proper time of
changes of raw materials, ingredients, and services.

9.2. The organization ensures that the team is informed in proper time of
changes in production systems and equipment.

9.3. The organization ensures that the team is informed in proper time of
changes in production facilities, location of equipment, and surroundings.

9.4. The organization ensures that the team is informed in proper time of
changes in cleaning and sanitation programs.

9.5. The organization ensures that the team is informed in proper time of
changes in levels of staff qualification and/or designation of
responsibilities and authorities.

9.6. The organization ensures that the team is informed in proper time of
changes in knowledge regarding gluten contamination and
control measures.

9.9. The organization ensures that the team is informed as soon as possible in
the event of a consumer complaint indicating a possible risk of gluten
contamination in the food.

9.10. The organization ensures that the team is informed in proper time of any
circumstances or occurrences not covered in the previous items that may
have an impact on the control of gluten contamination.

9.11. The team ensures that any information relevant to the control of gluten
contamination is always updated in the system by the responsible party
and passed on to the rest of the employees.
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10. Flow charts

10.1. Flowcharts are prepared for categories of products or processes
(implemented) by the gluten contamination control system.

10.2. Flowcharts are clear, precise, and sufficiently detailed.
10.3. Flowcharts are checked on site by the gluten contamination control team

and verification records are kept.
11. Treatment of potentially unsafe products

11.1. The organization treats non-compliant products preventing them from
entering the food production chain or attesting the presence of gluten on
the label of such foods in case of possible contamination.

11.2. All food produced that may have been affected by a nonconformity
situation is kept under the control of the organization until it has
been evaluated.

11.3. The organization notifies interested parties when products that are no
longer under the organization’s control are subsequently determined to
be unsafe (contaminated with gluten), initiating the recall process.

References

1. Sapone, A.; Bai, J.C.; Ciacci, C.; Dolinsek, J.; Green, P.H.; Hadjivassiliou, M.; Kaukinen, K.; Rostami, K.;
Sanders, D.S.; Schumann, M.; et al. Spectrum of gluten-related disorders: Consensus on new nomenclature
and classification. BMC Med. 2012, 10, 1–12. [CrossRef] [PubMed]

2. Catassi, C. Gluten sensitivity. Ann. Nutr. Metab. 2015, 67 (Suppl. 2), 16–26. [CrossRef] [PubMed]
3. Codex Alimentarius Commission. Draft Revised Standard for Foods for Special Dietary Use for Persons Intolerant

to Gluten, Joint FAO/WHO Food Standards Program, 30ty Session, ALINORM08/31/26 Appendix III; Food and
Agriculture Organization/World Health Organization: Geneva, Switerland, 2008.

4. Akobeng, A.K.; Thomas, A.G. Systematic review: Tolerable amount of gluten for people with coeliac disease.
Aliment. Pharmacol. Ther. 2008, 27, 1044–1052. [CrossRef] [PubMed]

5. Farage, P.; Zandonadi, R.P. The Gluten-Free Diet: Difficulties Celiac Disease Patients have to Face Daily.
Austin J. Nutri. Food Sci. 2014, 2, 1–8.

6. Araújo, H.M.C.; Araújo, W.M.C.; Botelho, R.B.A.; Zandonadi, R.P. Doença celíaca, hábitos e práticas
alimentares e qualidade de vida. Rev. Nutr. 2010, 23, 467–474. [CrossRef]

7. Diaz-Amigo, C.; Popping, B. Gluten and gluten-free: Issues and considerations of labeling regulations,
detection methods, and assay validation. J. AOAC Int. 2012, 95, 337–348. [CrossRef] [PubMed]

8. Oliveira, O.M.V.; Zandonadi, R.P.; Gandolfi, L.; de Almeida, R.C.; Almeida, L.M.; Pratesi, R. Evaluation
of the presence of gluten in beans served at self-service restaurants: A problem for celiac disease carriers.
J. Culin. Sci. Technol. 2014, 12, 22–33. [CrossRef]

9. Silva, R.P.; Lordello, M.L.L.; Nishitokukado, I.; Ortiz-Agostinho, C.L.; Santos, F.M.; Leite, A.Z.; Sipahi, A.M.
Detection and quantification of gluten in processed food by ELISA in Brazil. Gastroenterology 2010, 138, S306.

10. Laureano, A.M. Análise da Presença de Glúten em Alimentos Rotulados como Livres de Glúten Através
de Ensaio Imunoenzimático e de Fitas Imunocromatográficas. Master’s Thesis, Federal University of Rio
Grande do Sul, Porto Alegre, Brazil, 23 May 2010.

11. Farage, P.; de Medeiros Nóbrega, Y.K.; Pratesi, R.; Gandolfi, L.; Assunção, P.; Zandonadi, R.P. Gluten
contamination in gluten-free bakery products: A risk for coeliac disease patients. Public Health Nutr. 2016.
[CrossRef] [PubMed]

12. Biagetti, C.; Naspi, G.; Catassi, C. Health-related quality of life in children with celiac disease: A study based
on the critical incident technique. Nutrients 2013, 5, 4476–4485. [CrossRef] [PubMed]

13. Petruzzelli, A.; Foglini, M.; Paolini, F.; Framboas, M.; Serena Altissimi, M.; Naceur Haouet, M.; Mangili, P.;
Osimani, A.; Clementi, F.; Cenci, T.; et al. Evaluation of the quality of foods for special diets produced in a
school catering facility within a HACCP-based approach: A case study. Int. J. Environ. Health Res. 2013, 24,
73–81. [CrossRef] [PubMed]

14. Bicudo, M.O.P. Avaliação da Presença de Glúten em Produtos Panificados para Celíacos—Estudo de caso.
Master’s Thesis, Federal University of Paraná, Curitiba, Brazil, 2010.

143



Nutrients 2017, 9, 36

15. Health Canada. Health Canada’s Position on Gluten-Free Claims. 2012. Available online: http://www.hc-sc.
gc.ca/fn-an/securit/allerg/cel-coe/gluten-position-eng.php (accessed on 10 February 2016).

16. Código Alimentario Argentino. Resolución Conjunta 131/2011. Available online: http://www.
alimentosargentinos.gob.ar/contenido/marco/CAA/ModificacionesCAA.html (accessed on 10 February 2016).

17. Lima, T.C. Content validation of an instrument to characterize people over 50 years of age living with
Human Immunodeficiency Virus/Acquired Immunodeficiency Syndrome. Acta Paul. Enfer. 2012, 25, 4–10.
[CrossRef]

18. Polit, D.F.; Beck, C.T. Nursing Research: Principles and Methods, 7th ed.; Lippincott Willians and Wilkings:
Philadelphia, PA, USA, 2004.

19. Wendisch, C. Avaliação da Qualidade de Unidades de Alimentação e Nutrição (UAN) Hospitalares:
Construção de um Instrumento. Master’s Thesis, Osvaldo Cruz Foundation, Sergio Arouca National
School of Public Health, Rio de Janeiro, Brazil, 10 October 2010.

20. Conti, M.A.; Scagliusi, F.; de Oliveira Queiroz, G.K.; Hearst, N.; Cordás, T.A. Adaptação transcultural:
tradução e validação de conteúdo para o idioma português do modelo da Tripartite Influence Scale de
insatisfação corporal. Cad Saúde Pública 2010, 26, 503–513. [CrossRef] [PubMed]

21. Brasil Ministério da Saúde. Agência Nacional de Vigilância Sanitária. Resolução RDC n◦ 216, de 15 de Setembro de
2004; Diário Oficial da República Federativa do Brasil: Brasília, Brazil, 2004.

22. Brasil Ministério da Saúde. Agência Nacional de Vigilância Sanitária. Resolução RDC n◦ 275, de 21 de Outubro de
2002; Diário Oficial da República Federativa do Brasil: Brasília, Brazil, 2003.

23. International Organization for Standardization (ISO). ISO 22000. Food Safety Management Systems and
Requirements for Any Organization in the Food Chain; ISO: Geneva, Switzerland, 2005.

24. Canadian Celiac Association. Standards and Policies Respecting the Certification of Gluten-Free Products under the
Gluten-Free Certification Program; Canadian Celiac Association: Mississauga, ON, Canada, 2011.

25. Hollon, J.R.; Cureton, P.A.; Martin, M.L.; Leonard Puppa, E.L.; Fasano, A. Trace gluten contamination may
play a role in mucosal and clinical recovery in a subgroup of diet-adherent non-responsive celiac disease
patients. BMC Gastroenterol. 2013, 13, 1–9. [CrossRef] [PubMed]

26. Ceniccola, G.D.; Araújo, W.M.C.; Akutsu, R. Development of a tool for quality control audits in hospital
enteral nutrition. Nutr. Hosp. 2014, 29, 102–120.

27. Reichenheim, M.E.; Moraes, C.L. Operacionalização de adaptação transcultural de instrumentos de aferição
usados em epidemiologia. Rev. Saúde Pública 2007, 41, 665–673. [CrossRef] [PubMed]

28. Pasquali, L. Testes referentes ao construto: Teoria e modelo da construção. In Instrumentos Psicológicos:
Manual Prático de Elaboração; Labpam: Brasília, Brazil, 1999.

29. Pasquali, L. Psicometria. Rev. Esc. Enferm. USP 2009, 43, 992–999. [CrossRef]
30. Alexandre, N.M.C.; Coluci, M.Z.O. Validade de conteúdo nos processos de construção e adaptação de

instrumentos de medidas. Ciência Saúde Coletiva 2011, 16, 3061–3068. [CrossRef] [PubMed]
31. Saccol, A.L.F.; Stangarlin, L.; Hecktheuer, L.H. Instrumentos de Apoio para Implantação das boas Práticas em

Empresas Alimentícias, 1st ed.; Editora Rubio: Rio de Janeiro, Brasil, 2012.
32. Araújo, H.M.C.; Araújo, W.M.C. Coeliac disease. Following the diet and eating habits of participating

individuals in the Federal District, Brazil. Appetite 2011, 57, 105–109. [CrossRef] [PubMed]
33. Karajeh, M.A.; Hurlstone, D.P.; Patel, T.M.; Sanders, D.S. Chefs’ knowledge of coeliac disease (compared to

the public): A questionnaire survey from the United Kingdom. Clin. Nutr. 2005, 24, 206–210. [CrossRef]
[PubMed]

34. Laporte, L.; Zandonadi, R.P. Conhecimento dos chefes de cozinha acerca da doença celíaca. Aliment. Nutr.
2011, 22, 465–470.

35. Machado, J.; Ganolfi, L.; de Almeida, R.C.; Almeida, L.M.; Zandonadi, R.P.; Pratesi, R. Gluten-free dietary
compliance in Brazilian celiac patients: questionnaire versus serological test. Nutr. Clín. Diet. Hosp. 2013, 33,
46–49.

© 2017 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/).

144



nutrients

Review

Biomarkers to Monitor Gluten-Free Diet Compliance
in Celiac Patients

María de Lourdes Moreno 1, Alfonso Rodríguez-Herrera 2, Carolina Sousa 1 and Isabel Comino 1,*

1 Departamento de Microbiología y Parasitología, Facultad de Farmacia, Universidad de Sevilla,
c/Profesor García González 2, 41012 Sevilla, Spain; lmoreno@us.es (M.d.L.M); csoumar@us.es (C.S.)

2 Unidad de Gastroenterología y Nutrición, Instituto Hispalense de Pediatría, 41013 Sevilla, Spain;
alfonsorodriguez@ihppediatria.com

* Correspondence: icomino@us.es; Tel.: +34-954-556-452

Received: 31 October 2016; Accepted: 27 December 2016; Published: 6 January 2017

Abstract: Gluten-free diet (GFD) is the only treatment for celiac disease (CD). There is a general
consensus that strict GFD adherence in CD patients leads to full clinical and histological remission
accompanied by improvement in quality of life and reduced long-term complications. Despite the
importance of monitoring the GFD, there are no clear guidelines for assessing the outcome or for
exploring its adherence. Available methods are insufficiently accurate to identify occasional gluten
exposure that may cause intestinal mucosal damage. Serological tests are highly sensitive and
specific for diagnosis, but do not predict recovery and are not useful for follow-up. The use of serial
endoscopies, it is invasive and impractical for frequent monitoring, and dietary interview can be
subjective. Therefore, the detection of gluten immunogenic peptides (GIP) in feces and urine have
been proposed as new non-invasive biomarkers to detect gluten intake and verify GFD compliance in
CD patients. These simple immunoassays in human samples could overcome some key unresolved
scientific and clinical problems in CD management. It is a significant advance that opens up new
possibilities for the clinicians to evaluate the CD treatment, GFD compliance, and improvement in
the quality of life of CD patients.
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1. Introduction

Gluten is a complex mixture of water insoluble proteins from wheat, barley, rye, and oats that
are damaging to celiac patients. The term gluten includes prolamins (gliadins in wheat) and glutelins
(glutenins in wheat). The prolamins, a complex group of alcohol-soluble proteins, constitute the major
seed proteins in cereals and comprise about 50% of the proteins in mature cereal grain. Other gluten
proteins showing that analogous immunogenic properties are present also in barley (hordeins), rye
(secalins), oats (avenins), and other-closely related grains [1–3]. These proteins are rich in proline
and glutamine residues, making them resistant to gastrointestinal digestion and encouraging the
deamination by tissue transglutaminase (tTG).

Celiac disease (CD) is an immune-mediated systemic disorder elicited by ingestion of gluten
in genetically-susceptible individuals. It affects around 1% of the population and it is based on a
variable combination of intestinal and extraintestinal signs and symptoms, celiac specific antibodies,
HLA-DQ2/DQ8 haplotypes, and enteropathy.

To date, the mainstay of CD is a lifelong strict gluten-free diet (GFD). There is a general consensus
that strict GFD adherence in CD patient results in complete histological and clinical remission and
an improvement in the quality of life and reduced long-term complications [4–6]. Thereby, the strict
adherence to GFD leads to significant improvement in bone density [7–10] and the normalization of
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vitamins (e.g., vitamin B12 among others) and minerals, although sometimes supplements may be
necessary to achieve optimum levels [11].

The gluten content in food is regulated by the Codex Alimentarius [12]. This regulation (CODEX
STAN 118—1979, revised in 2008) states that gluten-free foods are those in which the total levels of
gluten are ≤20 ppm [3]. Gluten-free cereals, such as rice, buckwheat, corn, and millet, can replace
gluten-containing cereals. Some legumes, such as amaranth, quinoa, and soybean, are especially
convenient due to their high protein content and quality. Moreover, non-processed food as fish,
meat, poultry, egg, vegetables, and fruit are recommended to promote GFD adherence and secure the
nutritional value of the diet [13].

Although conceptually simple, dietary changes are substantial and have a profound effect on
a patient's life. Indeed, there are barriers related with GFD, such as availability, cost, and safety of
gluten-free foods, or gluten cross-contamination [14,15]. Estimated compliance rates vary considerably
(17%–80%), depending on factors such as the patient’s age or the age at diagnosis of CD, among
others [16–19]. The poor dietary adherence has shown to be negative to promote other autoimmune
disease [20,21], fertility problems [22–24], and increased risk of bone fracture [25] or lymphoma [26,27].
Furthermore, after adoption of the GFD, 4%–30% of CD patients reported persisting symptoms and
are considered to be affected by nonresponsive CD (NRCD) [6]. However, only 10% of these NRCD
patients have refractory CD (RCD), being inadvertent or deliberate gluten exposure the most frequent
cause of NRCD [28].

Additionally, in the last decade CD research is changing rapidly as gluten-related disorders
have gradually emerged as an epidemiologically-relevant phenomenon with a global prevalence.
Such disorders include, besides CD, wheat allergy, which affects 0.2%–0.5% of the population [29], and
non-celiac gluten sensitivity (NCGS), a pathology in which gluten ingestion results in symptomatic
and morphological manifestations in the absence of CD and wheat allergy [30], with highly variable
incidence from 0.6% to 6% [31]. It has become more complex both the differential diagnosis and
monitoring of patients since the requirements of adherence to GFD vary in each of the disorders.
Moreover, this also makes more noticeable the dilemma of how to measure dietary transgressions.
Although the importance of monitoring the GFD, there are no clear guidelines for assessing the outcome
or for exploring its adherence. In addition, there is no consensus on the frequency of monitoring or the
suitable measurements for evaluating compliance and outcome [32]. A variety of surrogate markers are
available to assess the GFD compliance including clinical assessment of symptoms, patient self-report
about the level of adherence, dietary history, evaluation carried out by a professional nutritionist,
small-bowel biopsy, or serologic screening tests. Nevertheless, the lack of standardized and accurate
indicators of GFD adherence is a significant problem both in the clinic and in research.

In order to evaluate the recent literature relating to CD and the monitoring of GFD, a search of
scientific literature was conducted for recent publications on GFD compliance and CD. Based on these
updates, the aim of this paper is to show and discuss the current concepts on the available tools to
follow-up patients on GFD.

The search was conducted in PubMed MEDLINE and SCOPUS databases. The following search
terms were used: “celiac disease and gluten-free diet”, “follow-up celiac disease”, “monitoring
gluten-free diet”, and “management celiac disease”. The keywords “symptoms and celiac disease”,
“biopsy and celiac disease”, “serological test and celiac disease”, “questionnaire and celiac disease”,
“dietary interview and celiac disease”, “feces and celiac disease”, and “urine and celiac disease” were
also used.

2. Monitoring of Gluten-Free Diet Compliance

2.1. Symptom Assessment

Follow-up of initial symptoms or the manifestations of newly-developed ones serve to check
the improvement and evolution of CD. Intestinal bowel symptoms have been reported as common
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in CD patients not adherent to GFD (odds ratios 2.69; 95% confidence intervals 0.75–9.56) according
to a meta-analysis of seven studies, including more than 3000 subjects [33]. Although seemingly
intuitive, clinical response could not be a single method for monitoring adherence to the GFD as a
large number of celiac patients are asymptomatic or minimally symptomatic at presentation and in
these cases it would not be feasible to use clinical response as an indicator of mucosal healing and GFD
compliance [34]. A controlled study examining the effects of gluten challenge found that symptoms
were absent in 22% of celiac patients, despite the presence of significant villous atrophy in the small
bowel biopsy [35].

2.2. Validated Surveys and Dietary Interviews

The dietitian or dedicated physician is responsible for dietetic review. In addition to a number of
questionnaires evaluating food frequency and self-reported GFD adherence, there is a visual analogue
score scale which consists of an unmarked line with the anchor sentences ‘I never adhere to my diet’
and ‘I always adhere to my diet’ at each end [36–41]. Nonetheless, no quality control or standard
is available for dietetic review due to local diets and habits targeting a specific structured interview
related to the quality of the diet. To date, there is a lack of studies on GFD review outcomes in
different countries, and there is no evidence that a proper review can replace other tools (e.g., biopsy)
to predict mucosal damage. Moreover, individuals tend to inaccurately report their adherence level,
whether intentionally or not, so that dietetic review could be subjective and not identify involuntary
infringements [42,43].

2.3. Biopsies

Biopsies are a key component for diagnosis, and sometimes it is also necessary for monitoring.
During upper intestinal endoscopy at least one biopsy samples should be taken from the bulb and, at
least four biopsies, from the second or third portion of the duodenum. Typical features of CD include
an increase of intraepithelial lymphocytes (IELs), elongation of the crypts, and partial to total villous
atrophy. Therefore, a complete description of the orientation, number of IELs, the presence or not of
normal villi or degree of atrophy and crypt elongation, and grading according to the Marsh-Oberhuber
classification must appear in the pathology report [44]. The original Marsh classification [45] based on
normal mucosa (Marsh 0) to the appearance of lymphocytic infiltration (Marsh 1), crypt hyperplasia
(Marsh 2), and different levels of villous atrophy (Marsh 3a–c) results may be subjective. In the
last years the modifications made by Oberhuber [46], Corazza and Villanacci [47], Ensari et al. [48],
Villanacci [49], or by Ensari [50] have been proposed as more objective and practical. Both classifications
made by Corazza and Villanacci [47] and by Ensari [48] are practical and have proven to be useful
with good specificity and sensitivity, discriminating latent CD from patients with normal mucosa and
identifying those at an early stage. Moreover, Villanacci [51] points out the advantage of including
the term of “microscopic enteritis” as a separate histopathology diagnosis. Peña [52] provided a very
useful tabbed comparison between different classifications, allowing for compilation and analysis of
data for public health.

Classifications based on objective quantitative morphological parameters, such as measurements
of height-to-crypt-depth ratio and inflammatory variables, such as the density of IELs with a proper
protocol, have been welcome. Taavela et al. [53] evaluated these quantitative morphological and
inflammatory variables in the assessment of different degrees of damage to provide cut-off values
to be employed in routine clinical practice in CD. The subtyping of the IELs by histological and
immunological research and the utilization of flow cytometry and/or immunohistochemistry to the
study of IELs have been pointed out to be of paramount importance in the diagnosis and follow-up
of CD [54–56]. The ratio of the upper normal limit of IELs in the proximal small intestine used as a
criterion of the Marsh-Oberhuber classification for gluten sensitivity was established in 40 IELs per
100 epithelial cells (EC) [57]. However, recent studies have observed the upper normal limit in the
proximal small intestine to be as low as 20 IEL/100 EC at the tips of five villi on hematoxylin-eosin
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stained sections and 25 IEL/100 EC with immunohistochemistry by using more thinly cut sections of
3 μm and 4 μm and CD3 immunohistochemistry [58].

Despite the use of endoscopies to collect biopsies and assess mucosal healing being the gold
standard, it is an invasive, expensive, and impractical procedure for frequent monitoring of disease
activity or severity [59]. There are a proportion of cases difficult to monitor and evaluate with biopsy
because they have mild histological changes or there is a lack of concordance between serology and
histology. Therefore, the idea of re-assessing the emphasis on the biopsy as a gold standard in the
follow up of CD, in light of available less invasive tests, is a welcoming one. It has been reported that
complete recovery of duodenal mucosa extends over one year, with IELs frequent even 2–5 years after
celiac diagnosis [60]. Some experts do not routinely perform a follow-up biopsy in asymptomatic
patients with negative serology and good adherence [61]. However, inflammation of the intestinal
mucosa can occur long before the development of clinical signs or a rise in antibody titers following a
gluten challenge. On the other hand, in NRCD patients with absence of clinical response to a strict
GFD should prompt repeat biopsy and additional investigations [62]. Therefore, there is no consensus
on the role of follow-up biopsies [18,44].

2.4. Serological Tests

Anti-gliadin antibodies (AGA) were the first to be used as screening tool for the disease [63].
Since that time, serologic testing advanced from an adjunctive aid in diagnosis to an integral component
of diagnosis, management, and clinical research. Highly sensitive and specific tests, including tTG,
endomysial antibodies (EMA), and deamidated gliadin peptide (DGP) antibodies, have been identified
in optimizing diagnostics and screening studies [44]. Indeed, for all individuals in whom CD is being
considered, serological blood testing should be the initial step in evaluation [62,64]. Despite these
advances and the overall laudable test performance of EMA, tTG, and DGP for CD diagnosis, current
testing still is subject to a number of important limitations that are important for both clinicians and
researchers to recognize. One of the most practical issues currently faced by clinicians is the diversity
of available testing platforms, many of which have different cutoff levels, dynamic ranges, and overall
test performance. This issue, which has gone largely unaddressed, can be a major impediment to
both patient care and research when values are not comparable between providers or between studies.
Furthermore, monitoring disease activity in treated CD patients remains a challenge [64]. Although
the CD antibody tests show a high accuracy for selecting patients needing a diagnostic biopsy, these
tests do not seem to be reliable after diagnosis as the autoantibody titers do not correlate well with
histological findings or symptoms in CD patients on a GFD [34,65–70]. This may be due to their long
half-life and the fact that these titers reflect the immune response rather than direct intestinal damage.
IgA- and IgG-class tests can often take 6–24 months to decrease after the antigen source has been
eliminated from the diet. In addition, it is important to note that serological tests are not adequate
enough to show positive results in patients submitted to small or infrequent exposures to gluten [61].

2.5. Other Markers

Other studies suggested as suitable diet monitoring markers the permeability test, fecal
calprotectine, REG Iα or, recently, plasma total alkylresorcinols [71–74]. However, several studies
have reported these tests not being only specific to CD but also of limited efficacy in the diagnosis
of uncomplicated CD [75–77]. Two other markers are intestinal-fatty acid binding protein (I-FABP),
a marker reflecting enterocyte damage, and citrulline, a marker for functional enterocyte mass [64],
but they are not specific for CD, so they do not discriminate between a celiac relapse or other
gastrointestinal disorders in the patient.

Autoantibodies against pancreatic secretory-granule membrane glycoprotein 2 (GP2), especially
of IgA isotype, have been demonstrated in patients with Crohn’s disease and, recently, also with CD.
In CD patients with anti-GP2 antibody positivity, this marker could be used as indicator for intestinal
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inflammation and for follow-up. However, CD should be differentiated from Crohn’s disease by
parallel testing of CD-specific EMA or anti-tTG [78,79].

Recently, Ryan et al. [80] reviewed the metabolomics associated to the diagnosis and prognosis in
CD as a significant potential tool. The identification of three main components (malabsorption, energy
metabolism, and alterations of gut microbiota) in matrices, such as sera, urine, and feces, has been of
particular interest in the metabolome of CD. Different compounds related to malabsorption (decreased
levels of amino acids, lipids, pyruvate, and choline in the sera of celiac patients), other components
were related to energy metabolism (higher levels of glucose and 3-hydroxybutyric acid in sera) and,
thirdly, those related to alterations of gut microbiota and/or intestinal permeability as higher levels of
indoxyl sulfate, meta-[hydroxyphenyl] propionic acid, and phenylacetylglycine in urines [81,82].

2.6. Detection of Gluten Immunogenic Peptides (GIP)

The above tests to monitoring GFD compliance only evaluate the consequences of GFD
transgressions. Moreover, they are unable to detect occasional gluten exposure that may impede
total gut mucosa recovery in the celiac patient [34,65–67,83–88]. In this respect, it is noted that a diet
with zero gluten intake is impossible due to its ubiquity; thus, a minimal level of gluten contamination
is present in the daily diet. In fact, total daily gluten consumption that could be critical for most
CD patients is of <50 mg gluten [89], and some patients need as little as 10 mg of daily gluten to
promote development of intestinal mucosal abnormalities [90]. Therefore, there is a need for accurate,
non-invasive tools for managing patients to show gluten intake and avoid the harmful aftermaths.

