Advances in the Understanding of

Gluten related Pathology and the
Evolution of Gluten-Free Foods

Edited by:

Eduardo Arranz, Fernando Fernandez-Banares,

Cristina M. Rosell, Luis Rodrigo, Amado Salvador Pena

C

open

OmniaScience « Monographs



Advances in the Understanding
of Gluten related Pathology and
the Evolution of Gluten-Free
Foods

Edited by:

Eduardo Arranz
Fernando Fernandez Banares
Cristina M. Rosell
Luis Rodrigo

Amado Salvador Pena



Advances in the Understanding of Gluten related Pathology and the

Evolution of Gluten-Free Foods

E. Arranz, F. Ferndndez Bafares, C.M. Rosell, L. Rodrigo and A.S. Pena
1st edition © 2015 OmniaScience (Omnia Publisher SL)

Www.omniascience.com

QLO®

DOI: http://dx.doi.org/10.3926 /oms.274

ISBN: 978-84-943418-2-3
Cover design: OmniaScience

Cover image: Sticking out. Zoltan Voros. CC-BY 2.0

Sponsors

W& Asociacion de Celiacos y

5 c S ] C \_ Sensibles al Gluten

Comunidad da Madrid


http://www.omniascience.com/
http://www.csic.es/
www.celiacosmadrid.org

Asociacion de Celiacos y Sensibles al Gluten

Coeliac Disease and Gluten Sensitivity Association, formerly the Spanish
Coeliac Association and later the Madrid Coeliac Association, is a non-profit
private organization born around 30 years ago to provide support to fami-
lies of children diagnosed of what, at that time, was a rare disease present-
ing with serious gastrointestinal symptoms, malnutrition and failure to
thrive.

Today, this Association, with more than 9,000 members, embraces a wide
range of patients suffering from a variety of gluten related disorders,
mostly represented by coeliac and non-coeliac gluten sensitive people.

Aim
The main goal of this Association is to give support and advice to people di-
agnosed of coeliac disease and non-coeliac gluten sensitivity, offering:

Updated information about the disease and the gluten-free diet.
Training sessions for patients and families.

Nutritional, medical and psychological advice.

Cooking courses and other activities for children and adults.

Different materials, such as a Gluten-free Food Directory, recipe books,
list of gluten-free restaurants, hotels and shops, travel guides, etc.

Services

The Association organizes periodically training sessions for health-care pro-
fessionals and caterers, and dissemination activities for general public to
spread the knowledge on coeliac disease in the society and to guarantee an
adequate diagnosis and treatment of gluten-related disorders. A permanent
contact with the food industry and public authorities, as well as the mass
media, is also an important task carried out to support these services.

Training

More than 70% of people with coeliac disease remain undiagnosed, what
means they become chronic patients who experience a decrease in their
quality of life associated with different gluten-derived health problems oc-
curring over time. This represents extra charges for the public health sys-
tem that should also be noted.



e Health-care professionals: the systemic condition of coeliac disease
makes necessary the training not only of primary care doctors, pediatri-
cians and gastroenterologists, but also of other medical specialists in-
volved in the extraintestinal manifestations of the disease. Apart from the
training sessions that are carried out in primary care centers and others,
it is important to highlight the annual 7-hours accredited course orga-
nized by the Association, with 300 health-care professionals attending the
sixth edition held in 2014.

e Catering professionals: following a gluten-free diet outside home is
still a risky matter, so the Association makes a big effort at training cater-
ers from hotels, restaurants and catering companies, and also catering
students.

Dissemination

e Conferences for general public.

e Participation in gluten-related events.

e Presence in mass media (press, radio, TV, internet).

e Publication of books, book chapters and other materials.

e Organization of awareness events, such as the Madrid Coeliac Festival,
with more than 7,000 people attending the 31st edition in 2014.