CD is triggered by the certain gluten immunogenic peptides (GIP) are resistant to gastrointestinal
digestion and can interact with the immune system of patients with CD to trigger an autoimmune
response against tTG and other antigens. Shan et al. [91] showed by in vitro and in vivo studies in
rats and humans that a 33-mer peptide from α2-gliadin is stable toward breakdown by all gastric,
pancreatic, and intestinal brush border membrane endoproteases. This peptide was identified as
the primary initiator of the inflammatory response to gluten in patients with CD [91]. Toward the
assessment of toxicity and GIP in foods for celiac patients, G12 and A1 monoclonal antibodies (moAbs)
were obtained against 33-mer peptides. The reactivity of these antibodies was correlated with the
potential immunotoxicity of the proteins analyzed and they proved to be useful in studies about
the enzymatic detoxification of gluten [92,93]. These antibodies displayed a great sensitivity to
toxic peptides (besides the 33-mer peptide) from wheat, rye, barley, and varieties of oats [92,93].
A sandwich enzyme-linked immunosorbent assay (ELISA) based on G12 and A1 moAbs gave very
promising results for gluten analysis across a range of samples. This method had a limit of detection
of 0.6 ppm gluten, 1/3 of the concentration obtained by other methods described to date. Similarly,
a rapid test for the detection of gluten in solid food, drinks, and on surfaces using G12 moAb
lateral flow devices (LFD) or dipsticks [94,95], as well as a competitive ELISA method were also
developed for the detection of toxic gluten peptides in hydrolyzed foods [94,96]. More interesting, G12
immunodepletion experiments with hydrolyzed gliadin from beers showed that this moAb recognize
those with the highest immunoactivity for celiac patients, this is a significant advance in the detection
of the inmunoactive gluten content in the gluteome [97]. Based on these methodologies, new tools
have been proposed for monitoring the GFD by determining GIP in human samples.

2.6.1. Feces

Immunoassays with G12 moAb showed that >30% of the inmunoreactive gliadin peptides
persisted intact after hydrolysis during in vitro simulated gastrointestinal digestion [98]. Based on
these findings, Comino et al. [98] described a novel method to monitor the GFD by detection of GIP
in feces by using the G12 antibody [99]. This study supports the resistance of the 33-mer to in vitro
peptic-tryptic-chymotryptic hydrolysis; and, most significantly, it was shown that toxic epitopes
of gluten are measurable by moAbs in the feces of normal subjects and CD patients receiving a
gluten-containing diet. The resistance of gluten peptides to gastrointestinal digestion, in particular
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peptides related to the immunotoxic 33-mer peptide, ensures that an important part of the ingested
gluten is eliminated in feces. Consequently, the recovery of measurable levels of the immunotoxic
fraction in feces suggests that gluten has passed through the digestive tract and, therefore, that
gluten has been ingested. GIP were detected in the feces of healthy individuals and CD patients
receiving gluten-containing diets, and GIP disappeared when a GFD was introduced [100]. With diets
that contained variable quantities of gluten, GIP excretion was proportional to the amount ingested.
These tests could also detect differences when, being in GFD, subjects were challenged with known
amounts of oral gluten [98].

A recent study has shown the clinical usefulness of this new method of measuring fecal GIP as a
marker of adherence to GFD [43]. A multicenter clinical trial prospectively examined the compliance
to the GFD of both celiac children and adults. Furthermore, the response rate to GFD was evaluated
by dietary questionnaire, celiac serology, and clinical response. Correlations between fecal GIP and
traditional methods to monitoring the GFD were investigated. The majority (85.7%) of celiac children
between zero and three years of age had feces negative for GIP, with only 14.3% showing levels above
the limit of quantification. The proportion of celiac patients with feces positive for GIP increased to
27.8% in children between four and 12 years of age. Among those ≥13 years old, the proportion rose
up to 39.2% with positive GIP. When further stratified by gender, adherence to the GFD was found to
be closely related to the patient’s gender in certain age groups. More males ≥13-years old had positive
GIP feces compared with females in the same age group (60% vs. 31.5%, p = 0.034), indicating higher
numbers of dietary transgressions among males than in their female peers (Figure 1). Although no
overall significant differences between the percentage of GIP-positive feces in celiac patients and the
duration of the GFD were observed, the patients who had been on the GFD for a longer period of time
showed higher rates of noncompliance. No significant association was found between GIP levels in
celiac patients and history of CD in their first- or second-degree relatives.

Figure 1. Percentage distribution of celiac patients by GIP content in feces by age and sex. GIP, gluten
immunogenic peptides. GIP positive (>0.30 μg GIP/g feces, black bar), weak positive (0.16–0.30 μg
GIP/g feces, grey bar), and negative (<0.16 μg GIP/g feces, white bar).

Comino et al. [43] also showed no association between fecal GIP and dietary questionnaires
or anti-tTG antibodies. However, association was detected between GIP and anti-DGP antibodies,
although 46 of the 53 GIP feces-positive patients were negative for anti-DGP. Detection of gluten
peptides in feces reveals limitations of traditional methods for monitoring GFD in celiac patients.
Fecal GIP analysis is an accurate and noninvasive method that enables a direct and quantitative
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assessment of gluten exposure early after ingestion. Therefore, these methods could aid in the
diagnosis and clinical management of NRCD and RCD [43].

2.6.2. Urine

A proportional fraction of the GIP absorbed in the gastrointestinal tract makes it to the circulation
and is excreted in urine [101,102]. The methodology proposed by Moreno et al. [103] based on urine
gluten testing may be useful in clinical practice as a monitoring tool to follow-up the compliance of
GFD. Clinical assays in urine based on LFD are used in many diseases. Coupling a reader to the LFD
in urine of CD patients could provide a quantitative measurement of dietary infringement, providing
significant advantages in the management of GFD. A positive correlation between the amount of
ingested gluten and GIP detected in human urine samples has been demonstrated [103]. It has been
determined in urine the low intake of gluten in processed bread, >25 mg corresponding to the lower
limit to exert damage to most celiac patients. GIP were detected in urine samples 6–48 h after gluten
intake. The methodology demonstrated the high level of noncompliance in patients with CD who
had supposedly consumed long-term GFD through the presence of GIP (48% and 45% in adults and
children, respectively). These results were consistent with reports showing that ~30%–50% continue
with mucosal atrophy in CD patients despite following a GFD [5,104–106]. More interestingly, a direct
correlation was demonstrated between the absence of GIP in urine and healing of the gut intestinal
epithelium (Figure 2). Furthermore, 100% of the adult patients with higher damage in the epithelia
(Marsh II/III), according to the histological analysis, had GIP in urine. In accordance with other
above-mentioned studies [34,67,85], this study confirmed the poor correlation of serological tests
with mucosal healing, as well as the shortcomings of the dietary history questionnaires to assess
GFD compliance.

Figure 2. Presence of GIP in urine of adult CD patients and correlation with their small bowel histology.
Severity of mucosal lesion (Marsh I–III) and histological appearance determined by the Marsh scale.
GIP negative (white bar), absence of GIP in urine; GIP weak positive (grey bar), visual presence of GIP
not quantifiable in urine (>LDT < QL); GIP positive (black bar), presence of GIP visible and quantifiable
in urine (>QL). p = 0.0007 (Fisher’s exact test). Values are expressed as the percentage of patients. CD,
celiac disease; GIP, gluten immunogenic peptides; LDT, limit of technique detection; QL, quantification
limit. Modified according to Moreno et al. [103].

The development of point-of care devices for an accurate, simple, and efficient GFD monitoring
motived the creation of the highly-sensitive surface plasmon resonance biosensor for the detection of
GIP in urine [107]. The easy-to-handle samples, such as urine and user-friendly biosensors could be
suitable for the portable and simple devices for the GFD compliance of celiac patients. Soler et al. [107]
demonstrated that the sensing methodology enables rapid and label-free quantification of the GIP in
urine by using G12 moAb, reaching a limit of detection of 0.33 ng/mL. This study also clearly differed
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gluten consumers from non-consumers by measuring several urine samples from both healthy (normal
diet) and celiac subjects (GFD). Therefore, biosensors offer significant advantages over conventional
techniques enabling biochemical analysis with excellent reproducibility and high sensitivity in a matter
of minutes.

3. Conclusions and Future Directions

It is often difficult to evaluate compliance with GFD. Persistent gluten exposure is usually
unintentional. Exposure may occur no matter how careful a patient is, due to cross-contamination or
simple lack of knowledge regarding the diet. Serum markers for CD play an important role in CD
management (mostly tTG); however, the evidence suggests that it is not sensitive enough to detect
occasional significant dietary transgressions that impede mucosa healing. There is no agreement
on the role of follow-up biopsies and it is an invasive procedure, expensive and impractical for
frequent monitoring of this disease. Moreover, an issue to address is the lack of studies comparing
diagnostic efficacy of biomarkers with histology in patient follow-up. Notwithstanding, the need for
non-invasive approaches to monitor CD is certainly warranted. Some studies related to metabolomics
and other recent markers can measure the consequences of dietary transgressions, but they cannot
show direct gluten intake, and they are not specific for CD. The incorporation of simple immunological
assays based on GIP analysis in human samples could resolve some scientific and clinical problems
in CD management such as (i) detection of inadvertent lapses after appearance of acute symptoms;
(ii) in celiac patients, with or without symptoms, and patients with non-celiac gluten sensitivity;
(iii) non-compliance of the GFD before any anatomic damage; (iv) to prove gluten intake during CD
diagnosis; (v) examining the adherence to the GFD in the initial period after diagnosis when patients
are less familiar with this diet; and (vi) the accurate diagnosis and management of the diet in NRCD
and RCD. Therefore, these tests may prevent a potentially invasive and extensive medical analysis to
assess the cause of the ongoing symptoms of celiac patients.
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Abstract: Background: Previous studies suggest that the prevalence of wheat/gluten sensitivity
and adherence to a gluten-free diet (GFD) are high in Latin population despite a poor diagnosis
of celiac disease. However, these prevalence rates still remain unknown in most Latin American
countries. Methods: A cross-sectional survey study was conducted in Santa Fe, Argentina. Results:
The estimated self-reported prevalence rates were (95% Confidence Interval [CI]): self-reported
gluten sensitivity (SR-GS) 7.61% (6.2–9.2), SR-GS currently following a GFD 1.82% (1.2–2.7), celiac
disease 0.58% (0.3–1.2), wheat allergy 0.33% (0.12–0.84), self-reported non-celiac gluten sensitivity
(SR-NCGS) 6.28% (5.1–7.8), SR-NCGS currently following a GFD 0.91% (0.5–1.6), and adherence to
a GFD 6.37% (5.1–7.9). SR-GS was more common in women (6.0%; p < 0.001) and associated with
irritable bowel syndrome (p < 0.001). Among the GFD followers, 71.4% were doing it for reasons
other than health-related benefits and 50.6% without medical/dietitian advice. In the non-SR-GS
group, the main motivations for following a GFD were weight control and the perception that a GFD
is healthier. Conclusion: In Argentina, gluten sensitivity is commonly reported and it seems that
physicians/gastroenterologists are aware of celiac disease diagnosis. Trustable information about the
benefits and potential consequences of following a GFD should be given to the general population.

Keywords: gluten; non-celiac gluten sensitivity; non-celiac wheat sensitivity; wheat allergy; celiac
disease; prevalence

1. Introduction

The term “gluten-related disorders” encompasses all conditions related to gluten intake; it includes
autoimmune, allergic, and non-autoimmune and non-allergic diseases [1,2]. Celiac disease is
an autoimmune-like gluten-related disorder, which is triggered by gluten from wheat, rye and
barley. This condition affects between 0.5% and 1% of the general population [3]. Wheat allergy
is a condition that can be mediated or not by allergen-specific IgE antibodies and its prevalence in
adult population is unknown in many countries [4]. A third gluten-related disorder is non-celiac
gluten sensitivity (NCGS). These are cases where celiac disease and wheat allergy have been
ruled-out, but symptomatic relief is reached after gluten withdrawal and a symptomatic relapse

Nutrients 2017, 9, 81 159 www.mdpi.com/journal/nutrients



Nutrients 2017, 9, 81

is confirmed upon reintroduction of gluten-containing food [5]. Because NCGS manifestations could
be triggered by wheat components other than gluten, such as low-fermentable, poorly-absorbed,
short-chain carbohydrates (FODMAPs) [6] and the wheat components amylase trypsin inhibitors [7],
the abbreviation NCGS is evolving to non-celiac wheat sensitivity (NCWS) [8]. Experts have proposed
diagnostic criteria for NCGS [9], but there is no a well-accepted gold standard for this purpose yet [8].
This and the lack of biological markers to support the diagnosis of NCGS make it difficult to estimate
the population prevalence of this disorder. Alternatively, the self-reported gluten sensitivity (SR-GS)
and/or self-reported NCGS (SR-NCGS) prevalence rates have been estimated. This prevalence rates
varies among populations and fluctuates between 0.5% and 13% [10–13].

Following a gluten-free diet (GFD) is the only accepted treatment for gluten-related disorders.
Patients following a GFD should be instructed by a trained physician/dietitian in order to avoid
micronutrients deficiencies [14–16] and improve fiber intake [15]. Although the diet is considered
a treatment, it seems that most people following a GFD are doing it for reasons other than
health-related benefits and probably without medical/dietitian advice [11,12]. Studies addressing
both the motivations for following a GFD without a physician-diagnosed gluten-related disorder and
who instructs the diet in this group of people are scarce. The aim of the present study was to estimate
the prevalence rates of SR-GS, SR-NCGS, and self-reported wheat allergy in adult population from
Santa Fe, Argentina. The prevalence of adherence to a GFD as well as the motivations for adhering to
the diet and who instructs the GFD were aspects also investigated.

2. Materials and Methods

2.1. Population Survey

We conducted a self-administered questionnaire-based cross-sectional study in Santa Fe,
Argentina. All data were collected during the period from August to September 2016. The survey
was conducted as previously described [11,12]. Briefly, respondents were approached in urban
parks and outside shopping malls and supermarkets located in Santa Fe city. Inclusion criteria were:
(1) Argentinian individuals; (2) ≥18 years old; and (3) subjects being able to read and answer the
questionnaire by themselves. Assistance on specific terms was given when it was requested.

2.2. Questionnaire

A previously validated Spanish version of a self-administered questionnaire was utilized for the
study purposes [11]. The questionnaire has two sections. The first section was designed for those who
reported adverse reactions to oral wheat and/or gluten. The second section was designed for those
who reported adverse reactions to foods other than wheat/gluten or reported no adverse reactions to
foods [11,12]. The questionnaire was slightly modified to inquire about the motivations for following
a GFD and who instructs the diet (Supplementary Materials Section S1).

2.3. Definitions

Adverse reactions to food were considered when the respondents reported that the food-induced
symptoms occurred always or most of the time (recurrent) or sometimes (non-recurrent) [11,12].
Self-reported physician-diagnosed celiac disease or wheat allergy was considered when the
respondents reported that a physician diagnosed them and were also following a GFD [11,12,17].
Additionally, self-reported wheat allergy was considered when the respondents reported recurrent
adverse reactions convincing of food allergy and were also following a GFD, as previously
described [11,12,18]. SR-GS was considered when the respondents met criteria for recurrent adverse
reactions to oral wheat/gluten. Self-reported physician-diagnosed NCGS was considered when
the respondents reported that a physician diagnosed them. SR-NCGS was considered when
the respondents met the following: (1) respondents who did not meet criteria for self-reported
physician-diagnosed celiac disease or wheat allergy; (2) respondents who did not meet criteria for
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self-reported wheat allergy; and (3) respondents who met criteria for recurrent adverse reactions to
wheat/gluten (SR-GS) [12].

2.4. Statistical and Ethical Issues

Statistical analysis was carried out using PASW statistics version 18.0 (SPSS Inc., Chicago, IL, USA).
Categorical variables were summarized by descriptive statistics, including total numbers, percentages,
odds ratio, and 95% confidence interval (CI). Associations were analyzed by two-tailed Fisher’s exact
test. Continuous variables were summarized by mean and range with differences between groups
calculated using the Student t-test. A p value < 0.05 was considered statistically significant. Prevalence
rates were calculated using OpenEpi software version 3.03a [19]. Rates were reported as rate (95% CI)
per 100 inhabitants. All respondents gave informed consent in writing to participate in the study.
Ethics Review Board of the Universidad Nacional del Litoral approved the protocol. Ethical approval
number Acta 09/16.

3. Results

3.1. Study Participants and Demographic Characteristics

A total of 1209 individuals completed the questionnaire in its entirety. The response rate was
53.3%. The mean age in years was 30 (range: 18–84) and the proportion of women was slightly higher
than men (52.44%) (p > 0.05). The demographics and clinical characteristics of the studied population
are given in Table 1. Non-food allergy and colitis were more common in men than in women (p < 0.05).
Eating disorders were more common in women (p < 0.05). There were no significant differences by
gender for the other self-reported physician-diagnosed conditions.

Table 1. Demographics and clinical characteristics of the studied population.

Variable * % n

Gender (male/female) 47.6/52.4 575/634
Non-food allergy 9.3 113

IBS ** 5.5 66
Colitis 2.2 27

Lactose intolerance 1.9 23
Psychiatric disease 1.7 20
Food intolerance 1.3 16

Food allergy 1.2 15
Eating disorders 1.2 14
Diabetes mellitus 1.0 12

Gastrointestinal cancer 0.2 2
Hashimoto’s thyroiditis 0.2 2

* Self-reported physician-diagnosed diseases were considered for analysis; ** Irritable Bowel Syndrome.

3.2. Estimated Prevalence Rates

Prevalence rates estimations are shown in Table 2. Adverse reactions to food, either recurrent or
not, and SR-NCGS prevalence rates were significantly higher in women than in men (p < 0.001).
The prevalence of SR-GS following a GFD was 1.82% (n = 22) (95% CI 1.2–2.7). Consequently,
only 28.57% (22 out of 77) of the respondents following a GFD were doing it for health-related benefits.
The characteristics of the respondents who reported current adherence to a GFD are shown in Figure 1.
Previous studies estimated the prevalence rates of SR-NCGS based on GFD adherence and exclusion
of celiac disease [20]. Under these criteria, the estimated prevalence rate of SR-NCGS in Argentinian
population was 5.78% (n = 70) (95% CI 4.6–7.2). However, excluding the non-SR-GS respondents
who reported current adherence to a GFD (n = 55) and those who met criteria for self-reported wheat
allergy ((n = 4); prevalence rate 0.33%; 95% CI 0.12–0.84), the prevalence rate of SR-NCGS currently
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following a GFD was 0.91% (n = 11) (95% CI 0.5–1.6). The prevalence of gluten avoiders (not following
a GFD) was 16.13% (n = 195) (95% CI 14.2–18.3), but only 22.56% (n = 44) of them met criteria for
SR-GS. The prevalence rates of adherence to a GFD or wheat/gluten avoidance were significantly
higher among respondents <39 years old than those ≥39 years old (p < 0.01) (Figure 2). Stratified by
gender, more women than men reported current adherence to a GFD (p > 0.05) or reported current
avoidance of wheat/gluten-containing foods (p < 0.01).

Table 2. Self-reported prevalence rates estimations.

Assessment (+) Cases *
Mean age in

Years (Range)
Prevalence by

Gender (95% CI)
p Value

General Prevalence
(95% CI)

Adverse reactions to food
Total = 278

33.4 (18–84) M 6.5 (5.2–8.0)
F 16.5 (14.4–18.6) <0.001 21.4 (19.3–23.7)M ** = 79

F ** = 199

Adverse reactions to
wheat/gluten

Total = 134
33.8 (18–74) M 2.6 (1.8–3.7)

F 8.5 (7.1–10.2) <0.001 11.1 (9.4–12.9)M = 31
F = 103

Recurrent adverse reactions
to food

Total = 193
34.3 (18–79) M 4.1 (3.2–5.4)

F 11.8 (10.1–13.8) <0.001 15.9 (14.0–18.1)M = 50
F = 143

(a) Recurrent adverse reactions
to wheat/gluten (SR-GS)

Total = 92
34.2 (18–74) M 1.6 (1.0–2.4)

F 6.0 (4.8–7.5) <0.001 7.61 (6.2–9.2)M = 19
F = 73

(b) Celiac disease ¶
Total = 7

26.7 (19–41) M 0.2 (0.04–0.6)
F 0.4 (0.2–1.0) 0.268 0.58 (0.3–1.2)M = 2

F = 5

(c) Wheat allergy ¶
Total = 4

52.5 (37–59) M 0.1 (0.01–0.5)
F 0.2 (0.1–0.7) 0.350 0.33 (0.1–0.8)M = 1

F = 3

(d) SR-NCGS
Total = 76

34.4 (18–74) M 1.4 (0.9–2.2)
F 5.5 (4.3–6.9) <0.001 6.28 (5.1–7.8)M = 15

F = 61

Adherence to GFD
Total = 77

33.8 (18–78) M 2.7 (1.9–3.8)
F 3.6 (2.7–4.8) 0.231 6.37 (5.1–7.9)M = 33

F = 44

* Positive cases for the assessment; ** M: male; F: female; ¶ Two out of 9 celiac disease cases and 3 out of 7 wheat
allergy cases did not report adherence to a GFD.

Figure 1. Characteristics of respondents following a GFD. SR: self-reported; SR-NCGS: self-reported
non-celiac gluten sensitivity; Non-SR-GS: non self-reported gluten sensitivity; SR-PD: self-reported
physician-diagnosed. (A–C) SR-celiac disease, SR-wheat allergy and SR-NCGS cases either following
a GFD or not. Only those cases that reported adherence to a GFD were considered for prevalence
rates estimations.
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Figure 2. Prevalence of adherence to a GFD and avoidance of wheat/gluten-containing foods stratified
by age (years). ** p < 0.01.

3.3. Characteristics of Subjects with SR-GS and Non-SR-GS

The characteristics of SR-GS and non-SR-GS respondents are shown in Table 3. Comparisons
between these two groups showed significant differences for IBS (p < 0.001), eating disorders (p < 0.05)
and lactose intolerance (p < 0.01). These self-reported physician-diagnosed diseases were more common
in SR-GS than in non-SR-GS cases (Table 3). Statistical comparisons between SR-GS and those who
reported recurrent adverse reactions to foods other than wheat/gluten were not significant for any of
the self-reported physician-diagnosed diseases assessed (p > 0.05) (Supplementary Materials Table S1).

Table 3. Comparison between self-reported gluten sensitivity (SR-GS) and non-self-reported gluten
sensitivity (non-SR-GS).

Variable *
SR-GS (n = 92) ¶ Non-SR-GS (n = 1117) ¶

Odds Ratio (95% CI)
% n % n

Gender (male/female) 46.2/53.8 42/49 47.7/52.3 533/584 0.9 (0.6–1.4)
IBS 14.3 13 4.7 53 3.3 (1.7–6.4)
Food intolerance 3.3 3 1.2 13 2.9 (0.8–10.4)
Allergy 11.0 10 10.5 117 1.1 (0.5–2.1)
Psychiatric disease 0 0 1.8 20 -
Gastrointestinal cancer 1.1 1 0.1 1 12.4 (0.8–199.9)
Eating disorders 4.4 4 0.9 10 5.1 (1.6–16.6)
Autoimmune disease 2.2 2 1.1 12 2.1 (0.5–9.4)
Colitis 4.4 4 2.1 23 2.2 (0.7–6.5)
Lactose intolerance 6.6 6 1.5 17 4.6 (1.8–11.9)

* Self-reported physician-diagnosed diseases were considered for analysis; ¶ Age comparison between SR-GS
(mean: 33.5; range: 18–74) and non-SR-GS (mean: 29.6; range: 18–84) was not significant (p > 0.05 by Student t-test).

3.4. Recurrent Symptoms Related to Wheat/Gluten Ingestion

Gastrointestinal symptoms were reported for 87 out of 92 SR-GS cases. The most commonly
reported gastrointestinal symptoms were bloating (n = 61; 70.1%), abdominal discomfort (n = 41; 47.1%),
and stomachache (n = 40; 46.0%) (Figure 3). Extraintestinal symptoms were reported for 45 SR-GS cases.
The most common extraintestinal symptoms were tiredness (n = 25; 55.6%), lack of wellbeing (n = 20;
44.4%), and anxiety (n = 13; 28.9%) (Figure 3). These symptoms, either gastrointestinal or extraintestinal,
were also the most common manifestations in SR-NCGS cases (Supplementary Materials Figure S1).
Bloating and stomachache were the most common symptoms in those who reported adverse reactions
to foods other than gluten (Supplementary Materials Figure S2). Comparisons between the SR-GS
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and self-reported recurrent adverse reactions to foods other than gluten groups showed significant
differences for bloating and constipation (p < 0.05) (Supplementary Materials Table S2).

Figure 3. Recurrent self-reported symptoms in SR-GS cases.

3.5. Motivations for Following a GFD or for Avoiding Wheat/Gluten and who Instructs the GFD

In addition to the recurrent symptoms triggered by gluten intake, other motivations for following
a GFD or for avoiding wheat/gluten from the diet were weight control and the perception that a GFD
is healthier or avoiding wheat/gluten is healthy (Figure 4A,B). These motivations were also reported
by most non-SR-GS cases that were following a GFD or were avoiding wheat/gluten from their diets
(Figure 4C,D). Comparisons between the SR-GS and non-SR-GS groups currently following a GFD
showed significant associations for weight control (p < 0.05) and the perception that a GFD is healthier
(p < 0.05), these motivations were more commonly reported by the non-SR-GS group (Supplementary
Materials Table S3). Regarding who instructs the GFD, 14 out of 22 (63.6%) SR-GS and 24 out of 55
(43.6%) non-SR-GS cases reported that they were seeing a physician/dietitian for gluten-free dietary
advice (p > 0.05) (Figure 4A,C). Thus, among those who reported current adherence to a GFD (n = 77),
50.65% (n = 39) were doing it without medical/dietitian advice (Figure 4A,C).

Next, we stratified by gender the motivations for following a GFD and who instructs the diet.
In the SR-GS group (15 women and seven men currently following a GFD), 50% (n = 11; seven
women and four men) of the cases reported the symptoms triggered after wheat/gluten intake as
the only reason for following a GFD (Supplementary Materials Table S4). Regarding who instructs
the GFD, 45.45% (n = 10; seven women and three men) of the respondents from the SR-GS group
reported that were seeing a physician/dietitian for gluten-free dietary advice (Supplementary Materials
Table S4). In the non-SR-GS group (29 women and 26 men following a GFD), more women than men
(n = 18; 62.07% vs. n = 11; 42.30%) reported weight control as the motivation for following a GFD
(p > 0.05). A slightly higher proportion of men than women reported that a GFD was healthier (n = 11;
42.31% vs. n = 11; 37.93%) (p > 0.05). Regarding who instructs the GFD, more women than men (n = 17;
58.62% vs. n = 7; 26.92%) reported that were seeing a physician/dietitian for gluten-free dietary advice
(p < 0.05). Consequently, more men than women (n = 19; 73.08% vs. n = 12; 41.38%) were following
a GFD without medical/dietitian advice (p < 0.05).
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Figure 4. Motivations for following a GFD or avoiding wheat/gluten-containing foods and who
instructs the GFD: (A) SR-GS individuals currently following a GFD; and (B) SR-GS individuals
currently avoiding wheat/gluten-containing foods. In Figure 4A,B, in addition to the symptoms
triggered by gluten intake, 11 and 6 individuals reported other motivations for following a GFD
or avoiding wheat/gluten-containing foods, respectively; (C) Non-SR-GS individuals currently
following a GFD; and (D) non-SR-GS individuals currently avoiding wheat/gluten-containing foods.
In Figure 4C,D, 1 and 12 individuals reported non-recurrent adverse reactions to gluten intake as the
motivation for following a GFD.

4. Discussion

This study has shown that recurrent adverse reactions to foods are commonly attributed to
wheat/gluten intake. SR-GS was informed by 7.6% of the studied population. This prevalence
estimation is consistent with previous survey studies carried out in Latin American countries and
The Netherlands, which have estimated SR-GS prevalence rates between 5.3% and 7.8% [11–13].
Substantially higher SR-GS prevalence estimations (up to 13%) have been reported in the United
Kingdom [17], but there are no enough data available to provide concise explanations about these
discrepancies. According to others [13], media attention is a factor that might explain such differences.
Findings consistent between the present and previously published survey studies include the following:
SR-GS is predominant in women; the most common symptoms reported are bloating, abdominal
discomfort, abdominal pain, tiredness, lack of wellbeing, and headache; SR-GS is significantly
associated with IBS when compared to the general population [11–13,17]. Our results also corroborate
that the percentage of self-reported physician-diagnosed IBS cases is slightly higher among those
who met criteria for SR-GS than those who reported recurrent adverse reactions to foods other
than wheat/gluten [11,12]. This further supports the notion that a single food (wheat) has a strong
association with IBS. In fact, a recent study has shown that a high proportion of patients (up to 42.4%)
with IBS met criteria for SR-NCGS [21].

The population prevalence of SR-NCGS should be estimated once self-reported celiac disease
and wheat allergy have been ruled out in those who met criteria for SR-GS. Under these criteria,
the prevalence of SR-NCGS in the studied population was 6.28%, which is similar to the SR-NCGS
prevalence rates estimated in Mexican (4.5%) and Colombian populations (6.9%) utilizing the
same instrument [11,12]. The self-reported physician-diagnosed prevalence of celiac disease in
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the Argentinian population was 0.58%, which is similar to that reported in the United Kingdom
(0.8%) [17] and Australia (0.84%) [22]. Considering a general prevalence of celiac disease between 0.5%
and 1% among populations [3] and two cases that reported a physician diagnosis of celiac disease
but were not following a GFD, it can be inferred that a marked underdiagnosis of celiac disease is
hardly probable in Santa Fe, Argentina. In previous studies carried out in other Latin American
countries, no self-reported physician-diagnosed celiac disease cases were detected in Colombia
and the self-reported physician-diagnosed prevalence of this condition in Mexican population was
0.08% (1/1238). More than fifteen years ago, studies carried out in Argentina could have estimated
a self-reported physician-diagnosed prevalence rate of celiac disease of 0.05% (1/2000) [23]. However,
almost ten years ago and different from Mexico and Colombia, Argentina’s Ministry of Health
implemented a nationwide program for the detection and control of celiac disease [24]. Furthermore,
Argentinians have subsidies to help to manage the cost of the GFD once celiac disease diagnosis has
been properly established [25]. These actions could increase awareness about celiac disease among
healthcare professionals and the general population and, perhaps, motivate gluten sensitive people to
see physicians/gastroenterologists to undergo proper assessment of celiac disease. Regarding wheat
allergy, the prevalence of this disorder in the studied population was 0.33%. This prevalence rate is
consistent with previous survey studies carried out in other Latin American countries [11,12] and
elsewhere [4,26,27], which have reported prevalence rates between 0.24% and <1%.

Following a GFD without a known diagnosis of celiac disease has been proposed as a surrogate
marker for SR-NCGS [20]. Under these criteria, the estimated SR-NCGS prevalence rate was 5.78%
in the present study. Due to the inclusion of non-SR-GS cases that reported current adherence to
a GFD, the main limitation of this approach is that overestimate the prevalence of SR-NCGS currently
following a GFD. In fact, this prevalence rate was 0.91% in the studied population, which is closer to the
NCGS prevalence rate expected in Italians (slightly higher than 1%) [28]. Furthermore, this prevalence
rate is not far from that reported in U.S. population (0.548%) applying the criteria described above [20].
Although in the U.S. study the authors stated that in-person physical examinations were performed
and health questionnaires were applied to the participants of the study, the characteristics of the
participants who met criteria for SR-NCGS in relation to the symptoms triggered after wheat/gluten
intake were not stated [20], and this could lead to misinterpretation of the results. Accordingly, we have
indicated that SR-NCGS prevalence rates estimations should be interpreted with caution and special
attention should be paid to study designs [11] and the given definitions of SR-GS and/or SR-NCGS.

According to previous studies, the self-reported prevalence rate of adherence to a GFD in adult
population range between 1.67% and 5.9% [11,12,17,22,29]. In the present study, the self-reported
prevalence rate was 6.37% being the highest self-reported prevalence rate of adherence to a GFD ever
reported in population-based studies. Notably, many respondents who reported current adherence to
a GFD (71.4%) or avoidance of wheat/gluten-containing foods (77.4%) were doing it for reasons other
than health-related benefits. Consistent with previous studies [22,29,30], these reasons included weight
control and the public perception that a GFD is healthier or avoiding wheat/gluten-containing foods
is healthy. However, following a GFD in the absence of gluten-related disorders is unlikely to confer
health benefits [31,32]. Furthermore, the diet could compromise some micronutrients intake [14–16],
especially when adhering to the diet without dietary advice, and our results show that half of those
who reported current adherence to a GFD (50.6%) were doing it without medical/dietitian advice.

Our results also show that a high proportion (70.6%) of the respondents who reported recurrent
adverse reactions to wheat/gluten intake (SR-GS) were not following a GFD. Although our study did
not address this issue, this lack of adherence to a GFD could be related to the severity of the symptoms
triggered after wheat/gluten intake and/or the availability and cost of gluten-free products, as stated
by others [13]. In fact, gluten-free products are more expensive than their wheat-based counterparts
and have limited availability in Santa Fe, Argentina [33].
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5. Conclusions

This is the third of a series of studies conducted to estimate the prevalence of self-reported
gluten-related disorders and adherence to a GFD in Latin American countries. The present study
shows that gluten sensitivity is common, predominant in women and strongly associated with IBS.
The results also suggest that Argentinian physicians/gastroenterologists are aware of celiac disease
diagnosis. However, most people who reported current adherence to a GFD were doing it for reasons
other than health-related benefits. Furthermore, at least half of the gluten-free followers were doing it
without medical/dietitian advice. Because the main motivations for following a GFD were weight
control and the perception that a GFD is healthier, giving scientifically sound information to the general
population about the health-related benefits of following a GFD in the absence of a proper diagnosis of
gluten-related disorders seems to be urgent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/1/81/s1,
S1: English and Spanish versions of the questionnaire; Table S1: Comparison between SR-GS and recurrent
adverse reactions to foods other than wheat/gluten groups; Figure S1: Self-reported symptoms in the SR-NCGS
group; Figure S2: Recurrent self-reported symptoms in the adverse reactions to foods other than gluten group;
Table S3: Symptoms comparison between identified SR-GS and recurrent adverse reactions to foods other than
wheat/gluten cases. Table S2: Motivations for following a GFD and avoiding wheat/gluten-containing foods;
Table S4: Motivations for following a GFD and who instructs the GFD in the SR-GS group stratified by gender.
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Abstract: Impairment of bone mineral density (BMD) is frequent in celiac disease (CD) patients on
a gluten-free diet (GFD). The normalization of intestinal mucosa is still difficult to predict. We aim
to investigate the relationship between BMD and duodenal mucosa healing (DMH) in CD patients
on a GFD. Sixty-four consecutive CD patients on a GFD were recruited. After a median period of
a 6-year GFD (range 2–33 years), patients underwent repeat duodenal biopsy and dual-energy X-ray
absorptiometry (DXA) scan. Twenty-four patients (38%) displayed normal and 40 (62%) low BMD,
47 (73%) DMH, and 17 (27%) duodenal mucosa lesions. All patients but one with normal BMD
(23 of 24, 96%) showed DMH, while, among those with low BMD, 24 (60%) did and 16 (40%) did not.
At multivariate analysis, being older (odds ratio (OR) 1.1, 95% confidence interval (CI) 1.03–1.18)
and having diagnosis at an older age (OR 1.09, 95% CI 1.03–1.16) were associated with low BMD;
in turn, having normal BMD was the only variable independently associated with DMH (OR 17.5,
95% CI 1.6–192). In older CD patients and with late onset disease, BMD recovery is not guaranteed,
despite a GFD. A normal DXA scan identified CD patients with DMH; thus, it is a potential tool in
planning endoscopic resampling.

Keywords: celiac disease; bone disorders; osteoporosis; histopathology; intestinal mucosa healing

1. Introduction

Celiac disease (CD) is a chronic autoimmune disorder occurring in genetically predisposed
individuals, triggered by gluten and related prolamins contained in wheat, barley, and rye.
The resulting malabsorption due to small intestinal injury leads to systemic damage, mostly related to
nutritional deficiencies [1]. Serological screening tests are available to select individuals needing
to undergo diagnostic endoscopic biopsy of the duodenal mucosa. They are immunoglobulin
(Ig)A anti-tissue transglutaminase (tTG) and anti-endomysium antibodies-IgA (EMA), both showing
a specificity close to 100% and a sensitivity greater than 90% [2]. Serology is also a useful tool in
monitoring adherence and response to a gluten-free diet (GFD), although it may not be representative
of a complete recovery of the intestinal mucosa [3].

Reduced bone mineral density (BMD) is found in more than 50% of newly diagnosed patients
with CD, possibly due to impaired calcium and vitamin D absorption [4]. Besides micronutrient
malabsorption, it is conceivable that chronic inflammation can predispose CD patients, whether on
a GFD or not, to mineral metabolism derangement [5]. Indeed, a lack of calbindin and calcium-binding
protein, the vitamin D-regulated protein implicated in calcium uptake from the intestinal lumen,
has been described in the areas of damaged mucosa [6]. Hyperparathyroidism sustained by a chronic
inflammatory state is another implicated factor, since high parathormone (PTH) values are frequent in
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CD patients even in the presence of normal circulating vitamin D levels [7]. Release of proinflammatory
cytokines such as interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ
has been implicated in bone remodeling during CD, as well as the receptor activator of nuclear
factor kappaB (RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG) axis, according to which the
reabsorbing activity performed by RANKL is counteracted by the effects of its natural decoy receptor
OPG [8]. A lower OPG/RANKL ratio was found in CD patients with recovery of intestinal mucosa and
positively correlated with a reduced BMD [9]. A strict GFD restores mucosal damage and reverses the
biochemical evidence of calcium malabsorption, resulting in normal BMD in these treated patients [10].
Nevertheless, a long-term impairment of bone mineralization can persist in some otherwise healthy
CD patients adhering to a GFD and harboring negative serology [11]. In this regard, it is proper
to recall that naturally gluten-free products are often low in B vitamins, calcium, vitamin D, iron,
zinc, magnesium, and fiber, while enrichment of gluten-free products is not so common. Therefore,
dietary advice other than gluten withdrawal seems to be necessary in CD patients in order to better
choose the composition of foods and prevent complications due to malnutrition [12]. At the same time,
incomplete mucosal recovery represents a challenge for clinicians, since it can occur in apparently
asymptomatic CD patients despite adequate GFD and negative serology [13]. These findings suggest
the importance of a follow-up biopsy after CD diagnosis and the need for parameters other than
serology or dietary assessment to target the optimal timing of the endoscopic repeat procedure.

This study aimed at investigating the relationship between BMD assessment and mucosal
duodenal status in adult CD patients on a GFD.

2. Materials and Methods

2.1. Patient Recruitment and Study Design

Between January 2012 and September 2015, 64 consecutive asymptomatic outpatients with CD
(18 male and 46 female; median age 36 years, range 18–69) were selected for the study. Patients had to
be adherent to a GFD for at least 2 years, harbored persistent (at least 18 months) negative CD-related
serology, and reported no current gastrointestinal symptoms. Diagnosis of CD needed to be performed
on the basis of clinical presentation, positive CD-related serology, and suggestive histological findings
on duodenal biopsy [14]. All patients had atrophic disease at diagnosis and did not repeat biopsy before
recruitment, neither a baseline BMD measurement was performed except for a subgroup of 25 patients.
Exclusion criteria included pregnancy, breast-feeding, and a previous diagnosis of hematological
diseases or hormonal and metabolic disorders which could account for low BMD. Data on height,
weight, time since diagnosis, onset of symptoms, clinical presentation, age at menarche, cycle regularity,
menopausal status, drug use, calcium intake, life style (such as levels of physical activity), smoking,
history of fracture, and other relevant co-morbidities were collected. Each patient, in a time frame
of 6 months from recruitment, was submitted to gastroscopy with duodenal resampling along with
measurement of BMD and serological assay.

2.2. Dietary Assessment and Body Mass Index Calculation

Clinicians assessed dietary compliance by periodic interview during follow-up visits in order
to demonstrate deliberate or inadvertent gluten intake. Adherence to a GFD was classified as good
according to Leffler et al. in a standardized fashion by analysis of a 3-day food record [15]. The body
mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters
(normal range 18–24.9 kg/m2).

2.3. Serology and Laboratory Parameters

Blood samples were collected in the morning after a 12 h fast in order to measure serum levels
of calcium, vitamin D, and PTH. Patients were tested for tTG and EMA antibodies (both IgA and
IgG classes). Serum tTG antibodies were investigated by an enzyme-linked immunosorbent assay
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(ELISA; A. Menarini diagnostics, Florence, Italy), a unit value of ≥5 being positive. Serum EMA
was determined using an indirect immunofluorescence method with a monkey distal esophagus as
a substrate; a dilution of 1:5 was considered positive (A. Menarini diagnostics).

2.4. Duodenal Mucosa Sampling and Histology

Patients underwent repeat duodenal biopsy after a period of at least 2 years since the beginning
of the GFD (median 6 years, range 2–33). At least four biopsy specimens were collected from the distal
duodenum during upper gastrointestinal endoscopy, fixed in 10% formalin and paraffin-embedded.
Intraepithelial lymphocytes have been identified using CD3 immunostaining, and a value of
≤25 lymphocytes/100 epithelial cells was considered normal. Histological changes were classified
according to Marsh criteria (Stage 0: normal mucosa; Stage 1: increased number of intraepithelial
lymphocytes; Stage 2: crypts proliferation; Stages 3a-3b-3c: respectively mild, moderate, and severe
villous atrophy) [16]. Marsh Stage 0 at repeat biopsy was considered duodenal mucosa healing (DMH).
All evaluations were carried out in a blinded fashion by the same pathologist without prior knowledge
of patient history.

2.5. Measurement of Bone Mineral Density

At the time of duodenal resampling, BMD in the lumbar spine and femoral neck was measured
by means of dual-energy X-ray absorptiometry (DXA) according to standard procedures. Values were
expressed as standard deviation scores, which compare individual BMD determinations to those of
young adults (T-score). Based on the World Health Organization criteria, patients with a T-score
(in the lumbar spine or femoral neck or both) between −2.5 and −1 were considered osteopenic,
while a T-score < −2.5 identified osteoporosis [17].

2.6. Ethical Considerations

The study was carried out according to the Declaration of Helsinki. The patients received oral
and written information about the study. All participators were informed that participation was
voluntarily and that they could withdraw at any time without consequences. The study protocol was
approved by the local research Ethical Committee, and written informed consent was obtained from
all the participants.

2.7. Statistics

At univariate analysis, BMD and duodenal mucosa status were analyzed in relation to all the
considered variables by means of an unpaired Student’s t-test, a chi-square test, or a Fisher’s exact test,
as required. A difference was considered significant if the p-value was less than 0.05. The odds ratio
(OR) of having low BMD and DMH, given the presence of a particular variable, was used as a measure
of association and adjusted for the effect of confounding variables by multivariate logistic regression
analysis (SPSS Statistic 16.0; IBM, Armonk, NY, USA).

3. Results

3.1. Clinical Findings and Serology

Table 1 shows the demographic and clinical characteristics of the participants. No patient had a history
of bone fractures or of any endocrine, kidney, or liver disorder accountable for bone derangement.
Patients did not receive supplementation with vitamins, calcium, or iron, nor had they taken
medications capable of acting on bone metabolism, such as steroids. The three patients on menopausal
status did not assume hormone replacement therapy for their condition. Intestinal resections or small
bowel diseases causing malabsorption were absent. All patients showed a good adherence to a GFD.
No special diet regimen was found (such as vegetarian or vegan diet), nor were excess or deficiency
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levels of physical activity worth noting. Serum calcium, vitamin D, and parathyroid hormone levels
were normal, and both anti-tTG and EMA were negative in all patients.

Table 1. Characteristics of the 64 patients with celiac disease on a gluten-free diet.

Variables Values

Sex 18 (28) males; 46 (72) females
Age, years 36.1 ± 10.7 (range 18–69)
Age at diagnosis, years 28 ± 14.3 (range 2–64)
Duration of GFD, years 8.3 ± 6.6 (range 2–33)
BMI (Kg/m2) 21.9 ± 1.8 (range 19.1–25.6)

Clinical presentation
Malabsorption 36 (56)
Diarrhea 16 (25)
Dyspepsia 7 (11)
Extraintestinal symptoms 2 (3)
Screen-detected 3 (5)
Smoke 19 (29)
Menopausal status 3 (7)
History of fracture 0 (0)

BMI = body mass index; GFD = gluten-free diet; SD = standard deviation. Values are numbers (%) or means ± SD
as indicated.

3.2. BMD and Histology

Forty (62%) of the 64 CD patients displayed low BMD, with 2 (5%) accounting for osteoporosis
and 38 (95%) for osteopenia. BMD was normal in the remaining 24 patients (38%). With the exception
of age at evaluation and diagnosis, and duration of the GFD, characteristics of patients did not differ
between subjects with normal and low BMD at univariate analysis (Table 2). However, only being
older and having CD diagnosis at an older age remained independently associated with low BMD at
multivariate analysis (Table 2). DMH was found in 47 (73%) patients, while 17 (27%) showed duodenal
mucosa lesions (n = 9, Marsh Stage 1; n = 2, Marsh Stage 2; and n = 6, Marsh Stage 3). All patients
but one with normal BMD (n = 23, 96%) showed DMH. Among patients with low BMD, 24 (60%)
showed DMH, while 16 (40%) did not (Table 3). Characteristics of the 64 CD patients on a GFD
according to duodenal mucosa status are summarized in Table 3. Even though age, age at diagnosis,
and BMI closely approached statistical significance, at multivariate analysis, a normal BMD was the
only variable independently associated with DMH (OR 17.5, 95% CI 1.6–192).

Table 2. Characteristics of the 64 patients with celiac disease on a gluten-free diet according to bone
mineral density as assessed by dual energy X ray absorptiometry.

Variables Normal BMD n = 24 Low BMD n = 40 p OR (95% CI) Adjusted a p

Sex
Male 7 (29) 11 (28)

0.83 1.56 (0.41–5.86) 0.51Female 17 (71) 29 (72)

Age, years 30.1 ± 10.6 39.6 ± 9.5 0.0002 1.1 (1.03–1.18) 0.004
Age at diagnosis *, years 20.1 ± 14.9 37.7 ± 11.9 0.0002 - -
BMI (Kg/m2) 22.3 ± 1.7 21.7 ± 1.8 0.08 0.8 (0.6–1.17) 0.31
Smoke 7 (29) 12 (30) 0.97 0.86 (0.23–3.15) 0.82

Clinical presentation b

Malabsorption 12 (50) 24 (60) 0.34

0.83 (0.18–3.66) 0.81
Diarrhea 7 (29) 9 (23) 0.48
Dyspepsia 3 (13) 4 (10) 0.71
Extraintestinal symptoms 0 (0) 2 (4) 0.27
Screen-detected 2 (8) 1 (3) 0.26

Duration of GFD c, years 10.1 ± 7.6 7.2 ± 5.7 0.04 0.65 (0.19–2.18) 0.48

CI = confidence interval; MVA = multivariate analysis; OR = odds ratio; SD = standard deviation; BMD = bone
mineral density; BMI = body mass index; GFD = gluten-free diet. Values are numbers (%) or means ± SD as
indicated. Means were compared with the use of a Student’s t-test and proportions with the use of a chi-square
test or Fisher’s exact test. OR with 95% CI in brackets is given. * Due to collinearity with age, this variable entered
a separate MVA with all other variables than age and leads to OR 1.09, 95% CI 1.03–1.16, p = 0.003, while the other
variables did not reach the statistical significance (p > 0.05). a All variables except age at diagnosis (due to collinearity
with age) entered MVA. Male gender, smoking, conventional clinical presentation, and patients with GFD ≤ 7 as
references in MVA. b Clinical presentation entered MVA analysis as categorical variable, assuming malabsorption
and diarrhea as conventional presentation and screen-detected, extraintestinal symptoms and dyspepsia as unusual
presentation. c Duration of GFD entered MVA as categorical variable, subgrouping subjects with GFD ≤ 7 (n = 36)
and those with GFD ≥ 8 (n = 28).
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Table 3. Characteristics of the 64 patients with celiac disease on a gluten-free diet according to duodenal
mucosa healing as assessed by Marsh classification.

Variables
Mucosal Healing

n = 47
Mucosal Lesions

n = 17
p OR (95% CI)

Adjusted a p

Bone mineral density
Normal 23 1

0.001 17.5 (1.6–192) 0.019Low 24 16

Sex
Male 12 6

0.53 0.5 (0.11–2.52) 0.43Female 35 11

Age, years 35.1 ± 10.5 39.8 ± 11.3 0.06 1.1 (0.9–1.34) 0.34
Age at diagnosis, years 26.4 ± 14 32.5 ± 14.7 0.07 0.9 (0.76–1.08) 0.26
BMI (Kg/m2) 22.1 ± 1.8 21.4 ± 1.7 0.08 0.9 (0.64–1.48) 0.91
Smoke 13 6 0.55 2.7 (0.56–13.5) 0.20

Clinical presentation b

Malabsorption 28 (60) 8 (47) 0.4

1.3 (0.23–7.6) 0.75
Diarrhea 10 (21) 6 (35) 0.32
Dyspepsia 6 (13) 1 (6) 0.66
Extraintestinal symptoms 0 (0) 2 (12) 0.06
Screen-detected 3 (6) 0 (0) 0.55

Duration of GFD c, years 8.7 ± 6.4 7.3 ± 7.6 0.23 0.17 (0.01–1.65) 0.12

CI = confidence interval; MVA = multivariate analysis; OR = odds ratio; SD = standard deviation;
BMI = body mass index; GFD = gluten-free diet. Values are numbers (%) or means ± SD as indicated. Means were
compared with the use of a Student’s t-test and proportions with the use of a chi-square test or Fisher’s exact test.
OR with 95% CI in brackets is given. a All variables entered MVA. Male gender, smoking, conventional clinical
presentation, and patients with GFD ≤ 7 as references in MVA. b Clinical presentation entered MVA analysis
as categorical variable, assuming malabsorption and diarrhea as conventional presentation and screen-detected,
extraintestinal symptoms and dyspepsia as unusual presentation. c Duration of GFD entered MVA as categorical
variable, subgrouping subjects with GFD ≤ 7 (n = 36) and those with GFD ≥ 8 (n = 28).

4. Discussion

In spite of long-term strict adherence to a GFD and persistent negative CD-related serology, a high
prevalence of low BMD (62%) has been shown in CD patients of this study. These findings suggest
that risk factors other than villous atrophy are possibly involved in bone injury, such as diagnosis of
CD in adult life, irregular adherence to a GFD, lactose intolerance, and nutritional deficiency related to
naturally gluten-free foods or to the composition of gluten-free products.

At the same time, a significant proportion of patients (27%) displayed duodenal mucosa lesions,
and they all had a low BMD. It has been already observed that DMH after a GFD is not achieved
in a considerable proportion of CD patients, notwithstanding prolonged and strict adherence to
the diet [3]. Pekki et al. found, both at diagnosis and after one year GFD, a relationship between
an impaired T-score and duodenal mucosa lesions as verified by follow-up biopsies [18]. Therefore,
even in the presence of a negative serology and lack of intestinal symptoms, a low BMD could be taken
into account when considering a persistent duodenal mucosa lesion. As an additional value, this study
focuses on the fact that a normal BMD predicts DMH, since all but one patient who displayed a normal
BMD showed DMH (96%) and independently associated with DMH (OR 17.5).