Research

Finally, the investigation of gluten-related disorders is a key aspect for this
Association, as it is crucial to improve our knowledge of these pathologies
to get better diagnostic approaches and healthier and better quality gluten-
free products.

e The Association gets updated by reviewing scientific publications peri-
odically and attending the most relevant scientific meetings and events
concerning coeliac disease and gluten-free diet around the world. Thus,
associated members, health-care professionals, researchers and people in
general have a good point of information at this Association.

e To promote research in the field, the Association has been awarding
Spanish researchers with up to 24,000 Euro per year since 2003. More
than 240,000 Euro have been invested along these years giving support
to 13 Spanish research groups.
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General Preface

As far as we know this book is one of the few combining knowledge of
the basic and clinical aspects of gluten-related disorders with the
knowledge of the evolution of bread and gluten-free products.

Several articles have fully covered disease entities such as celiac disease,
dermatitis herpetiformis, gluten ataxia, gluten allergy and clinical
syndromes such as non-celiac gluten sensitive enteropathy. Another
article reviewed the complications and diseases associated with the

clinical disorders.

In this book, bread refers to a wide concept including a variety of food
products with gluten-containing and gluten-free cereals. Further articles
refer to the evolution of bread, the different grains and the
improvements in raw materials in the preparation of bread, in particular

the gluten-free products.

The two above-mentioned different areas of knowledge, are presented in
this ambitious volume, with the intention to cover the necessary
integration of knowledge between the fields that until recently were wide
apart. Both fields are essential for patients, physicians, the food and
pharmaceutical industry. If we want to benefit from the recent advances
made in different areas of knowledge a common platform is crucial to
improve the quality of life of the patients. This book will serve as a first

step to build this new platform.

A genetic predisposition is fundamental for the development of celiac
disease, dermatitis herpetiformis, gluten allergy and possibly gluten
ataxia. Without certain environmental factors, of which the intake of
gluten is the main offender these diseases will not become overt and no

disease will manifest.



Based on the vision to establish a common platform of knowledge our
book has three sections. The first section deals with basic knowledge of
disciplines controlling the immune response to the toxic peptides
resulting from the incomplete enzymatic digestion of gluten. The second
section revises the advances in understanding the clinical spectrum of
the disorders. The third section explores the evolution of gluten in
particular and bread products most widely consumed in the western
world. It also describes the great challenge of the elaboration of high
quality gluten-free products but less expensive than the products at
present available.

In the preface of section I Eduardo Arranz summarized the topics
discussed by a group of experts working in basic areas of clinical
investigation. In his preface he draws attention to the chapter of new
advances in genetics and genomics in HLA and non-HLA genes. Further,
he refers to the immunological mechanisms of intestinal tolerance to
dietary proteins present in cereals; to the immunostimulatory and toxic
peptides; to the pathogenesis that leads to inflammation; to the
modulatory role of intestinal microbiota, which are also described in
other chapters. This new knowledge has led to new approaches to
develop alternatives for the gluten-free diet. These new possibilities are
discussed at the end of section I. With these developments the
pharmaceutical industry will probably take an interest in these common
disorders.

In the preface of section II, Fernando Fernandez-Banares summarizes the
different perspectives of the advances in diagnostics, the most
appropriate serological tests and new tools. In one of the chapters he
addresses the question whether the intestinal biopsy is still the “gold
standard” that until recently has dominated the diagnosis and pathology
of celiac disease. Another chapter describes the differences in clinical
manifestations and diagnostic criteria among children, adolescents and
adults. Other chapters summarize the knowledge on the different clinical
entities, the common extraintestinal manifestations, the new syndromes
related to gluten and associated disorders that are often encountered in

patients suffering from celiac disease and/or dermatitis herpetiformis.



Special attention is given to the chapter on “refractory celiac disease”.
This condition has a grave prognostic significance. The chapters to
which Fernando Fernidndez-Banares draws attention, deal with the
follow-up of patients with celiac disease in whom the target of therapy
should be a total mucosal recovery. He also refers to the quality of life
and to the psychological distress in some patients with celiac disease and
those with non-celiac gluten sensitivity. At the end of section II he refers
to a comprehensive chapter on medical entities that develop when wheat
behaves as an allergen such as Baker’s asthma, food and wheat pollen

allergy.