Compared to patients with abnormal DXA findings, patients with both normal BMD and DMH
were younger, had an earlier diagnosis, and a longer period of GFD. Nevertheless, adjustment of
variables with each other no longer confirmed that age, age at diagnosis, and duration of the GFD
were independently associated with duodenal mucosa status at multivariate analysis—only a normal
BMD has this association. It is remarkable that, in the same series, negative CD-related serology was
associated in only 73% of patients who showed DMH. Even though the presence of non-atrophic
lesions of the intestinal mucosa (i.e., Marsh Stages 1 and 2) cannot be considered sufficient to establish
the diagnosis of CD, they should be regarded as a lack of histological recovery after a long-term strict
adherence to a GFD [19,20]. Accordingly, we established that DMH corresponds to Marsh Stage 0.
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An impaired bone mineralization is a frequent finding during CD, at both diagnosis and after
a GFD, widely ranging from 38% to 72% and 9% to 47%, respectively [21]. In the subgroup of 25 patients
who performed DXA at the time of CD diagnosis, 22 (88%) had an impaired bone mineralization (data
not shown), and this may explain the high proportion of low BMD (62%) still found after a GFD in all
the study patients.

In untreated CD patients, calcium malabsorption is due mechanically to intestinal mucosal
damage and functionally to the presence of intraluminal unabsorbed fatty acids which bind calcium in
the intestinal lumen and may reduce dietary vitamin D absorption [22]. In our series, it was confirmed
that no patient displayed abnormal levels of circulating calcium, vitamin D, and PTH [23]. Even though
serum calcium levels may not adequately reflect calcium absorption, we did not search for bone
resorption markers since they are rarely used in clinical practice, while being an accurate method of
bone health assessment [24]. Moreover, chronic release of proinflammatory cytokines and other factors
of bone remodeling, such as estrogens, androgens, insuline-like growth factor-1, and PTH contribute
to low BMD in CD patients and they are still under investigation [25]. All the above conditions are
reversed by a GFD, which repairs mucosal damage. Nevertheless, diet is found to improve but often
not to normalize BMD, suggesting that further strategies are needed to manage bone derangement in
CD patients [26]. Current data did not support evidence for additional benefits derived from dietary
supplementation (e.g., with calcium and vitamin D) in adult CD patients. However, in some special
situations, such as osteoporosis detected in celiac postmenopausal women, it could be useful to begin
treatment with hormone replacement therapy or bisphosphonates. In addition, education on the
importance of lifestyle changes, such as regular exercise, smoking cessation, and excessive alcohol
intake, should be provided [27].

Many risk factors for derangement of bone mineralization and its relationship with the duodenal
mucosa status have been here assessed in a homogeneous group of CD patients on a GFD. Indeed,
age at evaluation and diagnosis, and the duration of the GFD, were significantly different between
patients with low and normal BMD, while no other differences in acknowledged risk factors were
found between the two groups, nor the clinical presentation of CD. This means that older patients,
diagnosed at a later age and with a shorter GFD period, are at higher risk of bone derangement.
Studies on pediatric CD population support these findings, as BMD normalization is achieved in
young CD patients initiating a GFD early [28]. Furthermore, adjustment of variables with each other
indicates only age and age at diagnosis as independent risk factors associated with BMD. Consequently,
the duration of the GFD needed to normalize BMD remains unclear [29]. Given that CD is a risk
factor for bone health impairment and that GFD alone is not enough to restore BMD, efforts should be
focused to identify predicting factors for bone demineralization in CD patients.

The novel finding of this study is that DXA may have a place in the follow-up of CD patients,
particularly to help selecting patients who need a control biopsy and those who did not. Indeed,
the association between normal BMD and DMH excludes patients with a normal DXA from endoscopic
biopsy resampling, shifting the attention on CD patients who display an abnormal DXA and, possibly,
harbor duodenal mucosa lesions.

Data on the correlation between bone derangement and Marsh Stage in newly diagnosed CD
patients have been produced, and this supports the role of malabsorption in determining low BMD in
untreated individuals [30]. However, little is known about the mucosal intestinal recovery and the
causes of its delay. To date, the time for scheduling repeat biopsies is still debated and no agreement
exists on the best time to plan biopsy follow-up [31]. If a normal BMD will be confirmed to associate
with DMH in CD patients on a GFD, the use of DXA could be proposed as an adjunctive tool in the
management of CD patients during the follow-up.

5. Conclusions

This study confirms that BMD derangement and incomplete DMH are frequent findings in adult
CD patients on a GFD. Furthermore, the novel finding that a normal BMD associates with DMH
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suggests that DXA may be a useful tool in the management of adult CD patients and the timely
planning of endoscopic biopsy resampling.
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Abstract: Background: Non-celiac wheat sensitivity (NCWS) is a new clinical entity in the world of
gluten-related diseases. Nickel, the most frequent cause of contact allergy, can be found in wheat and
results in systemic nickel allergy syndrome and mimics irritable bowel syndrome (IBS). Objective:
To evaluate the frequency of contact dermatitis due to nickel allergy in NCWS patients diagnosed
by a double-blind placebo-controlled (DBPC) challenge, and to identify the characteristics of NCWS
patients with nickel allergy. Methods: We performed a prospective study of 60 patients (54 females,
6 males; mean age 34.1 ± 8.1 years) diagnosed with NCWS from December 2014 to November
2016; 80 age- and sex-matched subjects with functional gastrointestinal symptoms served as controls.
Patients reporting contact dermatitis related to nickel-containing objects underwent nickel patch
test (Clinicaltrials.gov registration number: NCT02750735). Results: Six out of sixty patients (10%)
with NCWS suffered from contact dermatitis and nickel allergy and this frequency was statistically
higher (p = 0.04) than observed in the control group (5%). The main clinical characteristic of NCWS
patients with nickel allergy was a higher frequency of cutaneous symptoms after wheat ingestion
compared to NCWS patients who did not suffer from nickel allergy (p < 0.0001). Conclusions: Contact
dermatitis and nickel allergy are more frequent in NCWS patients than in subjects with functional
gastrointestinal disorders; furthermore, these patients had a very high frequency of cutaneous
manifestations after wheat ingestion. Nickel allergy should be evaluated in NCWS patients who have
cutaneous manifestations after wheat ingestion.

Keywords: non-celiac wheat sensitivity; nickel allergy; cutaneous symptoms; irritable bowel syndrome

1. Introduction

In recent years a new clinical entity has emerged which includes patients who consider themselves
to be suffering from problems caused by wheat and/or gluten ingestion, even though they do not have
celiac disease (CD) or wheat allergy. This clinical condition has been named non-celiac gluten sensitivity
(NCGS) [1–3], although in a recent article we suggested the term “non-celiac wheat sensitivity”
(NCWS) [4], because to date it is not known what component of wheat actually causes the symptoms.
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Other areas of doubt in NCWS regard its pathogenesis; while some papers have reported intestinal
immunologic activation [5–9], others have linked NCWS to the dietary short–chain carbohydrate load
(fermentable oligo-di-monosaccharides and polyols: FODMAPs) [10,11]. We recently demonstrated
that a high percentage of patients with NCWS develop autoimmune disorders and are antinuclear
antibody (ANA) positive, supporting an immunologic involvement in NCWS [12]. Furthermore,
some papers have also reported a high frequency (22% to 35%) of coexistent atopic diseases in NCWS
patients [13,14], and we suggested that a percentage of NCWS patients could actually suffer from
non-immunoglobulin E (IgE)-mediated wheat allergy [15]. Nickel is the fourth most used metal and
the most frequent cause of contact allergy in the industrialized world. As a natural element of the
earth’s crust, small amounts are found in water, soil, and foods, including wheat. Nickel allergy not
only affects the skin but can also result in systemic manifestations. Systemic nickel allergy syndrome
(SNAS) can have signs and symptoms that are cutaneous (urticaria/angioedema, flares, itching),
and/or gastrointestinal (meteorism, colic, diarrhea) [16]. It has been reported that 15% of NCWS
patients suffered from allergy to nickel [13], but that study did not further characterize this subgroup
of patients, and the NCWS diagnosis was not reached by means of a double-blind placebo-controlled
(DBPC) challenge as recommended [3]. The present study was designed to: (A) evaluate the frequency
of contact dermatitis due to nickel allergy in NCWS patients diagnosed by a DBPC challenge; and (B)
identify the clinical, serological, and histological characteristics of NCWS patients who were positive
for nickel allergy compared to NCWS patients without nickel allergy.

2. Materials and Methods

2.1. Study Design and Population

We prospectively included adult patients with functional gastroenterological symptoms according
to the Rome III criteria [17], and a definitive diagnosis of NCWS. The patients were recruited between
December 2014 and November 2016 at three centres: (1) Department of Internal Medicine at the
University Hospital in Palermo; (2) Department of Internal Medicine of the Hospital of Sciacca;
(3) the Gastroenterology Units of the “ARNAS Di Cristina” Hospital in Palermo. These patients were
randomly selected, by a computer generated method, among those who were cured by elimination diet
with the exclusion of wheat and tested positive to the DBPC diagnostic wheat challenge. Sixty NCWS
patients (54 females, 6 males; mean age 34.1 ± 8.1 years) were included in the study. Fifty-five
patients had reported gastrointestinal symptoms that could be related to wheat ingestion; five
others had showed fibromyalgia-like symptoms and/or anaemia, without gastrointestinal symptoms.
The characteristics of the NCWS patients suffering from nickel allergy were compared to those of the
NCWS patients who did not suffer from nickel allergy. A control group of 80 patients with functional
gastroenterological symptoms was selected to compare the frequency of nickel allergy in NCWS and
non-NCWS patients. These controls were randomly chosen by a computer-generated method from
subjects diagnosed during the same period, age-matched (±2 years) and sex-matched (±5%) to the
NCWS patients. The controls had undergone the same elimination diet as the NCWS patients and had
not shown any clinical improvement.

2.2. Diagnostic Criteria

NCWS diagnosis. All subjects met the recently proposed criteria [1]: negative serum anti-tissue
transglutaminase and anti-endomysium (EmA) IgA and IgG antibodies; absence of intestinal villous
atrophy; IgE-mediated immunoallergy tests negative for wheat (skin prick tests and/or serum–specific
IgE detection). Additional criteria for our patients were: resolution of the gastrointestinal symptoms
on a standard elimination diet, without wheat, cow’s milk, egg, tomato, chocolate, or other food(s)
causing self-reported symptoms; as well as symptom reappearance on a DBPC wheat challenge,
performed as described previously [9]. As in previous studies, a DBPC cow’s milk protein challenge
and other “open” food challenges were also performed (see Supplementary Materials for details about
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the elimination diet and the DBPC challenge method). Exclusion criteria were: age <18 years; positive
EmA in the culture medium of the duodenal biopsies, even if the villi–to–crypts ratio in the duodenal
mucosa was normal; self-exclusion of wheat from the diet and refusal to reintroduce it before entering
the study; other organic cutaneous and/or gastrointestinal diseases; and concomitant treatment with
steroids and/or antihistamines.

Contact dermatitis diagnosis. Allergic contact dermatitis was diagnosed by an independent
physician who blindly reviewed the skin in all the subjects included in the study. The diagnosis was
posed in patients with local eczematous lesions on the skin in close contact with nickel-containing
objects. Suspected systemic nickel allergy syndrome (SNAS) was defined as a reaction characterized
not only by diffused eczematous lesions (systemic contact dermatitis), but also by extracutaneous signs
and symptoms, mainly gastrointestinal, after ingestion of nickel–rich foods (i.e., tomato, cocoa, beans,
mushrooms, vegetables, wheat flour, etc.) [16]. In all cases, the diagnosis was confirmed by means of
the epicutaneous patch test which provoked delayed lesions.

Associated autoimmune disease diagnosis. A structured and previously validated questionnaire [12]
was used to diagnose autoimmune diseases.

Atopic disease diagnosis. As in previous studies, the following diseases were diagnosed according
to standard criteria: rhinitis, conjunctivitis, bronchial asthma, and atopic dermatitis.

2.3. Laboratory Methods

Serology for CD, duodenal histology studies, and Human Leucocyte Antigens (HLA)-DQ typing
were performed on all patients to exclude a CD diagnosis, as described previously (Supplementary
Materials, [13,14]).

Nickel allergy. All of the NCWS patients reporting contact dermatitis related to nickel-containing
objects were patch tested. Patch tests were performed in our laboratory, with the Italian Society of
Allergological, Occupational and Environmental Dermatology (SIDAPA) standard series (Lofarma
S.p.A., Milano, Italy), using a commercial method (Curatest® F, Lohmann & Rauscher; Neuwied,
Germany); allergens were applied on the upper back and removed after 72 h. The sites were examined
on removal and 24 h or 48 h after removal according to the recommended International Contact
Dermatitis Research Group guidelines. Reactions were graded as: negative; macular erythema; weak
reaction (non-vesicular erythema, infiltration or papules); strong reaction (edema or vesicles); extreme
reaction (spreading, bullous and ulcerative lesions); or irritant. The treating physician determined
the relevance of each positive result on the basis of the patient’s history and known exposure. Weak,
strong, and extreme reactions at the final reading were considered positive reactions.

Duodenal histology. Duodenal histology was classified according to Corazza and Villanacci [18].
Serum anti-nuclear antibodies (ANA). ANA were identified by Human epithelial type 2 (HEp-2)

cells, using an indirect immunofluorescence technique; a titer of 1:40 or higher was considered positive
and the sera were titered at progressive dilutions until they became negative.

2.4. Statistical Analysis

Data were expressed as mean ± Standard deviation (SD) when the distribution was Gaussian and
differences were calculated using the Student t test. Otherwise, data were expressed as median and
range and analyzed using the Mann-Whitney U test. Fisher’s exact or the χ2 tests were used where
appropriate. p < 0.05 was considered significant. All analyses were performed using the SPSS software
package (version 16.0, released 2007, SPSS Inc., Chicago, IL, USA). The study protocol conformed to
the ethical guidelines of the Declaration of Helsinki, and was approved by our institution’s human
research committee (University Hospital of Palermo, identification code 4/2015), and registered at
clinicaltrials.gov (registration number: NCT02750735).
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3. Results

Table 1 shows the clinical characteristics of the patients, compared to the control group composed
of patients with functional gastroenterological disorders who did not improve on the elimination
wheat-free diet. In general, in NCWS patients there was a significantly higher percentage of
self-reported wheat intolerance and coexisting atopic diseases than in IBS controls.

Table 1. Clinical characteristics of the NCWS patients compared to the control group composed of
patients suffering from IBS who did not improve on elimination diet.

NCWS Patients (n = 60) IBS Controls (n = 80) p Value

Sex 54 F, 6 M 72 F, 8 M Not Applicable, matching factor

Age 34.1 ± 8.1 years 35.4 ± 9.0 years Not Applicable, matching factor

Self-reported wheat intolerance 33 cases (55%) 20 cases (25%) 0.05

Family history of celiac disease 6 cases (10%) 2 cases (2.5%) 0.07

Coexistent atopic diseases 25 cases (42%) 7 cases (8.7%) 0.0001

Note: Family history of CD indicates a CD diagnosis in a first-degree relative. NCWS, non-celiac wheat sensitivity;
IBS, irritable bowel syndrome; F, Female; M, Male; CD, celiac disease.

3.1. Frequency of Contact Dermatitis Due to Nickel Allergy

Six (10%) of the 60 NCWS patients reported contact dermatitis related to nickel-containing
objects and all tested positive on nickel patch. In the control group contact dermatitis related to
nickel-containing objects was observed in 4 out of 80 patients (5%), and nickel patch was positive in all.
This different frequency was statistically significant (p = 0.04).

3.2. Clinical Characteristics of the NCWS Patients with Nickel Allergy

Table 2 summarizes the clinical characteristics of the NCWS patients with associated contact
dermatitis and nickel allergy compared to NCWS patients who did not suffer from contact dermatitis
and nickel allergy. Patients with NCWS and nickel allergy had a higher frequency of cutaneous
symptoms, considered as a whole, after wheat ingestion, than NCWS patients who did not have
associated nickel allergy (100% vs. 7%; p < 0.0001). In particular, cutaneous erythema after wheat
ingestion was present in all NCWS patients suffering from nickel allergy, whereas widespread itching
and urticaria were observed in 50% and 33% of them respectively. In the NCWS patients without
nickel allergy, all of the above cutaneous symptoms were present in less than 10% of the cases.
No other clinical characteristics were different in the two groups, including the frequency and kind
of gastrointestinal symptoms, the associated atopic and autoimmune diseases, and multiple food
hypersensitivity, which showed a trend to a higher frequency in NCWS patients with nickel allergy
(83% vs. 46% in NCWS without nickel allergy; p = 0.07).

Table 2. Clinical characteristics of the NCWS patients with contact dermatitis due to nickel allergy
(n = 6) compared to NCWS patients who did not suffer from contact dermatitis (n = 54).

NCWS without
Contact Dermatitis

n = 54 (90%)

NCWS with Contact
Dermatitis and Nickel

Allergy n = 6 (10%)
p Value

Male Sex 5 (9.3%) 1 (16.6%) not significant
Age (years) (x ± SD) 35.0 ± 8.1 33.8 ± 9.2 not significant

Symptom Duration (months; median and range) 70 (6–240) 66 (3–216) not significant
Coexistent Atopic Diseases 20 (37%) 5 (83%) 0.07 ns

Coexistent Autoimmune Diseases 15 (28%) 2 (33%) not significant
Abdominal Bloating 48 (89%) 6 (100%) not significant

Abdominal Pain 45 (83%) 6 (100%) not significant
Diarrhea 32 (59%) 4 (66%) not significant

Constipation 11 (20%) 1 (17%) not significant
Vomit 5 (9%) 1 (17%) not significant
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Table 2. Cont.

NCWS without
Contact Dermatitis

n = 54 (90%)

NCWS with Contact
Dermatitis and Nickel

Allergy n = 6 (10%)
p Value

GERD-Like Symptoms 26 (48%) 3 (50%) not significant
Extra-intestinal Symptoms 37 (68%) 5 (83%) not significant

Cutaneous Symptoms after Wheat Ingestion 4 (7%) 6 (100%) 0.0001
Diffuse Itching 3 (5%) 3 (50%) 0.002

Cutaneous Erythema 4 (7%) 6 (100%) 0.0001
Urticaria 3 (5%) 2 (33%) not significant

Multiple Food Hypersensitivity 25 (46%) 5 (83%) not significant
Serum ANA Positivity 18 (33%) 2 (33%) not significant

HLA DQ2 or DQ8 Positive 27 (50%) 3 (50%) not significant
Increased Number of IEL in Duodenal Mucosa (Grade A Histology) 29 (54%) 3 (50%) not significant

SD: standard deviation; ns: not significant; GERD: gastro-esophageal reflux disease; HLA: Human Leucocyte
Antigens; IEL: intra-epithelial lymphocytes; ANA, anti-nuclear antibodies.

4. Discussion

NCWS is a relatively new clinical entity in the world of “gluten-related disease” [1,19,20],
although its pathogenesis remains uncertain [20,21]. A role for FODMAP malabsorption as a
determinant of the abdominal symptoms in NCWS patients has been advocated [10,11], and wheat
is actually one of the foods richest in FODMAPs, but FODMAP intolerance cannot explain both the
extra-intestinal symptoms and the increasing evidence of immunologic involvement in many NCWS
patients [5,7–9,22,23].

The present study focused attention on the frequency of contact dermatitis and nickel allergy
in NCWS and the clinical characteristics of the subjects who had this association. We found a 10%
frequency of contact dermatitis and nickel allergy in NCWS, which is statistically higher than observed
in the control group composed of IBS patients who did not suffer from NCWS (whose symptoms
were not improved on the elimination diet, with the exclusion of wheat). This finding is consistent
with our previous observation that one third of NCWS patients with an IBS-like clinical manifestation
had associated atopic diseases [14], and the high prevalence of atopic diseases (42%) observed in the
patients involved in the present study. Furthermore, an Italian multicentre study of about 500 patients
found that more than 20% of suspected NCWS patients had an allergy to one or more inhalants (26%
to mites), food, or metals [13].

Regarding the clinical characteristics of the patients with NCWS associated with nickel allergy, we
found that they had a significantly higher frequency of cutaneous manifestations after wheat ingestion
than NCWS patients who did not suffer from contact dermatitis and nickel allergy. In particular,
cutaneous erythema was present in all of the patients. In contrast, cutaneous manifestations were
present in only 7% of the NCWS patients not suffering from nickel allergy. On this basis it could be
suggested that the patients with NCWS who have cutaneous symptoms after wheat ingestion should
be investigated for suspected nickel allergy.

Some limits of our study must be mentioned. Our study design did not permit evaluation of the
frequency of nickel allergy in NCWS as we performed the nickel patch only with the patients who
reported contact dermatitis. Other NCWS patients could have suffered from nickel allergy without
contact dermatitis signs. We studied patients who were referred to tertiary centres with experience in
CD and NCWS, so this created a selection bias. Consequently, our results cannot be extended to the
broad population of self-treated or diagnosed NCWS patients. The sample size of NCWS patients was
relatively small and it must be remembered that the general prevalence of nickel allergy in western
countries is high and similar to the prevalence reported in NCWS patients in our study [24].

Furthermore, we have not performed any study to evaluate the hypothesis that nickel allergy
could contribute to the pathogenesis of NCWS. It has been demonstrated that some immunologic
pathways involved in the nickel-induced mucositis and dermatitis, i.e., the inflammatory response
via the activation of TLR4 and the infiltration of lymphocytes that secrete Interleukin (IL)-17 and
Interferon-gamma (IFN)-γ [25,26], have also been supposed or demonstrated in NCWS [5,7–9,27].
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The strength of our data are the patient selection based on a NCWS diagnosis made by using
the DBPC challenge method, and the study design specifically constructed to reveal the presence of
nickel allergy.

5. Conclusions

In conclusion, our study suggests that contact dermatitis due to nickel allergy is more frequent
in NCWS patients than in subjects with functional gastrointestinal disorders. Furthermore, as these
patients had a very high frequency of cutaneous manifestations after wheat ingestion, we suggest that
NCWS patients who have cutaneous symptoms should be investigated for suspected nickel allergy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/2/103/s1.
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Abstract: Background: A strict and lifelong gluten-free diet is the only treatment of celiac disease.
Gluten contamination has been frequently reported in nominally gluten-free products. The aim of
this study was to test the level of gluten contamination in gluten-free products currently available in
the Italian market. Method: A total of 200 commercially available gluten-free products (including
both naturally and certified gluten-free products) were randomly collected from different Italian
supermarkets. The gluten content was determined by the R5 ELISA Kit approved by EU regulations.
Results: Gluten level was lower than 10 part per million (ppm) in 173 products (86.5%), between 10
and 20 ppm in 9 (4.5%), and higher than 20 ppm in 18 (9%), respectively. In contaminated foodstuff
(gluten > 20 ppm) the amount of gluten was almost exclusively in the range of a very low gluten
content. Contaminated products most commonly belonged to oats-, buckwheat-, and lentils-based
items. Certified and higher cost gluten-free products were less commonly contaminated by gluten.
Conclusion: Gluten contamination in either naturally or labeled gluten-free products marketed in
Italy is nowadays uncommon and usually mild on a quantitative basis. A program of systematic
sampling of gluten-free food is needed to promptly disclose at-risk products.

Keywords: celiac disease; gluten-free products; naturally gluten-free; R5 ELISA; oats; buckwheat;
lentils

1. Introduction

Celiac disease (CD) is an autoimmune condition characterized by permanent intolerance to
dietary gluten, a protein complex found in wheat, rye and barley, occurring in genetically predisposed
individuals [1]. The hallmarks of active CD are the presence of serum autoantibodies (e.g., IgA
antitransglutaminase and antiendomysial antibodies) and a small intestinal enteropathy characterized,
in typical cases, by villous atrophy, crypt hypertrophy and increased number of intraepithelial
lymphocytes (IELs). Treatment of CD is based on the lifelong exclusion of gluten-containing food from
the diet. The gluten-free diet (GFD) determines the gradual disappearance of symptoms and serum
autoantibodies, and the normalization of the intestinal histological architecture [2].

Unfortunately, CD patients are highly sensitive to the toxic effect of gluten. It has been shown that
the protracted ingestion of traces of gluten (10–50 mg on a daily basis) may damage the integrity of the
small intestinal mucosa, an increased number of IELs being the first marker of mucosal deterioration [3].
By combining these toxicity data with the observed food intake, it has been calculated that gluten-free
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products with less than 20 mg/kg (or parts per million = ppm) of gluten contamination are safe over a
wide range of daily consumption [4]. The 20 ppm threshold for gluten-free food has been endorsed by
the Codex Alimentarius [5] and other agencies, e.g., the US Food and Drug Administration (FDA) and
the European Food Safety Authority (EFSA) [6].

Despite the availability of a wide range of natural (by origin) and industrially-prepared gluten-free
food, complete avoidance of gluten from the diet is difficult to maintain. Gluten is indeed a “pervasive”
nutrient that may contaminate otherwise gluten-free items along the production chain, from the field
to the milling, stockage and manufacture steps [7]. Furthermore wheat flour or purified gluten are
largely added by the food industry to naturally gluten-free food, due to its technological properties,
particularly the high visco-elasticity. Protracted intake of items contaminated with gluten traces may
cause persistent intestinal damage and symptoms in treated CD patients [8].

The scarcity of published data on the possible gluten contamination of nominally gluten-free
products is a matter of concern. This is the reason why we decided to undertake the current study,
by measuring gluten in a large sample of gluten-free products that are currently on the market in Italy,
using the only method (R5 ELISA) approved by the EU regulation. We present here the final results of
these analyses on 200 commercially available gluten-free products.

2. Materials and Methods

2.1. Collection of Food Products

A sampling plan was developed to analyze gluten-free products, including substitutes of
wheat-based food, and other starch-rich food, e.g., legumes, that are extensively used in day-to-day
meal preparation by individuals following a gluten-free diet. Selected products included different
brands of (a) gluten-free flour, pasta, snacks, cookies, muesli, breakfast cereals, bread, and pizza;
(b) rice, oats, buckwheat, quinoa, amaranth, mixed cereals, lentils, and chickpeas. Between April and
October 2016, a total of 200 commercially available food products of common use were purchased in
randomly chosen supermarkets in Ancona, Italy.

Food products were carefully identified and categorized into two broad categories, i.e., naturally
(by origin) gluten-free products (Group 1) and labeled “gluten-free” products (Group 2). Group 1 was
further divided into 1a, reporting no information of gluten content (defined herein as “products with
unknown gluten content”), and 1b, reporting “may contain traces of gluten” on the label. Group 2, i.e.,
certified gluten-free products, were categorized as 2a, including products fulfilling the EU regulation
for gluten-free products (UE 828/2014) plus the quality certification released by the Italian Celiac
Society (identified by the “Crossed Ear” symbol on the package) or 2b, including gluten-free products
fulfilling the EU regulation for gluten-free products only (Figure 1).

Figure 1. Types of food products analyzed in this study.
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2.2. Determination of Gluten Content

All food products were subjected to gluten content determination by the Ridascreen Gliadin
sandwich R5 enzyme-linked immunosorbent assay R-7001 (R-Biopharm, Darmstadt, Germany) at
the Celiac Disease Research Laboratory of the Department of Pediatrics, Università Politecnica delle
Marche, Ancona, Italy. During each run of ELISA, manufacturer’s guidelines were strictly followed.
Briefly, the steps of the ELISA procedure were as follows.

2.2.1. Extraction and Preparation of Samples

All samples were given a unique laboratory code and their details (including brand, cost,
ingredient, food type, etc.) were recorded on an Excel sheet. Five grams of each sample were
homogenized and crushed in a laboratory blender (solid food products). Each time after the crushing
of a particular sample, parts of the blender were removed and washed with alkaline-enzyme detergent
and rinse with 70% ethanol and dried before processing of another sample. Homogenized samples were
stored in sterile tubes. Ridascreen R-7006 cocktail solution, containing detergents and reducing agent,
was used for the extraction of samples. One-quarter gram of processed solid samples and 0.25 mL
of liquid samples were measured in separate pre-labeled falcon tubes. In tannin and polyphenol
containing products additionally 0.25 g of skimmed milk powder was added. After this preparation,
2.5 mL of cocktail solution was added in each tube under a chemical hood and tubes were vortexed
and kept in water bath at 50 ◦C for 40 min. After the incubation, tubes were allowed to maintain room
temperature and 7.5 mL of freshly prepared 80% ethanol was mixed in each tube and kept on a shaker
for 1 h. Samples were then transferred into 1.5 mL of Eppendorf tubes and centrifuged at least 2500 g
for 10 min, supernatant was separated and collected into another 1.5 mL Eppendorf tube and stored
at room temperature. To avoid any possible cross contamination, samples were crushed in different
rooms and at different time intervals.

2.2.2. Gluten Quantification

Extracted food samples were diluted at 1:12.5 in provided sample dilution, standard and samples
were added in duplicate into pre-defined ELISA wells and enzyme conjugate was added to each
well followed by wash of ELISA plate by washing buffer and kept for incubation for 30 min at room
temperature. Substrate and chromogen were added and the reaction was stopped by provided stop
solution and reading was obtained at the absorbance of 450 nm. Samples that showed an absorption
value above the highest standard value were further diluted to get the absorption value within the range.
The lower limit of the quantification was 2.5 ppm (mg/kg) of gliadin, corresponding to 5 ppm (mg/kg)
of gluten. Results were calculated by the suggested method and then entered in the Excel sheet.

Food products containing gluten level lower than 20 ppm were considered as gluten-free
while products with gluten level between 20 and 100 ppm were classified as products with low
gluten contamination and products with more than 100 ppm of gluten were considered significantly
contaminated. All products with a gluten level higher than 20 ppm were re-extracted and analyzed
second time.

2.3. Quality Control

Each time absorption value of ELISA standards was assured with the quality assurance certificate
provided with the ELISA kit. The result of each run was discussed with research group members and
random results were sent to the principal company for expert comments and suggestion. At different
time intervals, all the group members gathered and discussed the procedure and further action.

2.4. Cost Analysis: Correlation between the Cost of the Product and Gluten Contamination

If at least 5 products with similar ingredients from different brands were available, the mean price
was calculated. Then, for each product the price index (PI) was calculated as the product price divided
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by the mean price of the category. The PI was then categorized in 3 groups (price categories): PI < 0.75
(products with a low price), PI: 0.75–1.25 (products with an average price), PI > 1.25 (products with
a high price).

2.5. Statistics

Data are presented as proportions, means and S.D., medians and range, as appropriate.
The Kruskal-Wallis one-way analysis of variance was used to determine if there was statistically
significant difference of gluten contamination between the four groups of products (1a, 1b, 2a, and 2b),
and, if significant, post hoc test was used for multiple comparisons. Comparison between proportions
of contaminated (>20 ppm) and not contaminated (<20 ppm) samples within each group was calculated
by the Fisher’s test. Spearman’s test was used to correlate quantitative variables (prices and gluten
levels). Results were found significant when p < 0.05. The statistical analysis was performed using the
Software Program Stata System (SPSS) v17.0 (Chicago, IL, USA).

3. Results

Detection of Gluten Contamination

Overall, 200 food products were analyzed: 107 in Group 1 (group 1a, n = 71; group 1b, n = 36) and
93 in Group B (group 2a, n = 45; group 2b, n = 48). Overall 173 (86.5%) products were detected with
gluten level lower than 10 ppm, nine (4.5%) products contained between 10 and 20 ppm of gluten, and
18 (9%) products were detected with gluten level above the maximum tolerable of 20 ppm (15 products
containing less and three products more than 100 ppm of gluten) (Table 1).

The proportion of contaminated products (gluten > 20 ppm) according to the staple ingredient
and to the food category is reported in Tables 2 and 3, respectively. In products belonging to group
1, 16 items (8%) were contaminated with more than 20 ppm of gluten, 12 (6%) from sub-group 1a
(gluten content unknown) and four (2%) products from sub-group 1b (“may contain gluten”) products.
In group 2 (products labeled as gluten free), only two (1%) products were found to have gluten
level higher than 20 ppm. These products belonged to subgroup 2b, whereas no “Crossed-Ear”
product was found to contain gluten at 20 or more ppm (Figure 2). Overall, we found a significant
different proportion of contamination between the four groups of products (Kruskal-Wallis, p < 0.01).
By multiple comparison, a significant higher proportion of contaminated products was found in group
1a as compared to group 2a (16% vs. 0, p < 0.01) (Table 2). No significant difference was found in
the proportion of contaminated products between groups 1a and 1b and between groups 2a and 2b,
respectively (Table 2, Figure 3). By comparing the staple ingredients, we found a significant higher
proportion of contaminated products in oats, buckwheat and lentils as compared to chickpeas, corn,
mixed seeds, quinoa, and chocolate. By comparing the food categories, the lunch/dinner products
were significantly more contaminated as compared to snacks.

Overall 53 products belonging to six different food categories (lentils, chickpeas, beans, oats,
buckwheat and quinoa) were considered for the cost analysis. The PI was not significantly correlated
to the content of gluten (r = −0.009; p = 0.51). However, a significantly different distribution of price
categories was found according to the level of gluten contamination. As shown in Figure 4, a higher
proportion of low price foods were found in products with levels of gluten > 20 ppm (p < 0.01).

Table 1. Level of gluten contamination in the 200 examined products.

Gluten Content (ppm) Number of Products Median (Range) (ppm) Mean ± SD (ppm)

<10 173 <5 (<0.5–9.3) n.a.
10–20 9 13.9 (10.4–17.1) 14.1 ± 2.2
>20 18 31.7 (20.4–126.2) 49.2 ± 35.9

n.a. = not applicable (due to the (<5) values).
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Figure 2. Number of food products containing gluten >20 ppm in different groups.

Figure 3. Percentage of contaminated products in each food group.
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Table 2. Proportion of items containing >20 ppm of gluten by staple ingredient (contaminated/
tested products).

Item Overall *

Group 1 Group 2

p pNaturally Gluten
Free Products

Products Labeled as
“Gluten Free”

Group 1a Group 1b Group 2a Group 2b Kruskal-Wallis Multiple Comparisons

Amaranth 0/2 0/1 0/1 - - 1.000
Buckwheat 5/12 3/5 1/3 0/1 1/3 0.695
Chickpeas 0/6 0/4 0/2 - - 1.000
Chocolate 0/9 0/1 0/3 - 0/5 1.000
Coconut 1/3 1/2 - - 0/1 0.480

Corn 0/40 0/8 0/5 0/23 0/4 1.000
Dry fruit 0/2 0/2 - - - -

Fruit Candy 0/4 0/1 - - 0/3 1.000
Fruit Jam 0/4 0/2 - - 0/2 1.000

Kidney Bean 0/7 0/5 0/2 - - 1.000
Lentil 4/17 2/6 2/11 - - 0.495

Mixed Cereal 1/25 0/2 0/2 0/10 1/11 0.736
Mixed Seeds 0/12 0/8 0/1 0/1 0/2 1.000

Oats 4/5 4/5 - - - -
Others 1/14 0/4 1/3 - 0/7 0.160

Peanuts 1/4 1/4 - - - -
Quinoa 0/10 0/5 0/1 0/1 0/3 1.000

Rice 1/24 1/6 0/2 0/9 0/7 0.392
Total 18/200 12/71 4/36 0/45 2/48 0.010 1a vs. 2a p = 0.012

* Kruskal-Wallis p < 0.001; Multiple comparisons: p < 0.001: mixed seeds vs. oats, quinoa vs. oats, chocolate vs. oats,
corn vs. oats; p = 0.001: chickpeas vs. oats; p = 0.002: corn vs. buckwheat.

Table 3. Proportion of items containing >20 ppm of gluten by food category (contaminated/
tested products).

Food Category Overall *

Group 1 Group 2

p pNaturally Gluten
Free Products

Products Labeled as
“Gluten Free”

Group 1a Group 1b Group 2a Group 2b Kruskal-Wallis Multiple Comparisons

Breakfast 0/11 0/4 0/1 0/4 0/2 1.000
Lunch/dinner 15/88 10/45 4/25 0/12 1/6 0.348

Snacks 2/95 2/22 0/10 0/28 0/35 0.082
Bread 0/3 - - 0/1 0/2 1.000
Pizza 1/3 - - - 1/3 -
Total 18/200 12/71 4/36 0/45 2/48 0.010 1a vs. 2a p = 0.012

* Kruskal-Wallis p = 0.004; Multiple comparisons: Lunch/dinner versus snacks: p = 0.006.

Figure 4. Distribution of price indexes (PIs) according to the level of gluten contamination.
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4. Discussion

Our large survey shows that gluten contamination is low in gluten-free food marketed in Italy, both
in terms of the percentage of contaminated products (9%), and the amount of gluten in contaminated
products (almost exclusively in the range of the low gluten content 20–100 ppm). However, naturally
(by origin) gluten-free products are at significantly higher risk of contamination as compared to
products certified as gluten-free; indeed, we found that 16% of naturally gluten-free products with
unknown gluten content are contaminated with respect to none of the certified gluten-free products
with the crossed-ear symbol. Of note, among the certified gluten-free products without crossed-ear
symbol we found that two out of 48 (4%) were contaminated with respect to none of the products with
crossed-ear symbol; although this difference is not significant, it may suggest that the more stringent
controls performed on “Crossed Ear” gluten-free products guarantee less risk of gluten contamination.

Our findings are more encouraging than previous studies in some American countries, e.g.,
contamination was found in 20.5% of gluten-free products marketed in the USA [7] and 21.5% in
Brazil [9] respectively, and are in line with previous data from Canada [10] and Europe [4]. Compared to
the past, the picture has clearly improved, most likely due to the worldwide implementation of the
20 ppm maximum threshold of gluten contamination established by the Codex Alimentarius in the
year 2008 [5]. Based on these data and the dietary habits of the Italian population, the safety threshold
of 10–50 mg of daily gluten would hardly be exceeded even by CD patients consuming very large
quantities of gluten-free items (provided that no other contaminated food is eaten at the same time).

Quantification of gluten in food is difficult, for several reasons. Firstly gluten is not a single
protein but a mix of different protein components (microheterogeneity) generally classified as gliadins,
glutenins, globulins and albumins [11]. Measuring all these different fractions is clearly unpractical.
Gliadins are the major component on a quantitative basis, and it is generally assumed that the
ratio between gliadins (the fraction that is measured with the R5 test) and overall gluten is 1:2
(50%) [12,13]. Other analytical problems include the difficulty in (a) specifically quantifying all the
different celiac-toxic peptides contained in gluten; (b) extracting gluten from the different food matrixes;
and (c) measuring hydrolysed gluten peptides (e.g., in fermented food such as beer). Several tools have
been developed for gluten quantification in food, such as the R5, the G12 and the α-20 antibody-based
ELISA kits [14,15]. In the present study we used the R5 method, an ELISA test based on specially
designed monoclonal antibodies raised against a pentapeptide from rye. It detects prolamins of wheat
(gliadins), rye (secalins) and barley (hordeins), i.e., all the cereals that are toxic for celiac patients, in
both raw (flours) and processed food products [16]. It is the only method certified by the Association of
Officials Analytical Chemists (AOAC), and is considered as the method of choice for gluten detection
in food, according to the Codex Alimentarius Commission and other International Agencies [5,6].
Most recent studies on gluten contamination have been performed using the same R5 test, a finding
that allows comparisons among the results of different surveys [4,7,9,10,17].

As reported in previous studies [4,7,9,10,17], we found that products at significant higher risk of
contamination of gluten are oats (four out of five examined items), buckwheat (5/12) and lentils-based
(4/17) products. Several studies have shown that medium-high amounts of gluten-uncontaminated
oats can be safely ingested by patients with CD [18,19]. Official recommendations acknowledge the
safety of products containing purified oats, and several national associations for CD allow inclusion of
oats in the diet of people with CD [19]. Unfortunately, the commercial oat supply is often contaminated
with wheat. In Canada 88% of 133 oat samples were contaminated above 20 ppm [10]. There are
possibilities for cross-contamination in the field, in the transport of the grain, in the storage of the
grain, and in the milling and packaging facilities [7,10]. This is a deplorable situation since oats is rich
in soluble dietary fiber, vitamins and minerals, and may unquestionably improve the nutritional value
and increase the palatability of the GFD, while expanding food choices and ultimately improving
the life quality of people with CD. Buckwheat is a gluten-free pseudocereal that belongs to the
Polygonaceae family. Buckwheat grain is a highly nutritional food component that has been shown to
provide a wide range of beneficial effects. Health benefits attributed to Buckwheat include plasma
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cholesterol level reduction, neuroprotection, anticancer, anti-inflammatory, antidiabetic effects, and
improvement of hypertension. In addition, buckwheat has been reported to possess prebiotic and
antioxidant activities [20]. The possible gluten contamination of buckwheat has been correlated with
the high content of fiber [21]. The frequent gluten contamination of lentils was somewhat unexpected,
since this food is a legume and not a cereal, and its production chain is far different from wheat.
Lentils are an edible pulse that is part of the human diet since the Neolitic age, being one of the first
crops domesticated in the Near East. Lentils are a rich source of numerous nutrients, including protein,
starch, folate, thiamin, pantothenic acid, vitamin B6, phosphorus, iron and zinc [22]. The origin of
gluten contamination of lentils remains unclear. Many patients or caregivers check lentils seed by
seed, and have reported that rare wheat seeds can be found mixed with lentils, most likely due to
contamination occurring in the field. The practice of inspecting and washing lentils before cooking
should be recommended when the package does not report any gluten-free labeling.

It is important to underscore that oats, buckwheat and lentils are nutritious dietary components
that may increase the variety of carbohydrate- and fiber-rich food in the gluten-free diet. For this
reason, we hope that the food industry will pay more attention in ensuring and certifying a gluten-free
food chain for these important ingredients.

Finally, in the present study we also aimed to evaluate if the gluten contamination is, to some
extent, related to the cost of the product. It is worth noting that we found that a higher proportion of
low price foods were contaminated with respect to higher price foods (p < 0.01), suggesting that the
lower the price the lower the quality of control on the gluten contamination.

Despite the GFD, many treated CD patients frequently show incomplete resolution of the
histological intestinal damage at the follow-up intestinal biopsy, suggesting ongoing gluten
ingestion [8]. Since our data and other surveys [4] found that gluten contamination of wheat substitutes
does not represent a big issue in recent years, this persistent enteropathy is probably related to different
sources of contamination, such as voluntary dietary transgressions, particularly in adolescents, or
contaminated meals consumed outside home. Consumption of food prepared away from home plays
an increasingly large role in the diet. In the US in 1970, 25.9 percent of all food spending was on food
away from home; by 2012, that share rose to its highest level of 43.1 percent (data of the US Department
of Agriculture, 2016; www.ers.usda.gov). In restaurants, pizzerias and cafeterias the chance of getting
gluten-contamined GF food is higher than home, due to inadequate personnel training, careless use of
tools/workbench and so forth. An active policy of training and education on the requirements for the
GFD should be addressed to employees at food services.

5. Conclusions

Gluten contamination in either naturally or commercial gluten-free products marketed in Italy
is nowadays uncommon and usually mild on a quantitative basis. Crossed Ear and higher cost
gluten-free products are in general safer than other products. Caution is however needed to interpret
these findings, due to the intrinsic limitations of the analytical method for determining gluten traces in
food matrixes. A program of systematic sampling of gluten-free food is needed to promptly disclose
at-risk products, to ensure the safety of available products and ultimately improve the long-term
wellbeing of individuals affected with CD or other gluten-related disorders.
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Abstract: The evolving history of the small intestinal biopsy and its interpretation—and
misinterpretations—are described in this paper. Certain interpretative errors in the technical
approaches to histological assessment are highlighted—even though we may never be rid of them.
For example, mucosal “flattening” does not reduce individual villi to their cores, as still seems to
be widely believed. Neither is the mucosa undergoing an atrophic process—since it can recover
structurally. Rather, the intestinal mucosa manifests a vast hypertrophic response resulting in the
formation of large plateaus formed from partially reduced villi and their amalgamation with the
now increased height and width of the inter-villous ridges: this is associated with considerable
increases in crypt volumes. Sections through mosaic plateaus gives an erroneous impression of
the presence of stunted, flat-topped villi which continues to encourage both the continued use of
irrelevant “atrophy” terminologies and a marked failure to perceive what random sections through
mosaic plateaus actually look like. While reviewing the extensive 40+ year literature on mucosal
analysis, we extracted data on intraepithelial lymphocytes (IEL) counts from 607 biopsies, and
applied receiver-operating characteristic (ROC)-curve analysis. From that perspective, it appears
that counting IEL/100 enterocyte nuclei in routine haematoxylin and eosin (H&E) sections provides
the most useful discriminator of celiac mucosae at histological level, with an effective cut-off of
27 IEL, and offering a very high sensitivity with few false negatives. ROC-curve analysis also
revealed the somewhat lesser accuracies of either CD3+ or γδ+ IEL counts. Current official guidelines
seem to be somewhat inadequate in clearly defining the spectrum of gluten-induced mucosal
pathologies and how they could be optimally interpreted, as well as in promoting the ideal manner
for physicians and pathologists to interact in interpreting intestinal mucosae submitted for analysis.
Future trends should incorporate 3-D printing and computerised modelling in order to exemplify the
subtle micro-anatomical features associated with the crypt-villus interzone. The latter needs precise
delineation with use of mRNA in-section assays for brush border enzymes such as alkaline phosphate
and esterase. Other additional approaches are needed to facilitate recognition and interpretation of
the features of this important inter-zone, such as wells, basins and hypertrophic alterations in the size
of inter-villous ridges. The 3-D computerised models could considerably expand our understandings
of the microvasculature and its changes—in relation both to crypt hypertrophy, in addition to the
partial attrition and subsequent regrowth of villi from the inter-villous ridges during the flattening
and recovery processes, respectively.

Keywords: computerised image-analysis; celiac mucosa; Marsh classification; ROC-curve
analysis; IEL; lymphocyte immuno-subtypes; mesenteric immune system; invalid Marsh III a,b,c
sub-classification

Nutrients 2017, 9, 213 195 www.mdpi.com/journal/nutrients



Nutrients 2017, 9, 213

1. Introduction

It may be true that a “Copernican revolution” has seen earlier concepts of celiac
disease—perceived as a unitary, gluten-induced disease of the gastro-intestinal tract—changed to one
exhibiting multisystem involvements, as well as a growing spectrum now known as gluten-related
disorders. These include true gluten sensitivity, gluten allergy, and the more recent “wheat gluten
intolerance syndrome”. Nevertheless, aspects of the changes wrought throughout the intestinal tract
still remain a central issue for celiac disease diagnosis, as well as for those having a primary interest in
the mechanisms bringing about those changes and their structural correlates.

Clinically, our current understandings of ‘celiac disease’ derive from the late 19th century, but as
two conditions. Paediatricians used celiac disease following Samuel Gee [1] while adult physicians
used ‘idiopathic steatorrhea’. The advent of peroral biopsy techniques led to the realisation (1960–1970)
that each constituted a single, lifelong condition [2,3]. These biopsy techniques closely followed
Wood’s instrument [4] for retrieving gastric mucosa from patients with achlorhydria. Although Margot
Shiner in London pioneered one approach (1956), William H. Crosby’s revolutionary capsule (1958),
engineered by Heinz Kugler, enjoyed worldwide usage.

Here, already, we have seen many notable evolutionary advances—Dicke, Wood, Shiner,
Crosby—and then Rubin. We therefore suggest that if this collection of papers has its referential
foundations in Greek philosophical science, then we should also include Archimedes. That is
because many “heureka” moments have been characterised, not as notional views concerning a more
generalised pathogenesis, but as sequential moments of inspirational “breakthrough”. These have
served in exemplifying—and uniquely advancing—our understandings of each mucosal stage in celiac
disease pathogenesis.

It is upon these specific, time-based advances that the evolutionary structuring in our
interpretation of mucosal immune-pathology has progressively evolved, and on which this essay is
based. At the same time, we note that this review will not deal with the complex issues surrounding
enteropathy-associated T-cell lymphoma (EATL): that requires its own detailed account.

2. Early (Mis-) Interpretations of Intestinal Biopsies

Science never progresses by step-wise, logically perfect steps. Humankind always prefers comfort
of the known against the threatening unknown. Paulley’s operative specimens [5], although rejected in
ignorance, were as good as later capsule biopsies. Likewise, Dicke’s new findings about gluten protein
in pathogenesis were robustly rejected because of Haas’s “curative” banana diet; his assertions were
later vindicated [6,7].

Shiner’s tube gained scant interest, although in those early days when fresh intestinal tissue
abnormalities were unknown and awaiting informed interpretation, her classification succeeded.
This was (unfortunately) based on her view that mucosal flattening is an ‘atrophic’ process, probably
guided by Wood’s description of true gastric atrophy in pernicious anaemia. Viewed histologically,
however, each lesion resembles the other. A closer reading of Wood’s studies would have further
indicated that a gross misinterpretation was at stake here. The celiac lesion is not atrophic since on
gluten restriction, villous regrowth occurs, as was first shown by Charlotte Anderson, thus becoming
another diagnostic yardstick [8]. This misinterpretation persists after more than fifty decades.

Furthermore, more careful correlations between dissecting microscopy and histology would
not have extended ‘atrophy’ nomenclature into ‘partial’, ‘subtotal’, and ‘total villous atrophy’.
These were histological misinterpretations of mosaic surface plateaus, resulting in reports of ‘branched’,
or ‘stunted’, flat-topped ‘villi’ [9]. These were not villi, being far too short (<150 μm, compared with
normal 350–600 μm). Again, this second misinterpretation persists today.

Two further novel approaches to mucosal structure came at this time. The first used wax
reconstructions leading to the recognition of “basins” and “wells” [10]. Here several individual
crypt tubes fed upwards into circular basins, which themselves coalesced into the larger wells ~200 μm
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in diameter and depth, accommodating up to 20 individual crypt openings. It is regrettable that more
extensive use of wax models was not deployed in furthering knowledge.

The second approach employed autolysed specimens, thereby exposing the more robust
sub-epithelial structures covered by basement membrane [11] including the delicate inter-villous ridges,
as also revealed later [12] by scanning EM (see their Figures 1,2,9 and 10). During flattening, theseridges
grow higher and thicker, engulfing shortened villi into the characteristic mosaic plateaus [13],
whose surfaces lie ~150–200 μm above the crypt openings, and confirming histochemical studies [14],
in particular of Padykula, who demonstrated the presence of normal (villous) enterocyte enzymes
lining their vertical walls (Figure 1). That information is unknown today, and thus contributes little to
histological analysis, or its understandings.

Figure 1. This overview represents intestinal mucosa through its remodelling process from “normal”
to typically “flat” celiac appearances [15]. This is not merely an “atrophic” process, but one involving
considerable hypertrophic remodelling of the entire mucosal profile. (A) The upper series of diagrams,
crosswise, illustrate progression as commonly observed in histological section (Marsh Stages 0-III);
(B) The second line of diagrams depicts the three-dimensional background to flattening, showing the
rapid pliancy of villi in their reversion to leaves, ridges, convolutions and finally mosaic plateaus;
(C) The third line of sketches illustrate de-epithelialised mucosae, emphasising the inter-villous ridges
(arrowed). Normally, ridges are thin, delicate structures, but as remodelling proceeds, they undergo
progressive increments in height and thickness, seemingly filling up the gaps between the now
extensively reduced and deformed villi. This fusion results in mosaic plateaus which extend upwards
by ~200 μm above the crypt-villus junctional zone (itself complicated by ‘circumvillar basins’ and crypt
‘wells’). At this evolutionary (plateau) stage, it should be appreciated that if a random section passed
through consecutive wells, the histologic appearances could well be misinterpreted as “blunted villi”,
as often happens in practice. Alternatively, if the sectioning ran between the wells, an entirely flat
mucosa would be seen, illustrating one major difficulty inherent in histologic interpretation, especially
of the mosaic “terrain”. (Reprinted from Gastroenterology, 151(5), Marsh, Michael N. and Rostami,
Kamran, What is a Normal Mucosa? pp. 784–788: Copyright 2016, with permission from Elsevier [15]).
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3. The Immunological Functions of Intestinal Mucosa

Growing disinterest in the idea that celiac enterocytes lack a gluten-digesting “peptidase”
(another failure here in recognising the non-specificity of brush border protein digestion) was
supplanted by an immune-based pathogenesis. This was buttressed by definitions of the mesenteric
immune system by Gowans and Knight who revealed the recirculatory properties of lymphocytes,
particularly transference of thoracic duct ‘blasts’ to lamina propria in becoming plasma cells [16].
The latter sustain the local IgA system [17], including its mucosal product—secretory IgA.
The functional capacity of this system [18], both throughout the small intestine and the colonic mucosa,
was demonstrated [19] elegantly in mice orally primed with the antigen ferritin, an observation
ultimately prompting our work in Manchester on rectal gluten challenge [20] and employing logistic
regression analysis by Professor Ensari [21].

It is important to know that luminal antigen primes naïve lymphocytes in Peyer’s Patches and
other primary lymphoid tissues within the intestine to emigrate and recirculate to other mucosal
surfaces [22]. This is an important defence against enteric infections, and of protective relevance [23]
to lactating humans and animals. Activated recirculating lymphocytes, detected in blood following
specific enteric infection in humans, interact with the special β7–MAdCAM-1 receptor exhibited by
lamina propria post-capillary venules [24]. More interesting has been the recent demonstration of
blood-borne CD4+ gluten-induced T lymphocytes responsive to DQ2-peptide complexes following
an oral gluten loading [25,26], again exemplary of the recirculatory potential of mesenteric immune
cells reacting to an environmental (dietary) antigen. This has the potential for precise celiac disease
diagnosis, and is consistent with the increased numbers of anti-gluten IgA-secreting plasma cells
within the mucosa, albeit based on the suspect use [27] of comparative high power fields.

The growing impetus towards diagnostic ‘measurement’ of intestinal biopsies was now based [28]
on counts of intra-epithelial lymphocytes (IEL) per 100 villous epithelial cell nuclei. This technique is
still the cornerstone of histological diagnosis today, despite its inherent flaw in relating one variable to
another variable. “Normal” ranges or diagnostic “cut-off” levels for IEL [28–36] (Table 1) range
between 20 and 40 IEL, indicating uncertainties over the actual interface. When collated, their
fragility becomes strikingly apparent—due to small groups, ill-defined “controls”, interest in other
enteropathies (HIV infection), or distribution of IEL at villous tips. Overall, our notions of “the normal
range” are distinctly precarious, while the marked overlap between diseasecontrols and celiac patients
has never been clarified with additional statistical analyses.

Table 1. Summary of papers on intraepithelial lymphocytes (IEL) counts.

Paper Methods Number of Biopsies Upper Range Comments

Ferguson and
Murray, 1971 [28]

H&E staining IEL/100
enterocytes 40 40

Used controls, celiac
and autoimmune conditions.
Incorrect about normally
distributed IEL.
Highest IEL count recorded, of
155

7 μm sections

Batman et al.,
1989 [29]

H&E staining
5 μm sections

8 33 Study of HIV
enteropathy

Hayat et al., 2002 [30] H&E staining 20 25 Counts made on
uninterrupted length
of epithelium >500 epithelial
cells:
Controls defined only by a
“normal” sugar permeability

4 μm sections

Mahadeva et al.,
2002 [31]

H&E staining
?? 22

Major interest in
normal villi with IEL infiltrate

3 μm sections Really difficult to infer group
numbers here

Kakar et al., 2003 [32] H&E staining 12 39 Interest in normal villi with
IEL infiltrates
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Table 1. Cont.

Paper Methods Number of Biopsies Upper Range Comments

Veress et al., 2004 [33]
H&E staining

64
20 3 μm H&E sections:

CD3+ counts 5–9 If IEL to EC ratio >5:1,
do
CD3 count

Biagi et al., 2004 [34] H&E staining 17 45 Major interest in
villous tip counts

Nasseri-Moghaddam
et al., 2008 [35]

H&E staining
46

46 Establishing normal criteria by
histology
and immuno-cytology

CD45+ counts 47

Siriweera et al.,
2015 [36]

H&E staining 75 8 Retrospective study
on 38 control
specimens
and 37 celiacs. Inexplicably
small upper ranges for both
groups

4. Re-Evaluating Intraepithelial Lymphocyte (IEL) Counts Derived from the Existing Literature

In order to highlight this impasse, we have reworked and extended previously published data
culled from a vast literature (from single case reports to smaller group studies over a 40-year period,
as reviewed in this paper) in order to address this issue. In total, data relating to 607 biopsies
(386 celiacs) were available for re-evaluation thus providing an important, yet hitherto unknown,
extension to the existing literature.

(a) It is crucial that the considerable overlap between counts of IEL obtained either histologically,
or estimated through their immunophenotypes (Figure 2), is acknowledged. From this, two
important conclusions follow: (i) that immuno-subtyping IEL does not offer much in the way of
improving diagnostic accuracy—again because of massive overlapping; and (ii) that a “normal”
IEL count [15] does not exist.

Figure 2. A cumulative assembly of sporadically published reports provided 607 biopsies (386 celiacs),
illustrating the numerical distributions of IEL in hematoxylin and eosin (H&E) sections (red), CD3+

(green), and γδ+ (blue) immuno-subtypes,with their accompanying disease-control groups.(a) For IEL
(H and E) the mean (±95% Confidence Limits) was 15 (4–26) for controls and 60 (9–111) for celiacs;
(b) The results for CD3+ cells were 31 (0–66) for disease controls, and 66 (23–109) for celiacs; (c) For γδ+

cells, the mean was 23 (0–39) in the celiac group compared with 4 (0–9) for the controls. Marked overlaps
between disease controls and celiac patients (indicated by the paired horizontal lines) occurred with all
IEL counts: 43 for histological (H&E) counts, 110 for CD3+ counts, and 69 for γδ+ cells, respectively.

Each set of counts was not normally distributed. But the ‘normalised’ means after
log-transformation differed from the numerical means by only ~5 lymphocytes, indicating that for
most practical purposes, IEL counts do not require this treatment.
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(b) If these data from each type of measurement (histologically, or by CD3+ and γδ+

immunophenotyping) are graphically depicted, using a cumulative, biopsy-on-biopsy approach,
they all exhibit a continuous, rather than a bi-modal, dose-response (Figure 3). In other words,
both control and celiac IEL follow a continuous form of response to gluten ingestion, depending
on intrinsic and extrinsic factors: they do not behave as separate clonal populations.

Figure 3. Cumulative IEL counts biopsy-on-biopsy, for histologically counted IEL (red), and
immunostained CD3+ (green), and γδ+ (blue) cells. The cumulative overlap between disease control
and celiac biopsies is indicated by paired, vertical lines for each of the three data strands.

Each graph is reminiscent of a dose-response, consistent with the view that changes in the IEL
population, by whichever technique identified, represent graded responses to environmental antigenic
challenge. Thus, they do not reveal bimodal behaviour in demonstrating differences between IEL in
‘control’ mucosae, compared with ‘celiac’ mucosae. This explains why there is an overlap and hence
no specific, diagnostic cut-off for any of the lymphocyte populations illustrated.

(c) A notional cut-off with optimal sensitivities and specificities requires calculation (Figure 4).
From the data given here (Table 2), ROC-curve analysis suggests an optimal cut-off level of 27 IEL
per 100 enterocytes in H&E sections, a level incurring three false-negatives and five false-positives.
The results for CD3+ and γδ+ cells were, within this analysis, apparently less accurate, as shown
comparatively in Table 2.

If there is any comfort in these results, then counting IEL in histological sections is a very useful
method for differentiating control from celiac biopsies (Table 2). The difficulty arises more with
mis-diagnosed (false-positive) disease controls, because other diagnostic parameters may not be
available to explain a raised IEL count.

This is diagnostically important on grounds that while repeat biopsies are often performed on
celiac patients during gluten restriction, they are rarely done with disease controls. Therefore, we must
be ever watchful that so-called “normal ranges” may not be a secure as some papers might suggest.
This issue is critically well illustrated by one of Ferguson and Murray’s (1971) patients with “abdominal
pains”. Her initial biopsy was “flat”, yielding one of the highest recorded IEL counts of 155. One year
later, however, on repeat biopsy, the IEL count was then 26. The actual diagnosis and the causal
reason(s) for this marked difference were never explained [28].

Conversely, if a celiac (nowadays) is histologically misdiagnosed (false-negative below arbitrary
cut-off), other parameters (family history; DQ 2/8 haplotyping; EMA and AGA antibodies, etc.)
strengthen the physician’s arm.
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Table 2. Summary of ROC-curve Analyses.

Lymphocyte Subtype H&E Stained CD3+ γδ+

AUC 0.985 0.891 0.943
OPTIMALCUT-OFF 27 40 6
FALSE-POSITIVE 5 21 10
FALSE-NEGATIVE 3 11 15

Figure 4. Receiver-operating characteristic (ROC)-curve analysis shows that IEL (H&E) counts per
100 enterocytes (red) are the most accurate procedure, compared with either CD3+(green-), or γδ+

(blue-) immunostained IEL. This analysis produced a cut-off of 27 IEL, with three false-negatives and
six false positives. Intra-observer IEL count differences would be required to establish the degree of
variation around any cut-off proposed. That important variation is often forgotten (especially if the
counting has only been done by one histopathologist) and therefore rarely factored into any ‘norms’
offered. See Table 2 for further data analysis relevant to each of the three modes of IEL identified. Note,
however, that the use of ROC-curve analysis considerably reduces the overlap between control and
celiac biopsies (compare raw numerical distributions, Figure 2).

5. Objective (Computerised) Measurements of Intestinal Mucosa

One approach by Whitehead [37] used a point-counting grid producing ratios and ‘absolute’
values: however, the observer decides on which bit of mucosa the ends of the grid-lines fall, needing
some degree of concentration. In Manchester, we used a test square of muscularis mucosae of 100 μm
length (104 μm2) providing an invariant reference over which we ‘rebuilt’ the mucosa in terms of
villous, crypt and lamina propria volumes (as μm3 per 104 μm2 of muscularis): ‘absolute’ cell counts
within each space were determined independently [38], based on Weibel’s approach.

This method is similar to currently employed techniques using an external scanner which
takes millions of observations from an external, independent vantage point, thus creating, say,
the three-dimensional structure of a jet engine or hydraulic pump, or the interior of a stately home.
It is regrettable that the field of mucosal morphology has, so far, not taken advantage of such powerful
computerised programmes in order to reconstruct the 3-D micro-world of the mucosa and its internal
structures, especially the microvasculature. Such application to specimens undergoing regrowth
during a gluten-free diet would add enormously to our understanding of the regenerative processes
involved. Pseudo-colouring could also be employed to highlight structures or areas of specific interest.
Our cumulative results (Figure 5) probably represent the largest assembly of data unaffected by relative
measurements. When set out in this way, the data afford a panoramic view of the major structural
changes taking place across the mucosa as it progressively undergoes its hypertrophic response in
remodelling its surface contour.

Some weak criticisms were raised that since the muscularis itself is caught up in the ‘mucosal
celiac process’, it is invalid. But that is nonsense. Two objections arise—first, if it were thickened,
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which is irrelevant since we are only interested in area, and second, if it were “stretched”. We excluded
the latter [39] by demonstrating identical inter-crypt distances in horizontally sectioned control and
celiac biopsies.

Figure 5. This represents mucosal metamorphosis from “normal” to “flat”, based on computerised
image analysis relevant to an invariant square (104 μm2) of muscularis mucosae. Here, a comprehensive
overview provides a clear picture of the progressive morphometric/immunopathologic alterations
observed and hardly possible by viewing a vast collection of micrographs illustrating the same
changes. (A) This line shows the progressive reduction in absolute surface epithelial IEL populations
(log10 transformed). With Marsh Stage III lesions, the IEL count falls within the normal range; (B) Here,
volumes of surface epithelium (×106 μm3) are shown as vertical lines, in order of flattening; (C) This line
reveals the progressive increase in crypt epithelial volumes, which are doubled (Marsh Stage II lesions),
and quadrupled (Marsh Stage III); (D) Changes in crypt IEL populations (log10) are rarely demonstrated
or measured. Here we show that their number begins to change at the Marsh II Stage, progressively
increasing thereafter; (E) Parallel with the crypt IEL rises, there is a brisk increase in crypt cell mitotic
activity, which is well established at Marsh Stage II; (F) The lamina propria begins to increase in volume
(×106 μm3) at Stage II, indicative of marked inflammatory changes initiated within, and involving
its structures; (G) As the lamina swells, an influx of inflammatory cells occurs (all as log10 counts),
including basophils, mucosal mast cells, and a notably brisk rise in neutrophils; (H) All data are related
to specific stages (Marsh I, II and III). The Marsh II lesion (despite being considered either “non-specific”
or difficult to identify) enjoys a strikingly prominent role, since marked changes are already operative
at this pivotal point in the sequence, indicating that the entire mucosa seems to be “active” once this
stage is reached. These composite relationships have never been demonstrated in other histological
studies of celiac mucosae.
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6. Classification of Mucosal Remodelling: A Major Hypertrophic Process

In overcoming these technical problems especially in circumventing inappropriate “atrophy”
terminology, a novel classification [40] based on recognisable, immunopathologically phased stages
(Marsh 0–III) during mucosal remodelling was proposed. Incidentally, the paper was also the first
major systematic review of celiac disease, intended to divert its scientific basis away from 1950s-era
thinking towards the molecular era of the 21st century. Thus, in addition to the mucosal Stage
Classification, it considered possible HLA polymorphisms, relevant gliadin epitopes, and suggested a
radical overhaul of lymphoma classification and treatment.

The development [40] of this classification was gradual and hesitant, depending on several
contributory elements [41]: it was not an Archimedian“heuristic” of intense inspiration.

First came the realisation from many sporadic case reports [42–48] that the celiac mucosa evolves
(a) over time, (b) at different rates, (c) with differing functional (clinical) outcomes, thereby (d)
providing the obvious realisation that a flat mucosa is not a “given”, as was assumed from the
beginning when biopsies were first observed. Histologically, the biopsies obtained in these sporadic
cases were often regarded as “normal”—although some subtle changes may have been present, once the
structural progression had been clarified [49].

Second, time/dose response studies on treated patients [50] showed a progression of villous
infiltration, modest crypt hypertrophy, followed by flattening and finally massive increases in crypt
depth. The Marsh Stage II lesion (villous infiltration with a doubling of crypt size) was seemingly
identical to that described by Mowat and Ferguson [51] as a mucosal T-cell dependent phenomenon.

Third, came the realisation that many family relatives of known celiac patients exhibit
lymphocyte-infiltrated villi with or without modest crypt hypertrophy. This observation came
as we repeated the original intestinal ‘permeability’ study [52] by Tim Peters’s group in London
(dealing then only with celiac patients with a flat lesion). In the repeat study [53], only celiac relatives
who did not have gross lesional pathology were included. The realisation, for the first time, that
identifiable minor changes occurred widely was, indeed, a “heureka” moment. It was very evident that
lymphocytic infiltration of normal-looking villi was a frequently unrecognised but critical abnormality
(except perhaps in some of the individual case reports mentioned above). But these further observations
confirmed the reality of the classification, operative now for 25 years, which incorporates the major
phases in the immunohistological progression to a flat lesion (Figure 5).

Based on that classification, we are now in a position to evaluate the structural remodelling of
the mucosa.

6.1. The Surface Epithelium

We use Figure 5 for guidance. The top line, A, in this diagram represents the IEL population,
expressed logarithmically (with absolute counts) and its progressive reduction towards the control
range with mucosal flattening. In comparison, the progressive reductions in villous surface volumes are
expressed as vertical lines along the second horizontal strand (B). The mean volume for an infiltrated
mucosa is 2.6 (1.5–3.6) × 106 μm3, compared with 0.4 (0.2–0.6) × 106 μm3 for flat lesions: that is,
a five-sixths volume reduction.

But these data can be interrogated further, in respect of IEL populations, because we also
measured [54] individual cell volumes. These allowed us to calculate the number of enterocytes
within each specified volume of epithelium, from which absolute ratios of IEL per 100 enterocytes
could be determined, as follows.

Average cell volumes were 780 μm3 (~800) for control enterocytes compared with 600 μm3 for
flat mucosae, although we do not know why Stage III enterocytes suffer 25% volume reductions.
From those measurements, the absolute population of enterocytes in surface epithelium is
~3000 compared with 600 enterocytes for flat specimens. Flattening thus incurs a ~80% loss of surface
enterocytes. Therefore, using data (line A, Figure 5), celiac disease specimens contain 190 (150–240) IEL,
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representing a less marked reduction of ~50% compared with enterocyte losses (Table 3). That is why,
relatively, a flat mucosa appears to be infiltrated by lymphocytes: in fact, that is clearly not the case.

Table 3. Numerical values for intestinal mucosa (computerisedimage analysis).

Disease Controls Celiac Disease

Surface Epithelium

Volume (×106 μm3) 2.3 (1.5–3.6) 0.4 (0.2–0.6)
Cell Height (μm) 37 (30–43) 33 (27–33)
Cell Width (μm) 5.1 (4.1–6.2) 4.7 (3.8–5.8)
Cell Volume (μm3) 800 (500–1250) 600 (390–920)
No. Enterocytes/Volume 3000 (1935–4435) 600 (320–1100)
No. IEL/Volume 350 (275–450) 190 (150–240)
IEL/100 enterocytes
(‘Absolute’ by Image Analysis) 12 (10–16) 32 (27–37)
(Ferguson, per 100 cells) 24 (11–53) 61 (31–122)
Enterocytes per Lymphocyte 8 (7–11) 3 (2–4)

CRYPTS

Volume (×106 μm3) 0.5–0.6 1.7
IEL (‘Absolute’/volume) 30 (12–48) 173 (121–225)

LAMINA PROPRIA

Volume (106 μm3) 1.4 (1.12–1.6) 3.1 (2.8–3.5)
Cells/Volume
(‘Absolute’)
Mast Cells 14 (10–20) 38 (22–54)
Eosinophils 18 (16–20) 62 (50–74)
Basophils 0.7 (0.48–1.12)
Neutrophils 45 (25–65)

Second, use of ‘absolute’ data permits determining ratios of IEL per 100 enterocytes (Figure 3).
For diseasecontrols the values were 12 (10–16), and 32 (27–37) for flat lesions. However, when the
same specimens were counted according to Ferguson (using 1 μm toluidine blue-stained Epon sections
viewed under oil immersion optics), the values were doubled over the absolute counts: 24 (11–53) for
disease controls, and 61 (31–122) for celiacs.

This difference is greatly significant, and rests on the failure of the Ferguson technique to identify
every epithelial cell thought to have been counted. The deficit results from the fact that only enterocyte
nuclei are counted [55] and not individual epithelial cells, which cannot be sequentially identified
during counting. The difference between nuclei counted (rather than individual enterocytes) is of the
order of a 50% reduction, resulting in the spuriously doubled IEL count. The inherent problems are
illustrated (Figure 6). The basic problem is the attempted matching of one moving variable against
another: a no-win situation.

The alternative (right-hand panel) is closer to reality, comprising an idealised epithelium scaled to
data obtained by transmission/scanning EM studies. The lines in the upper (plan) diagram reflect
random sectioning planes through this epithelium. It should be carefully noted that, on average, only
~50% nuclear profile discs appear in any section, as represented imaginatively in A,B,C below. Thus,
the high numbers of “lost” enterocyte nuclei now becomes apparent. However, since IEL counts are
made relative to the simultaneously changing world of enterocyte (nuclei) populations, values are
spuriously increased twofold. The basic flaw is discussed elsewhere (reference [56]: and see Figure 5).

From that (Ferguson) position, nevertheless, it is usually asserted that IEL are increased within
flat mucosae, but that needs qualifying. The computerised data reveal an absolute six-fold reduction in
enterocytes for flat mucosae, whereas the IEL population is only reduced two-fold. Therefore, relatively,
the IEL density obviously remains high, as inferred correctly [15] by Guix and Whitehead. Further
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proof is afforded by other calculations made possible by our approach, since a single IEL is associated
with 9 (7–11) enterocytes in control mucosae, but only 3 (2–4) enterocytes in flat celiac mucosae,
emphasising the markedly increased “concentration” of IELs in flat biopsies, largely exaggerated by
the precipitous loss (80%) of surface enterocytes. On those grounds, how would we answer the critical
question ‘Is the flat mucosa actually infiltrated at Marsh Stage III, and by what extent’?

Figure 6. The left-hand panel indicates that enterocytes do not lie in an orthogonally arranged grid
pattern on the basement membrane (plan view, upper diagram). Therefore, “counts” of enterocytes
(or more importantly their nuclei) cannot be accomplished with the ease often assumed in the Methods
sections of many publications. This model obviously predicts the possibility of observing large tracts
of enterocytes without nuclei (as in the imagined sections at (A,B)), an event never encountered in
histopathological practice. Only occasionally would a palisade that included a run of every adjacent
enterocyte, and their contained nuclei, be observable (C). Therefore, this model is wrong. The alternative
(right-hand panel) is closer to reality, comprising an idealised epithelium, scaled to data obtained by
transmission/scanning EM studies. The lines in the upper (plan) diagram reflect random sectioning
planes through this epithelium. But, it should be carefully noted that, on average, only ~50% nuclear
profile discs appear in any section, as represented imaginatively in A,B,C below. Thus, the high
numbers of “lost” enterocyte nuclei now becomes apparent. However, since IEL counts are made
relative to the simultaneously changing world of enterocyte (nuclei) populations, values are spuriously
increased twofold. The basic flaw is discussed elsewhere (reference [55]: and see Figure 5).

It has also been shown [56] that IEL in flat mucosae are considerably larger than those in control
mucosal specimens but it is unlikely that these are gluten-induced ‘blasts,’ as they would presumably
be of similar calibre in the early infiltrated Stage I and II lesions. The lymphocytes in these early lesions,
however, are small and non-mitotic. It is possible that, resulting from widespread shedding of the
surface epithelium, some attempt at repairing a depleted IEL population from within the epithelium is
operational. In support of that idea, we have to take into account [57,58] the raised mitotic activity of
IEL in flat (Marsh III) mucosae. But that is another problem remaining to be resolved, as well as the
immunophenotype of lymphocytes involved. We are totally ignorant of those details.

6.2. The Crypts

In comparison with the great interest in surface epithelium, the crypts have always played the
“Cinderella” role, as the forgotten companion. In earlier studies [59] from Trier’s lab in Boston, the
use of mucosal explants revealed the rapidly accelerated flow of cells upwards towards the surface,
complementing previous washout studies which likewise suggested a massive loss of enterocytes in
untreated patients. That was followed by Nicholas Wright’s elegant investigations which showed [60]
that (i) the growth fraction in the crypts is enlarged; (ii) the actual duration of crypt cell mitosis is
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shortened (from the normal rate of 1 h to approximately 40 min); and (iii) the inter-mitotic interval is
reduced, so that successive mitoses are speeded up. These observations revealed the degree to which
the hypertrophic crypt response is geared up for the assumed losses of surface enterocytes.

In Figure 5C, it is evident that the crypts are small and non-infiltrated in mucosae where villi
are subject to infiltration. But things change markedly as flattening proceeds (Marsh Stage II) with a
doubling of crypt volumes and increased lymphocytic infiltration (Figure 5D) accompanied by the first
evidence of increased crypt cell mitotic activity (Figure 5E). These changes are highly reminiscent of
the enlarged crypts together with normal, infiltrated villi [61] in mild graft-versus-host reactions where
recipient and donor tissue were of identical genetic histocompatibility backgrounds: a phenomenon
termed the ‘innocent bystander effect’ [62] in the intestine by Elson.

It is thus evident that the mucosal (Marsh) Stage II development reveals important outcomes,
since additional mechanisms are now clearly in place which progress lesion pathology towards its
final state. It is questionable whether the progressive hypertrophy of the crypts to almost four-fold
(once flattening has been achieved) is still a continuing T-cell-mediated effect, or whether loss of surface
cells still has to be accommodated by a massively increased crypt cell production rate, and migratory
profile. Neither do we know why the initial infiltration of crypts is delayed, why the later increased
lymphocyte infiltration does not impair their vast hypertrophic crypt responses even though mucosal
surface contours are reduced, or why crypt IEL are significantly enlarged over control mucosae [63],
although of similar size distribution to surface IEL.

6.3. The Lamina Propria

Further evidence for this proposal is seen in the lamina propria (Figure 5F) which has begun
to swell at Stage (Marsh) II, accompanied by a brisk influx of neutrophils, always indicative of
mucosal inflammation and a rise in basophils and mucosal mast cells (Figure 5G), many seemingly
degranulated [64]. That reflects the two-fold swelling of lamina propria partly due to local
vasodilatation of the microvasculature whose vessels are swollen, with enlarged endothelial nuclei,
thickened basal laminae, and cells such as eosinophils and basophils emigrating across their walls
into the surrounding tissues [65]: fibrinogen staining provides a rough indicator of the extravasated
vascular fluids.

Current celiac research seems to have lost sight of the influence of mucosal mast cells, their T-cell
dependency [66–68] and contributory roles in the evolutionary genesis of the celiac lesion, especially
within the subepithelial zone, and contributors to the local T-cell-mediated hypersensitivity reaction
to gluten. Computerised morphometry showed that mucosal mast cell populations are increased
2.5 times, eosinophils 4.5 times, and basophils 20-fold over control values, and all gluten dependent.
The influx of eosinophils and basophils through the microvasculature suggests a bone marrow origin.
Mucosal mast cells were never seen in the vascular compartment, so are presumably differentiated
locally, or from incoming precursors not distinguishable histologically.

7. Interpreting the Marsh Classification

The changes noted in this diagram (Figure 5) as the mucosa progresses from villous infiltration to
flattening is illustrated (Figure 5H) by appropriate diagrams (Marsh Stages I through III). It is to this
classification of the mucosal changes that we now pass.

7.1. So-Called “Non-Specificity” of the Marsh I and II Lesions

Many have dismissed early Marsh I and II lesion as ‘non-specific’ [69,70]. On the other hand,
there are those who have understood that Marsh I/II lesions should be investigated prospectively [31],
thus to exclude true glutensensitivity: as these authors summarise—’a raised IEL count with normal
villous architecture is of sufficient clinical importance to be highlighted in routine duodenal biopsy reports’.

To clarify this position for histopathologists, a series of differential diagnoses has been set out by
the Bucharest Consensus [71], under the terminological umbrella of “microscopic enteritis”. It is to
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be hoped that these widelyagreed guidelines will be recognised and employed. And within a family
setting and DQ 2/8 haplotypes, the possibility of celiac disease remains a high probability. Individuals
with these mucosal changes should be closely followed up, or even treated [72], particularly if they have
disabling symptoms associated with malabsorption of important nutrients. Despite a lesser mucosal
involvement there is often considerable abdominal symptomatology and pain, osteoporosis and iron
deficiency anemia, features surely necessitating a gluten-free diet—even only if a defined, agreed,
short-term trial to monitor clinical response and reversal of malabsorptive defects is undertaken. Given
the growing literature, it is now unacceptable to refuse a diet on the grounds that the mucosa is not flat.
By now, it should be widely recognised that there is neither a specific, nor certainly a uniquely related
diagnostic mucosal change.

7.2. Irrelevance of the Marsh III Sub-Classification

The division [73] of the Marsh III lesion into three subdivisions (a, b, c), as a “guide to
histopathologists” has been widely, but surprisingly uncritically, employed. This proposed analytical
system is a failure because of the following flaws:

(a) Absence of appropriate criteria: these subdivisions were never precisely defined morphologically as
verification of the proposed subdivisions. It is interesting to envisage how (and why) so many
histologists thought they were identifying real structures. Even the micrographs illustrated in
a later publication [74] written by histopathologists, for the help of other histologists, failed to
correspond to the originals, again demonstrative of the subjective nature of the whole scheme.

Oberhuber’s approach has now been further degraded by additional studies:

(b) morphological—which highlight the misinterpretations of sectioned mosaic plateaus as supposedly
representing ‘blunted’, ‘degenerate’ ‘villi’ [75];

(c) immunohistochemical—demonstrating that varied sub-immunophenotype IEL are equally
represented in each subdivision, when their density should have increased with the worsening
histological picture alleged to represent each successive stage: a, b, c [76];

(d) mathematical—the regression equations employed by Charlesworth and colleagues failed to
identify the a,b,c subgrades as valid entities for improved pathological recognition [77];

(e) clinical—there appear to be no published accounts in which a gastroenterologist necessarily had
to rely, ultimately and crucially, on the pathologist’s sub-classification of the relevant mucosal
biopsy in order to facilitate diagnosis, treatment, or offer a prognosis for the patients concerned;

(f) generalised usage—finally, given the failure of this attempted reclassification, it seems to follow
that more recently revised classifications of Marsh were based, however, on these sub-divisions,
offering no further decisive clarity. In fact, they could be said to increase complexity and
interpretational difficulties. For example, from a review of relevant papers published over the
last decade, it is abundantly clear that these recent contenders for the job have not surfaced either
as being more useful, more acceptable, or more easily employed. The original classification is as
simple as could be.

7.3. The “Normal” Mucosa

Finally, we come to the interpretation of the ‘normal’ (Marsh Stage 0) mucosa. One problem
concerns origins of specimens—from referred, symptomatic patients or apparently healthy individuals.
There are differences—but which nowadays are rarely considered or explored (see last paragraph:
Immunological Function of Mucosa, above). Second, ‘normality’ is no longer defined, although from
early times, villi were seen as long, pencil-shaped structures 350–600 μm in height [9].

Overriding those relevant considerations, however, is the recognition that ‘normal’ mucosae,
viewed histologically, may be consistent with gluten sensitivity, harbouring abnormalities requiring
additional but difficult technologies for detection, including immunofluorescence of anti-TG antibodies
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on epithelial and microvascular basement membranes [78]; transmission EM detection of necrotic
enterocytes [79,80], or assays of fatty acid binding protein as presumptive indicator of cell death [72].

7.4. Failures in Understanding the Marked Hypertrophic Remodelling Response

The problems arising from the sub-classification of the Marsh III lesion stem from the continuing
belief that mucosal flattening strips every single villus down to the crypt-villus border, supposedly
considered the end-stage of a progressive, atrophic process. There is no morphologic evidence for
that presumption. The changes that involve most of the mucosa (excepting epithelium) represent the
effects of considerable remodelling, embodying a vast hypertrophic response in terms of the upward
growth and enlargement of the inter-villous ridges, and their amalgamation with partially reduced
villi to create irregular mosaic plateaus over the mucosal surface, with height elevations of ~200 μm.

The hypertrophic response is further exemplified by the vast increase in the size of the crypts, their
infiltration by a population of large IEL, and the increased dynamic of the ascending enterocyte column
in its movement towards the surface. The lamina also swells to twice its volume due to extravasation
of plasma fluid through the inflamed capillaries, and great increases in the bulk of infiltrating cells.
This is a complex epithelial-mesenchymal response indeed, and a markedly dynamic hypertrophic
response to gluten.

It seems that this end-phase of mucosal flattening is not generally wellunderstood. As a result,
random sections through the mosaic plateaus create a variety of appearances which histologically
are invariably taken to represent stunted or branched villi. Surface microscopy, however, does not
reveal the presence of any villi, so these structures seen two-dimensionally merely reflect the many
possibilities on offer when a mosaic plateau is observed in any random section.

This state-of-affairs is scarcely helped by current, expert guidelines [81,82] whose authors
collectively provide no incisive practical outcomes from the literature. The guidelines signally fail to
engender the vital cooperative understandings required between pathologist and clinician regarding
mucosal interpretation. In fact, these guidelines do not confidently explore the full spectrum of mucosal
abnormalities of gluten-induced mucosal change, being more at ease with “atrophy” and the flat lesion.
As a result (a) they tend to dismiss all other preliminary phase transitions as “non-specific”; (b) rely
on traditional definitional criteria—that is, ”atrophy”—resulting in a flat mucosa and (c) are hesitant
to recommend a gluten-free diet without that latter criterion, despite a very large literature to the
contrary [31,32,69–72,80,83].

There is a pressing need to reconstruct biopsies with computerised programmes, using either the
systems of indices and matrices employed in computer-assisted design, or by employing 3-D printing.
Such approaches would further expand our understandings of the mucosa, and its internal changes,
especially where the remodelled microvasculature is concerned. If we knew more about the effects of
gluten on the small vessels and how they influence the hypertrophic responses throughout the mucosa,
we might be in a more enviable position to understand how these changes come about—both in their
association with flattening as much as with regrowth. There is much to be re-remembered from the
past, organised from the present, and planned for the future [15].

8. Afterword

Ptolemy may have been a little disgruntled when his geocentric theory was overtaken by the more
ambitious heliocentric-based Copernican view of the universe. Yet it hardly seems time to declare that
celiac disease has become so universalised that the intestinal tract has been side-stepped and no longer
plays a central role in furthering insights into the disease: that seems to us to be a misleading—if
not premature—conclusion.

From all this it should be clearly understood that:

1. there are no (immuno)histologically unique diagnostic features for celiac disease that “absolutely”
distinguish it from other mucosal enteropathies or more importantly, disease-control biopsies;
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2. the spectre of the “normal” mucosa, but which is consistent with true gluten sensitivity, remains
a difficult problem to deal with, including its redefinition;

3. there is considerable overlap between the populations of celiac intraepithelial lymphocyte (IEL)
and controls (Figure 2)—regardless of the identifying technique used;

4. IEL populations do not comprise two separate populations (bimodal), but represent graded
biological outcomes (to luminal antigens), analogous to height, weight, blood pressure or acid
secretion (Figure 3);

5. additionally detailed studies of the dose-response characteristics of the CD3− innate pool of
IEL, and their CD127+ and CD127− components may bring new insights to diagnosis and
mucosal interpretation;

6. ROC curve analysis (Figure 4 and Table 2) provides usable answers which overcome the immense
numerical overlapping between IEL populations, including CD3+ and γδ+ cells, and removes to
a great extent the inherent uncertainty, engendered with numerical counts, as to where to draw
the cut-off;

7. log-transformation of the skewed celiac data does not produce means which materially differ from
the numerical means (data not shown). Together, these results confirm that histopathologists do
not need to log-transform their numerical counts, and that IEL counts in routine hematoxylin and
eosin (H&E)sections can now be seen as a very easy and resourceful way of defining one’s cut-off,
provided receiver-operating characteristic (ROC) curve analysis is additionally carried out;

8. there is a vast cavern between high-level research still needed in continued interrogations of
the mucosal response to gluten ingestion, and the somewhat more unsophisticated approaches
deployable at histopathological level during routine diagnostic service work.

Notwithstanding those difficulties, the tracing of the historical development of our understandings
of the structure and functioning of the small intestinal mucosa is a truly fascinating story. Our own
view is that the mucosa still occupies a very central role in diagnosis and, together with related research,
into its response to gluten peptides.

There is a long list of historic figures who have welded the story of the intestinal mucosa into one
which still causes dissent, re-evaluation, and the pull of additional research initiatives. That is the true
nature of investigative science, and there will surely be more advances to clarify, and to strengthen our
grasp on this important field of gluten-induced hypersensitivity reactions within the intestinal mucosa.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: FODMAP, “Fermentable Oligo-, Di- and Mono-saccharides And Polyols”,
is a heterogeneous group of highly fermentable but poorly absorbed short-chain carbohydrates and
polyols. Dietary FODMAPs might exacerbate intestinal symptoms by increasing small intestinal
water volume, colonic gas production, and intestinal motility. In recent years the low-FODMAP
diet for treatment of irritable bowel syndrome (IBS) has gained increasing popularity. In the present
review we aim to summarize the physiological, clinical, and nutritional issues, suggesting caution in
the prolonged use of this dietary treatment on the basis of the existing literature. The criteria for
inclusion in the FODMAPs list are not fully defined. Although the low-FODMAP diet can have
a positive impact on the symptoms of IBS, particularly bloating and diarrhea, the quality of the
evidence is lower than optimal, due to frequent methodological flaws, particularly lack of a proper
control group and/or lack of blinding. In particular, it remains to be proven whether this regimen
is superior to conventional IBS diets. The drastic reduction of FODMAP intake has physiological
consequences, e.g., on the intestinal microbiome and colonocyte metabolism, which are still poorly
understood. A low-FODMAP diet imposes an important restriction of dietary choices due to the
elimination of some staple foods, such as wheat derivatives, lactose-containing dairy products,
many vegetables and pulses, and several types of fruits. For this reason, patients may be at risk
of reduced intake of fiber, calcium, iron, zinc, folate, B and D vitamins, and natural antioxidants.
The nutritional risk of the low-FODMAP diet may be higher in persons with limited access to the
expensive, alternative dietary items included in the low-FODMAP diet.

Keywords: low-FODMAP diet; irritable bowel syndrome; non-celiac gluten sensitivity; fermentable
sugars; polyols; nutritional risk

1. Introduction

FODMAP, “Fermentable Oligo-, Di- and Mono-saccharides And Polyols”, is a heterogeneous
group of highly fermentable but poorly absorbed short-chain carbohydrates and polyols. The acronym
FODMAP was first coined in 2005 by Gibson and Shepherd at Monash University in Melbourne,
Australia, in a personal view article suggesting a link between the western lifestyle, the intake of
FODMAP-rich foods, and susceptibility to Crohn’s disease [1]. Soon after, the Australian group
focused on the use of a low-FODMAP diet in the treatment of irritable bowel syndrome (IBS) [2],
and in one of their most influential papers they showed that symptom improvement in patients with
IBS and suspected non-celiac gluten sensitivity (NCGS) was not related to gluten avoidance, but to the
concomitant reduction of FODMAP intake determined by the gluten-free diet (GFD). Interestingly, that
study was double-blinded and placebo-controlled for the gluten challenge, but not for the reduction of
dietary FODMAPs [3]. In recent years the putative role of FODMAPs in IBS has gained wide popularity
in the general public and the subject has been addressed in books promoting the low-FODMAP diet
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and related recipes [4]. The recently revised British Dietetic Association (BDA) guidelines for the
dietary management of IBS recommend the low-FODMAP diet as the second-line intervention in
IBS patients [5]. A 2016 meta-analysis supports the efficacy of a low-FODMAP diet in the treatment
of functional gastrointestinal symptoms [6]. Treatment with the low-FODMAP diet has also been
advocated for diverticulitis [7], exercise-induced gastrointestinal symptoms [8], and inflammatory
bowel diseases [9]. Although these studies indicate that a subgroup of patients with IBS may benefit
from eating less highly fermentable sugars, i.e., the low-FODMAP diet [6], there are still several open
questions regarding the physiology, the efficacy, and the safety of this dietary treatment.

In this paper the physiological, clinical, and nutritional issues suggesting caution in the prolonged
use of the low-FODMAP diet will be summarized on the basis of the existing literature. The literature
search was conducted in the PubMed MEDLINE and SCOPUS databases using the term “FODMAP”
and “irritable bowel syndrome”, and only articles in English were extracted. We identified 98 papers,
and selected 17 prospective, intervention trials for analysis.

2. What Is FODMAP?

FODMAP is not a single entity, but a group of compounds, including oligosaccharides
(fructans, fructo-oligosaccharides = FOS and galacto-oligosaccharides = GOS), disaccharides
(lactose), monosaccharides (fructose), and polyols (sorbitol, mannitol, maltitol, xylitol, polydextrose,
and isomalt). The list of dietary sugar alcohols (polyols) includes tens of compounds used widely
and unpredictably by the food industry as thickeners and sweeteners. Lactose belongs to FODMAPs
only in individuals showing non-persistence of high lactase levels, which is a highly variable
percentage of subjects in different populations. On the other hand, lactulose is an orally administered,
non-absorbable disaccharide that is used in the treatment of constipation, a problem affecting many
patients with IBS, and should definitely be avoided in subjects undergoing the FODMAP exclusion.

The FODMAP definition is based on functional instead of biochemical characteristics: being
poorly absorbable and highly fermentable in the intestine is the common denominator of FODMAPs.
They might exacerbate IBS symptoms through various mechanisms, such as increasing small intestinal
water volume, colonic gas production, and intestinal motility. Conversely, FODMAPs have important
physiological effects: they increase stool bulk, enhance calcium absorption and modulate immune
function, and decrease the levels of serum cholesterol, triacylglycerols, and phospholipids. They
selectively stimulate the growth of some microbial groups such as Bifidobacteria (prebiotic effect) [10].
Due to their capacity to stimulate the growth of nonpathogenic intestinal microflora, FOS and GOS are
increasingly included in food products and infant formulas [11]. Fermentation of small, fermentable
carbohydrates in the colon results in the production of short-chain fatty acids (SCFAs = acetate,
propionate, and butyrate) that have a trophic effect on the colonocyte metabolism by increasing energy
production and cell proliferation, and protecting against colon cancer [12,13]. All of the above positive
effects are obviously lost with the low-FODMAP diet.

The boundaries of a low-FODMAP diet are not perfectly known. The appreciable work of the
Melbourne group produced some analytical tables on the food content of specific FODMAPs [14–16],
however, (a) many commercial items are missing in this list; and (b) the content of FODMAPs in
vegetables is highly variable, e.g., according to the degree of maturation [17]. Furthermore, the possible
interactions between FODMAPs and other nutrients are still unclear.

Finally, how much is a “normal” and how much is a low FODMAP intake? This has not yet been
defined in quantitative terms.

3. Efficacy of the Low-FODMAP Diet: What Is the Quality of the Evidence?

Table 1 reports the clinical trials that are available in the literature on the effect of a low-FODMAP
diet in IBS patients [3,18–33]. In general, most studies and one meta-analysis [6] have shown that
IBS symptoms, particularly bloating and abdominal pain, may benefit from this treatment. However,
the quality of the evidence is lower than optimal in our opinion, due to frequent methodological
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flaws, particularly a lack of a proper control group and/or lack of blinding, as shown in the last
column of Table 1. The finding that the low-FODMAP diet improves IBS symptoms in comparison
with a normal diet does not prove that this treatment is superior to the conventional IBS dietary
intervention, e.g., the restriction of high-fiber food, resistant starch, fresh fruit, coffee, tea, alcohol, fizzy
drinks and sorbitol, as recommended by the British National Institute for Health and Care Excellence
(NICE) guidelines [34].

Indeed, studies comparing the efficacy of the low-FODMAP diet vs. proper dietary advice for IBS
did not show a clear-cut advantage of the low-FODMAP diet: (a) in a US trial, 40%–50% of patients
reported adequate relief of their IBS with diarrhea symptoms with the low-FODMAP diet or a diet
based on modified NICE guidelines, even though the low-FODMAP diet led to significantly greater
improvement in individual IBS symptoms, particularly pain and bloating, compared with the NICE
diet [31]; (b) in a Swedish study the severity of IBS symptoms was reduced in both the low-FODMAP
and the conventional IBS diet groups, at the end of a four-week period of treatment [26].

Due to the lack of a biomarker of “FODMAP intolerance”, the gold standard for proving the
causal role of FODMAP, as well as other food intolerances/allergies, remains the double-blind
placebo-controlled (DBPC) challenge. Three FODMAP challenge studies showed that high doses
of fructose or fructans significantly worsen IBS symptoms [18,32,33]. Another randomized, DBPC
study showed that gastrointestinal symptoms increased significantly after sorbitol and mannitol
ingestion in patients with IBS compared to controls [14]. No DBPC challenge study is available for
other FODMAPs or a mixed FODMAP-containing diet.

The duration of treatment with the low-FODMAP diet is rather short in the majority of published
studies. This is a limitation for the evaluation of the low-FODMAP diet’s long-term efficacy. IBS is
a chronic/recurrent condition but this treatment is difficult to maintain over time, due to many food
exclusions. In a recent follow-up study of patients with IBS or inflammatory bowel disorder (IBD)
treated with the low-FODMAPs diet, only one-third were still adherent to the diet after a median
follow-up of 18 months [35]. The inventors of the low-FODMAP diet suggest an “all-FODMAP” free
diet for two months followed by a serial challenge with one FODMAP per week (so called FODMAP
reintroduction plan) [4]. Not only is the rationale of this challenge unclear, given that the physiological
effects of FODMAP are not expected to change in such a short period of time, but also unpractical,
since the list of food to reintroduce on a weekly basis is extremely long.

216



Nutrients 2017, 9, 292

T
a

b
le

1
.

C
lin

ic
al

tr
ia

ls
on

th
e

ef
fe

ct
of

lo
w

-F
O

D
M

A
P

di
et

in
IB

S
pa

ti
en

ts
.

F
ir

st
A

u
th

o
r,

Y
e
a
r

P
a
ti

e
n

ts
n

S
tu

d
y

D
e
si

g
n

D
ie

t
D

u
ra

ti
o

n
R

e
su

lt
s

C
o

m
m

e
n

t
o

n
th

e
S

tu
d

y
D

e
si

g
n

Sh
ep

he
rd

et
al

.[
18

]
Pa

ti
en

ts
w

it
h

IB
S

n
=

25
Lo

w
-F

O
D

M
A

P
di

et
fo

llo
w

ed
by

D
BP

C
cr

os
so

ve
r

ch
al

le
ng

e
w

it
h

fr
uc

to
se

an
d

fr
uc

ta
ne

2
w

ee
ks

70
%

of
pa

ti
en

ts
re

ce
iv

in
g

fr
uc

to
se

,7
7%

re
ce

iv
in

g
fr

uc
ta

ns
,a

nd
79

%
re

ce
iv

in
g

a
m

ix
tu

re
re

po
rt

ed
sy

m
pt

om
s

w
er

e
no

t
ad

eq
ua

te
ly

co
nt

ro
lle

d,
co

m
pa

re
d

w
it

h
14

%
re

ce
iv

in
g

gl
uc

os
e

O
nl

y
so

m
e

FO
D

M
A

Ps
w

er
e

te
st

ed
in

th
is

st
ud

y

St
au

da
ch

er
et

al
.[

19
]

C
on

se
cu

ti
ve

pa
ti

en
ts

w
it

h
IB

S
I=

43
C

=
39

Lo
w

FO
D

M
A

P
vs

.s
ta

nd
ar

d
IB

S
di

et
9

m
on

th
s

Im
pr

ov
ed

sa
tis

fa
ct

io
n

an
d

IB
S

sc
or

e
in

Ig
ro

up
La

ck
of

ra
nd

om
iz

at
io

n

St
au

da
ch

er
et

al
.[

20
]

Pa
ti

en
ts

w
it

h
IB

S
I=

19
C

=
22

R
C

T,
Lo

w
FO

D
M

A
Ps

vs
.h

ab
it

ua
ld

ie
t

1
w

ee
ks

M
or

e
pa

ti
en

ts
in

th
e

in
te

rv
en

ti
on

gr
ou

p
re

po
rt

ed
ad

eq
ua

te
co

nt
ro

lo
fs

ym
pt

om
s

(6
8%

)
co

m
pa

re
d

w
it

h
co

nt
ro

ls
(2

3%
)

La
ck

of
bl

in
di

ng

Bi
es

ie
ki

er
sk

ie
ta

l.
[3

]
Pa

ti
en

ts
w

it
h

N
C

G
S

an
d

IB
S

n
=

37
Lo

w
-F

O
D

M
A

P
di

et
fo

llo
w

ed
by

D
BP

C
cr

os
so

ve
r

ch
al

le
ng

e
w

it
h

gl
ut

en
3

w
ee

ks
Im

pr
ov

em
en

tw
it

h
lo

w
FO

D
M

A
P

di
et

,
no

ch
an

ge
be

tw
ee

n
gl

ut
en

an
d

pl
ac

eb
o

ch
al

le
ng

e

La
ck

of
co

nt
ro

la
nd

no
bl

in
di

ng
du

ri
ng

th
e

lo
w

FO
D

M
A

P
di

et

D
e

R
oe

st
et

al
.[

21
]

co
ns

ec
ut

iv
e

pa
ti

en
ts

w
it

h
IB

S
n

=
90

O
pe

n,
lo

w
FO

D
M

A
P

di
et

16
m

on
th

s
Im

pr
ov

em
en

to
fp

re
-s

tu
dy

sy
m

pt
om

La
ck

of
co

nt
ro

lg
ro

up

H
al

m
os

et
al

.[
22

]
Pa

ti
en

ts
w

it
h

IB
S

an
d

co
nt

ro
ls

I=
30

C
=

8
R

an
do

m
iz

ed
,c

ro
ss

ov
er

,l
ow

-F
O

D
M

A
P

di
et

vs
.t

yp
ic

al
A

us
tr

al
ia

n
di

et
3

w
ee

ks
Lo

w
er

ov
er

al
lg

as
tr

oi
nt

es
ti

na
ls

ym
pt

om
sc

or
es

w
hi

le
on

a
di

et
lo

w
in

FO
D

M
A

Ps
La

ck
of

bl
in

di
ng

Pe
de

rs
en

et
al

.[
23

]
Pa

ti
en

ts
w

it
h

IB
S

I 1
=

42
I 2

=
41

C
=

40

R
an

do
m

iz
ed

,c
on

tr
ol

le
d

tr
ia

lc
om

pa
ri

ng
th

e
lo

w
FO

D
M

A
P

di
et

,t
re

at
m

en
tw

it
h

La
ct

ob
ac

ill
us

G
G

or
a

co
nt

ro
ld

ie
t

6
w

ee
ks

Bo
th

th
e

lo
w

FO
D

M
A

P
di

et
an

d
tr

ea
tm

en
tw

it
h

La
ct

ob
ac

ill
us

G
G

w
er

e
si

m
ila

rl
y

ef
fe

ct
iv

e
La

ck
of

bl
in

di
ng

C
hu

m
pi

ta
zi

et
al

.[
24

]
C

hi
ld

re
n

w
it

h
IB

S
n

=
33

R
an

do
m

iz
ed

,d
ou

bl
e-

bl
in

d,
cr

os
so

ve
r

tr
ia

l,
ch

ild
re

n
w

it
h

R
om

e
II

II
BS

co
m

pl
et

ed
a

on
e-

w
ee

k
ba

se
lin

e
pe

ri
od

.
Th

ey
th

en
w

er
e

ra
nd

om
is

ed
to

a
lo

w
FO

D
M

A
P

di
et

or
ty

pi
ca

lA
m

er
ic

an
ch

ild
ho

od
di

et

2
da

ys
Le

ss
ab

do
m

in
al

pa
in

oc
cu

rr
ed

du
ri

ng
th

e
lo

w
FO

D
M

A
P

di
et

vs
.t

yp
ic

al
di

et

C
om

pl
et

e
bl

in
di

ng
un

lik
el

y.
Sh

or
td

ur
at

io
n

of
ch

al
le

ng
e

(t
w

o
da

ys
)

W
hi

gh
am

et
al

.[
25

]
Pa

ti
en

ts
w

it
h

IB
S

n
=

36
5

Ev
al

ua
ti

on
of

lo
w

FO
D

M
A

P
di

et
ad

m
in

is
te

re
d

in
a

di
et

it
ia

n-
le

d
gr

ou
p

ed
uc

at
io

n
or

tr
ad

it
io

na
l

on
e-

to
-o

ne
ed

uc
at

io
n

6
w

ee
ks

Si
gn

ifi
ca

nt
de

cr
ea

se
in

sy
m

pt
om

se
ve

ri
ty

fr
om

ba
se

lin
e

to
fo

llo
w

-u
p

fo
r

bo
th

gr
ou

ps
bu

tn
o

di
ff

er
en

ce
in

sy
m

pt
om

re
sp

on
se

be
tw

ee
n

gr
ou

p
an

d
on

e-
to

-o
ne

ed
uc

at
io

n

La
ck

of
a

co
nt

ro
lg

ro
up

;n
o

ra
nd

om
iz

at
io

n

Bö
hn

et
al

.[
26

]
Pa

ti
en

ts
w

it
h

IB
S

I=
33

C
=

34

M
ul

ti
-c

en
te

r,
pa

ra
lle

l,
si

ng
le

-b
lin

d
st

ud
y.

Su
bj

ec
ts

w
er

e
ra

nd
om

ly
as

si
gn

ed
to

fo
r

fo
ur

w
ee

ks
to

a
lo

w
-F

O
D

M
A

P
or

st
an

da
rd

IB
S

di
et

4
w

ee
ks

Th
e

se
ve

ri
ty

of
IB

S
sy

m
pt

om
s

w
as

re
du

ce
d

in
bo

th
gr

ou
ps

du
ri

ng
th

e
in

te
rv

en
ti

on
in

bo
th

gr
ou

ps
be

fo
re

vs
.a

tt
he

en
d

of
th

e
fo

ur
-w

ee
k

di
et

,w
it

ho
ut

a
si

gn
ifi

ca
nt

di
ff

er
en

ce
be

tw
ee

n
th

e
gr

ou
ps

Si
ng

le
bl

in
di

ng

217



Nutrients 2017, 9, 292

T
a

b
le

1
.

C
on

t.

F
ir

st
A

u
th

o
r,

Y
e
a
r

P
a
ti

e
n

ts
n

S
tu

d
y

D
e
si

g
n

D
ie

t
D

u
ra

ti
o

n
R

e
su

lt
s

C
o

m
m

e
n

t
o

n
th

e
S

tu
d

y
D

e
si

g
n

M
cI

nt
os

h
K

et
al

.[
27

]
Pa

ti
en

ts
w

it
h

IB
S

I=
19

C
=

18

C
on

tr
ol

le
d,

si
ng

le
bl

in
d

st
ud

y
w

it
h

ra
nd

om
iz

at
io

n
to

a
lo

w
or

hi
gh

-F
O

D
M

A
P

di
et

fo
r

th
re

e
w

ee
ks

3
w

ee
ks

Th
e

IB
S

se
ve

ri
ty

sy
m

pt
om

sc
or

e
(S

SS
)w

as
re

du
ce

d
in

th
e

lo
w

-F
O

D
M

A
P

di
et

gr
ou

p
bu

t
no

tt
he

hi
gh

-F
O

D
M

A
P

gr
ou

p
Si

ng
le

bl
in

di
ng

Pe
te

rs
et

al
.[

28
]

Pa
ti

en
ts

w
it

h
IB

S
I 1

=
25

I 2
=

24
I 3

=
25

C
on

se
cu

ti
ve

pa
ti

en
ts

w
er

e
ra

nd
om

is
ed

to
re

ce
iv

e
hy

pn
ot

he
ra

py
,l

ow
-F

O
D

M
A

P
di

et
or

a
co

m
bi

na
ti

on
6

w
ee

ks

Im
pr

ov
em

en
ts

in
ov

er
al

ls
ym

pt
om

s
w

er
e

ob
se

rv
ed

fr
om

ba
se

lin
e

to
w

ee
k

si
x

fo
r

hy
pn

ot
he

ra
py

,d
ie

ta
nd

co
m

bi
na

ti
on

w
it

h
no

di
ff

er
en

ce
ac

ro
ss

gr
ou

ps

N
o

co
nt

ro
lg

ro
up

,
no

bl
in

di
ng

La
at

ik
ai

ne
n

et
al

.[
29

]
Pa

ti
en

ts
w

it
h

IB
S

n
=

87

ra
nd

om
is

ed
do

ub
le

bl
in

d
co

nt
ro

lle
d

cr
os

s-
ov

er
st

ud
y.

Pa
rt

ic
ip

an
ts

w
er

e
su

pp
lie

d
w

it
h

bo
th

re
gu

la
r

ry
e

br
ea

d
an

d
lo

w
-F

O
D

M
A

P
ry

e
br

ea
d

fo
r

fo
ur

w
ee

ks

4
w

ee
ks

M
an

y
si

gn
s

of
IB

S
w

er
e

m
ild

er
on

th
e

lo
w

-F
O

D
M

A
P

ry
e

br
ea

d
bu

tn
o

di
ff

er
en

ce
s

w
er

e
de

te
ct

ed
in

IB
S-

SS
S

or
qu

al
it

y
of

lif
e

W
el

l-
de

si
gn

ed
st

ud
y;

on
ly

ry
e

FO
D

M
A

Ps
w

er
e

te
st

ed

V
al

eu
r

et
al

.[
30

]
Pa

ti
en

ts
w

it
h

IB
S

n
=

63
C

on
se

cu
ti

ve
pa

ti
en

ts
pa

rt
ic

ip
at

in
g

in
a

fo
ur

-w
ee

k
FO

D
M

A
P-

re
st

ri
ct

ed
di

et
4

w
ee

ks
Fo

llo
w

in
g

th
e

di
et

ar
y

in
te

rv
en

ti
on

,I
BS

-S
SS

sc
or

es
im

pr
ov

ed
si

gn
ifi

ca
nt

ly
La

ck
of

co
nt

ro
lg

ro
up

,a
nd

la
ck

of
bl

in
di

ng

Es
w

ar
an

et
al

.[
31

]
Pa

ti
en

ts
w

it
h

IB
S-

D
I 1

=
45

I 2
=

39

Si
ng

le
-c

en
te

r,
ra

nd
om

iz
ed

-c
on

tr
ol

le
d

tr
ia

lc
om

pa
ri

ng
a

lo
w

-F
O

D
M

A
P

w
it

h
th

e
m

N
IC

E
di

et
fo

r
fo

ur
w

ee
ks

.
4

w
ee

ks

40
%

–5
0%

of
pa

ti
en

ts
re

po
rt

ed
ad

eq
ua

te
re

lie
f

of
th

ei
r

IB
S-

D
sy

m
pt

om
s

w
it

h
th

e
lo

w
-F

O
D

M
A

P
di

et
or

a
di

et
ba

se
d

on
m

od
ifi

ed
N

IC
E

gu
id

el
in

es
.T

he
lo

w
-F

O
D

M
A

P
di

et
le

d
to

si
gn

ifi
ca

nt
ly

gr
ea

te
r

im
pr

ov
em

en
t

in
in

di
vi

du
al

IB
S

sy
m

pt
om

s,
pa

rt
ic

ul
ar

ly
pa

in
an

d
bl

oa
ti

ng

La
ck

of
bl

in
di

ng

M
aj

or
et

al
.[

32
]

Pa
ti

en
ts

w
it

h
IB

S
n

=
58

Th
re

e-
pe

ri
od

,c
ro

ss
-o

ve
r

st
ud

y
w

it
h

a
si

ng
le

do
se

of
hi

gh
-o

r
lo

w
-F

O
D

M
A

P
dr

in
k

1
da

y

M
or

e
pa

ti
en

ts
re

ac
he

d
th

e
pr

ed
efi

ne
d

sy
m

pt
om

th
re

sh
ol

d
af

te
r

in
ta

ke
of

in
ul

in
or

fr
uc

to
se

th
an

gl
uc

os
e.

C
on

tr
ol

s
ha

d
lo

w
er

sy
m

pt
om

sc
or

es
du

ri
ng

th
e

pe
ri

od
af

te
r

dr
in

k
co

ns
um

pt
io

n,
de

sp
ite

si
m

ila
r

M
R

Ip
ar

am
et

er
s

an
d

br
ea

th
hy

dr
og

en
re

sp
on

se
s

La
ck

of
bl

in
di

ng

H
us

to
ft

et
al

.[
33

]
Pa

ti
en

ts
w

it
h

IB
S

n
=

20

A
ft

er
th

re
e

w
ee

ks
of

lo
w

-F
O

D
M

A
P

pa
ti

en
ts

w
er

e
ra

nd
om

iz
ed

an
d

do
ub

le
-b

lin
dl

y
as

si
gn

ed
to

re
ce

iv
e

a
su

pp
le

m
en

to
fe

it
he

r
FO

S
(F

O
D

M
A

P)
or

m
al

to
de

xt
ri

n
(p

la
ce

bo
)f

or
th

e
ne

xt
10

da
ys

,f
ol

lo
w

ed
by

a
th

re
e-

w
ee

k
w

as
ho

ut
pe

ri
od

be
fo

re
cr

os
so

ve
r

10
da

ys

Ir
ri

ta
bl

e
bo

w
el

sy
nd

ro
m

e
sy

m
pt

om
s

co
ns

is
te

nt
ly

im
pr

ov
ed

af
te

r
th

re
e

w
ee

ks
of

lo
w

FO
M

A
P,

an
d

si
gn

ifi
ca

nt
ly

m
or

e
pa

rt
ic

ip
an

ts
re

po
rt

ed
sy

m
pt

om
re

lie
fi

n
re

sp
on

se
to

pl
ac

eb
o

th
an

FO
S

O
nl

y
on

e
ty

pe
of

FO
D

M
A

P
w

as
in

ve
st

ig
at

ed
in

th
is

st
ud

y

FO
D

M
A

P:
Fe

rm
en

ta
bl

e
O

lig
o-

,D
i-

an
d

M
on

o-
sa

cc
ha

ri
de

s
A

nd
Po

ly
ol

s;
IB

S:
Ir

ri
ta

bl
e

bo
w

el
sy

nd
ro

m
e;

IB
S-

D
:I

rr
ita

bl
e

bo
w

el
sy

nd
ro

m
e

w
ith

di
ar

rh
ea

;R
C

T:
ra

nd
om

iz
ed

co
nt

ro
lle

d
tr

ia
l;

N
C

G
S:

no
n

ce
lia

c
gl

u
te

n
se

ns
it

iv
it

y;
D

B
P

C
:d

ou
bl

e-
bl

in
d

p
la

ce
bo

-c
on

tr
ol

le
d

;I
:i

nt
er

ve
nt

io
n;

C
:c

on
tr

ol
;S

SS
:s

ev
er

it
y

sy
m

p
to

m
sc

or
e;

N
IC

E
:N

at
io

na
lI

ns
ti

tu
te

fo
r

H
ea

lt
h

an
d

C
ar

e
Ex

ce
lle

nc
e;

FO
S:

fr
uc

to
-o

lig
os

ac
ch

ar
id

es
;G

O
S:

ga
la

ct
o-

ol
ig

os
ac

ch
ar

id
es

.

218



Nutrients 2017, 9, 292

4. Is a Low-FODMAP Diet a Safe Approach?

The drastic reduction of FODMAP intake could have consequences that are still poorly understood
on (a) the colonocyte metabolism (see Paragraph 2), (b) the intestinal microbiota, and (c) the
nutritional status.

There is good evidence supporting the concept that the intestinal microbiota is perturbed
in patients with IBS. Several recent studies have reported an increase in the relative abundance
of Firmicutes, mainly Clostridium cluster XIVa, and Ruminococcaceae, together with a reduction
in the relative abundance of Bifidobacteria. A lower diversity and a higher instability of the
microbiota in IBS patients compared to controls have also been reported [36]. A low-FODMAP
diet paradoxically does not correct these microbiota modifications, but induces similar changes,
i.e., reducing the Bifidobacteria counts [20], and the total bacterial abundance [22], while increasing
the abundance of Ruminococcacae [36]. This dietary treatment induces decreased levels of fecal
Faecalibacterium prausnitzii and total SCFAs/n-butyric acid [33]. Extensive analyses of microbiota
composition, functionality, and fermentation products in relation to symptom generation are currently
lacking. Finally, the long-term effects of the microbiota changes induced by the low-FODMAP diet,
if any, remain to be determined.

A low-FODMAP diet imposes an important restriction of dietary choices due to the elimination
of some staple foods, such as wheat derivatives, lactose-containing dairy products, many vegetables
and pulses, and several types of fruits (Table 2).

Table 2. Common food that need to be excluded from the low-FODMAP diet.

Food Type To be Excluded (High-FODMAP Content)

Cereals and their derivatives Wheat, barley, rye

Legumes All (lentils, beans, chickpeas, soy, peas)

Vegetables Artichokes, asparagus, cauliflower, garlic, leeks, mushrooms, onions,
scallions, shallots, snow peas

Fruit
Apples, apricots, Asian pears, blackberries, cherries, figs, jackfruit,
mangoes, nectarines, peaches, pears, persimmon, plums, prunes,

tamarillo, watermelon, white peaches, grape

Dairy products Regular milk, ice cream, soft cheeses, yogurt

Despite the lack of studies on the long-term nutritional consequences of the low-FODMAP
diet, possible risks of this treatment may be inferred from data available for other exclusion diets.
As for cereal intake, the exclusion of wheat, rye, and barley is the same as the gluten-free diet (GFD)
used for celiac disease treatment. Nutritional surveys have shown that subjects on a GFD may
be at risk of reduced intake of fiber, calcium, iron, zinc, folate, and other B-group vitamins [37].
A deficient intake of dietary fiber may be expected to occur even more frequently on the low-FODMAP
diet, due to a significant restriction of other fiber sources, such as fruit, vegetables, and legumes.
The consequences of a fiber-poor diet may be particularly deleterious in subjects complaining of
constipation as a manifestation of IBS. The restriction of lactose-containing dairy products may
enhance the tendency to poor calcium availability since (a) these items are a primary source of calcium;
and (b) the promoting effect of lactose on calcium absorption is lost [38,39]. A low-FODMAP diet may
also be poor in natural antioxidants, such as flavonoids, carotenoids, and vitamin C contained in some
FODMAP-rich vegetables (e.g., cauliflower, onion, garlic), or phenolic acid and anthocyanins present
in fruits and blackberries. Wheat (which is excluded from the low-FODMAP diet) is a major source
of phenolic acids, such as ferulic acid, caffeic acid, p-coumaric acid, p-hydroxybenzoic acid, vanillic
acid, and protocatechuic acid [40]. Finally, the exclusion of dairy products in a low-FODMAP diet may
favor a vitamin D deficiency [41].
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We speculate that the nutritional risk of the low-FODMAP diet, in the long term, may follow
an inverse socio-economic gradient, since persons with economical restraints may have limited access
to many of the expensive, alternative dietary items included in the low-FODMAP diet (e.g., berries,
exotic fruit, and pseudo-cereals).

5. Conclusions

The low-FODMAP diet can have a positive impact on the symptoms of IBS, particularly bloating
and diarrhea. However, it remains to be proven whether this regimen is superior to conventional
IBS diets. The drastic reduction of FODMAP intake could have physiological consequences on the
colonocyte metabolism, the intestinal microbiota, and the nutritional status, which need further
investigation. Based on our review, it might be helpful to consider the use of nutritional supplements
to avoid possible deficiencies induced by a strict low-FODMAP diet over the long term.
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Abstract: A gluten-free diet (GFD) is the safest treatment modality in patient with coeliac disease (CD)
and other gluten-related disorders. Contamination and diet compliance are important factors behind
persistent symptoms in patients with gluten related-disorders, in particular CD. How much gluten
can be tolerated, how safe are the current gluten-free (GF) products, what are the benefits and side
effects of GFD? Recent studies published in Nutrients on gluten-free products’ quality, availability,
safety, as well as challenges related to a GFD are discussed.

Keywords: gluten-free diet; coeliac disease; non-coeliac gluten sensitivity

1. Editorial

Gluten-free diets hit centre stage in the early 1990s, and universally changed our food culture.
Not only was there interest in coeliac disease (CD) [1], but there was also a resurgence of interest
in the other gluten-related disorders [2,3]. Current evidence suggests that gluten and other wheat
proteins play an important role in triggering symptoms in some people without CD [4]. There has
been a rapid increase in dietary interest to use it as a treatment modality in the management of both
irritable bowels syndrome (IBS) and functional bowel disorders. This strategy has evolved as a result
of improvements in our understanding of how these grains induced pathogenicity [5,6]. The grains
that contain gluten seem to have the potential of antigenicity, relating not only to the gluten itself [7]
but also to their other proteins and additives. Junker et al. suggest that α-amylase/trypsin inhibitors
(ATIs) in wheat represent strong activators of innate immune responses in monocytes, macrophages,
and dendritic cells [8]. Therefore, a large proportion of the world’s population is currently avoiding
gluten-containing grains for a variety of different reasons; including sensitivities, intolerances, and
allergic reactions (Figure 1).

Gluten intake, in particular prolamin, is a well-known triggering antigen that initiates adaptive
T cells (Th1-mediated) immune response in individuals carrying HLA-DQ2 or HLA-DQ8 against
small bowel cells. This in turn leads to an architectural distortion in CD. Epithelial cell damage is
the first event to occur within the small bowel, leading to antigen increased intestinal permeability
and malabsorption (even in the absence of severe inflammation). Some studies suggest gluten may
affect diabetes development by influencing proportional changes in immune cell populations or
by modifying the cytokine/chemokine pattern towards an inflammatory profile. Gluten-induced
intestinal inflammation might in fact play a primary role in the pathogenesis of type 1 diabetes,

Nutrients 2017, 9, 846 223 www.mdpi.com/journal/nutrients



Nutrients 2017, 9, 846

by islet-infiltrating T cells expressing gut-associated homing receptors [9]. This is why untreated CD
increases the risk for other autoimmune disorders and long-term complications.

People 0n GFD

Sensitivities to: 
grain's proteins, 

ATIs, Gluten allergy

NCGS with or without 
enteropathy, +ve or 

negative HLA, 

Individuals with 
weakly +ve tTG, 

AGA, EMA

Coeliac 
disease

Figure 1. Gluten-related disorder, tTG: Tissue transglutaminase antibodies, AGA: Antigliadin antibodies,
EMA: Endomysial antibodies, NCGS: Non-coeliac gluten sensitivity, ATIs: Amylase/trypsin inhibitors.

Gluten cannot be hidden in foods nowadays, as allergen labelling was introduced in the European
Union (EU) in 2005. Now all wheat, rye, barley, and oat ingredients must be listed in the ingredients list.
The amount of gluten capable of initiating an antigenic reaction has been estimated to be >20 mg/kg
(or parts per million = ppm) of gluten, and contamination below 20 ppm is considered safe over a
wide range of foods in daily consumption.

The EU gluten-free legislation published in 2009 and regulated in 2012 specifies two
levels—gluten-free (≤20 ppm/mg/kg) and low gluten (21–100 ppm/mg/kg), but in practice only the
gluten-free standard is applied. If products do not have any gluten-containing ingredients, then an
associated threshold would not be necessary.

2. How Do Gluten-Free Products Compare to a Normal Diet?

Coeliac disease was a difficult diagnosis to live with 20 years ago. This was largely due to the
limited range of gluten-free products available to coeliac patients as well as the generally poor quality
of these products.

Over recent years, the gluten-free food business has become a major industry and has gained
enormous popularity with both coeliac and non-coeliac individuals, as there have been improvements
in both the range of foods available and their overall palatability. Despite some concerns about potential
side effects of GFD, the current evidence suggests that there is no need to be concerned as long as it
proves beneficial in controlling symptoms and improving the quality of life. Some individuals consider
GFD to be a very balanced and healthy diet, especially if gluten-free wholegrains are consumed, whilst
others find it useful for weight control due to its restrictive nature.

GFD is not recommended for the general population, and there is no evidence that it is beneficial
in non-symptomatic non-coeliac individuals. Instead, there are some concerns raised relating to its
nutritional value. Recent studies suggest that GFDs might be a risk factor for metabolic syndrome [10].
They state that the nutritional composition of processed gluten–free food items may include high levels
of lipids, sugars, and salt [11]. Saturni et al. report that a gluten-free diet may not guarantee adequate
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nutritional intake and that 20–38% of coeliac patients experience nutritional deficiencies that include
proteins, dietary fibres, minerals, and vitamins [12]. It is unclear if persistent malabsorption syndrome
accounts for some part of these deficiencies. For instance, secondary lactose intolerance might be one
of the factors contributing toward vitamin D deficiency in CD [13].

Contrary to this, gluten-free substitute foods are not necessarily higher in sugar or lower in
fibre according to Coeliac UK. There have been improvements in the quality of gluten-free products,
such as the development of a broader range of fresh gluten-free items as well as products higher
in fat, increasing palatability. There is, however, still room for improving the nutritional value and
component qualities of gluten-free products.

It should be remembered that any treatment modality, including diet, might potentially have
undesirable effects. Furthermore, this information, when available, should be highlighted to potential
candidates [14]. If we compare the side effects of GF products with the drugs licenced to treat irritable
bowel syndrome (IBS) and their enormous cost, a treatment with GFD is much less toxic and patients
are able to tailor their personal dietary preferences with a little guidance [15]. Education is a key factor
in achieving a much healthier dietary balance. A dietetic consultation or any consultation where food
and diet are discussed should not entirely focus on the elimination of gluten, but also provide guidance
for healthy choices based on the individual’s needs.

Health professionals should also be mindful that a high sugar and fat content are not only found
in some GF products, but are common in many other foods as well, indicating that the general
population not on GFD is also exposed to a wide range of high calorie products and risks for metabolic
syndrome. Ultimately, genetics and lifestyle factors, regardless of gluten intake, have the most
significant influence in preventing or acquiring morbid obesity. Health professionals are most likely
aware that the prevalence of obesity is unfortunately increasing in both coeliac and non-coeliac
populations [16,17]. Once again, this highlights how education and the promotion of a healthier
lifestyle is a public health priority for both the general population and gluten-sensitive individuals.

3. Cost and Availability

Gluten-free now constitutes a major food industry due to its popularity among not only CD
patients but also individuals with other gluten-related conditions (Figure 1). The cost of living for
patients following a GFD is much higher and it is quite challenging for people with a lower income to
purchase the products without government support.

The products available to some in the UK on prescription may also not be easily available for
purchase off-the-shelf, and it should be noted there is now a trend for GF prescription to be withdrawn,
indicating that some patients are affected due to the lack of affordability. From a patient’s perspective,
the availability of GF products does not always square with accessibility, i.e., being at the shop shelf
at the point of need. The government’s support with prescription products has been a significant
encouragement and support for patients, and withdrawing the prescription for the limited amount of
permitted, prescribed food may result in reduced diet compliance, leading to increased complications
and higher expenses for the healthcare system in the long term.

4. Safety and Contamination

Despite the availability of numerous GF products in the current market, maintaining a GFD is
still challenging for many patients. Therefore, dietary transgressions of GFD is a major factor for
refractory symptoms and persistently abnormal histology. Still, it should be noted that recently there
have been substantial improvements in the commercial availability of a variety of GF products that
offer a wide range of choices to gluten-sensitive people. Reassuringly, a recent study demonstrates that
the safety profile of these products is improving thanks to quality assurance legislations. This recent
study published in Nutrients analyses the contamination risk and changes in the gluten content of an
impressive number of GF products (3141) from 1998 to 2016 [18,19]. The former is one of the largest
published studies presenting data from food samples collected over an 18-year period.
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The time period covers a lot of change in terms of the standard for gluten-free products in addition
to the introduction of different methodologies for the analysis of gluten-free products, which may help
to explain some of the idiosyncrasies in the data analysis and reporting over the period. The Codex
standard for gluten-free changed in 2008, and was prefaced by agreement on the R5 Mendez method
for the analysis of gluten in 2005–2016, endorsed by the Codex Committee on Methodology and
Analysis. Eight useful food categories are identified, and the authors demonstrate that cereal-based
foods for people with CD are becoming safer.

It is, however, concerning that in the period of 2013–2016 there were increases in the number of
white flour samples with gluten contamination at 100 mg/kg—as this is such a staple food ingredient in
gluten-free baking, contamination at this level can be problematic. Two different ELISA analyses were
used in the study to determine the level of gluten contamination across the period of 1998–2016—one
method was used from 1998–2001 and a different method was used from 2001–2016. The R5 ELISA
Mendez method is mentioned as the type one methodology for the analysis of gluten in foodstuff in
the Revised Codex Alimentarius standard (2008), but not in the EU legislation. Whilst both methods
are recommended by the Codex Alimentarius and AOAC international, the reporting periods in the
study do not mirror these time periods. As three periods have been used: 1998–2002, 2003–2008, and
2009–2016, perhaps it might have been beneficial to report particularly on the 1998–2001 period itself
given that this period used a different ELISA technique.

The Italian study [19] includes 200 certified GF foods and many foods that are naturally
gluten-free—such as buckwheat, quinoa, etc. These are rarely included in other studies, and there is
a paucity of data on these products in the current literature. Therefore, assessing the safety of these
products is another valuable part of this review that may improve the nutritional quality and the
experience of a GF diet for gluten-sensitive individuals. The benefits of these products, as highlighted
by the authors, is very informative for any professional giving dietary advice. particularly as they
are wholegrain cereals, such food products are welcome additions to a GFD given the concerns about
the high sugar content of some GF foods. The study provides statistical analysis, consideration of
factors such as cost, and a categorisation of foods into types (and meal types). The Italian study reports
some important findings, namely that four out of five oat samples tested were contaminated with
gluten, as were several sample of buckwheat and lentils (the latter was unexpected and the authors
state that the origin of the contamination is unknown). Sadly, the authors do not specify the individual
brands, or whether the samples were certified as GF. Lunch and dinner foods were more contaminated
compared to snack products. Hence, professionals working with coeliac patients should consider
highlighting the importance of buying certified gluten-free oats and oats-based products.

Studies such as those mentioned above show the importance of ongoing regulation and control
of certified GF foods as well as the importance of on-going policing of those foods. Interestingly,
they show that cheaper foods have higher contaminations, suggesting that better control costs more.
This indicates that patients with lower incomes might be exposed to a higher risk for contamination,
particularly as many gluten-free prescriptions in the UK are now under threat.

5. Conclusions

Gluten, additives, and a range of other grain proteins have all been associated with a range of
gastrointestinal and autoimmune disorders, particularly CD. Despite the concerns related to the content
of some GF products, this modality of treatment is still the safest strategy available to coeliac patients
and other gluten related disorders (GRD) patients. The concerns related to metabolic syndrome should
not be limited to GFD and should include the modern lifestyle. Transgression related to high contents
of gluten in GF products has been a culprit for refractory symptoms in CD patients. Reassuringly,
a recent study has suggested that gluten contamination is uncommon or mild; however, it is occurring and
needs both on-going and tighter regulation in order to protect those people who are sensitive to gluten.
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