Cristina M. Rosell has written a preface to section III. The evolution of
gluten-free foods has been highlighted. She draws attention to chapters
on the taxonomy of cereals, the role of domestication and breeding of
cereals as well as to recent analytical tools for the detection gluten.
These are areas in development that will require new policies and
regulation as described in one of the chapters. She also refers to chapters
dealing with gluten-free bakery products and pasta, gluten-free
autochthonous foodstuffs. These products are still important in Latin
America. She also draws attention to the chapter on the developments of
gluten-free spirits and drinks. The last chapter of this section
emphasizes the marketing and nutrition issues of the quality of gluten-

free products.

This book will be interesting to clinical and research scientists in
medicine, immunology and pathology, to the professionals in nutritional
and health benefits of gluten-free products, to regulatory authorities,
food chemists and technologists. We trust it will be of help in the
practice of nutritionists, dietitians, industrial bakers, academics involved
in undergraduate and post-graduate teaching of gluten related disorders,
patients, patient associations as well as to the general public interested

in nutrition.

The introductory chapter on epidemiology of celiac disease and gluten
related disorders summarizes the latest knowledge and highlights the
necessity of systematic studies worldwide in this area. The data
available suggest the need to plan further epidemiological studies, in



order to understand the natural history of gluten related disorders and
to obtain data to assess the financial burden of these diseases on health
systems.
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A.S. Pena, L. Rodrigo

Abstract

The epidemiology of celiac disease and Non-Celiac Gluten related
disorders is still an open field to be explored. Not many studies have
been conducted in well-defined populations. We have reviewed the
prevalence reported in studies wusing different methodology and
addressed the findings obtained in old and new areas with the aim to
increase awareness of the frequency of these disorders. The data
available suggest the need to plan further proper epidemiological
studies in order to understand the natural history of the disease and to

assess the burden of these diseases on health systems.

Celiac disease has a global distribution. In childhood celiac disease,
epidemiological studies have concentrated so far mainly on the
determination of the incidence. There is a relative homogeneous
prevalence in descendants of the Caucasian race. However,
heterogeneity exists in various countries and continents. In some
countries studies in blood donors have contributed to raise awareness

of celiac disease and are the only information available.

The average prevalence in the United States of celiac disease is very
similar to the one observed in Europe. The highest prevalence was
found in the Saharawi population and the lowest in Japan. Recent
reports have confirmed the occurrence of celiac disease in China and
Central America, countries where previously it was considered that

gluten-related disorders were nonexistent.

We reviewed the almost non-existent epidemiology of non-celiac
gluten related disorders. The worldwide epidemiology of dermatitis
herpetiformis suggests stronger heterogeneity than the observed in

celiac disease. The incidence of allergy and autoimmune disease in the

28



Epidemiology of Celiac Disease and Non-Celiac Gluten-Related Disorders

U.S.A. and other industrialized nations is increasing. Gluten-related

disorders are no exception.

We expect that an improved knowledge of the worldwide
distribution of gluten-related disorders will help us to understand the
role of different genetic factors and different environmental influences
involved in the pathogenesis of these diseases. At a public level the
epidemiological studies are necessary to assess the impact on health

systems in the different countries.

Keywords
Epidemiology, celiac disease, non-celiac gluten-related disorders, dermatitis

herpetiformis, gluten ataxia, prevalence, incidence.
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A.S. Pena, L. Rodrigo

1. Introduction

Celiac disease is a systemic process of autoimmune nature related to the
existence of a permanent intolerance to gluten and manifests itself in
genetically susceptible individuals. Although it is primarily a disease of the
small intestine, it often affects several organs both in and outside the
gastrointestinal tract. The clinical features are protean manifestations often
without gastrointestinal symptoms, which make the diagnosis as well as the
studies of the pathogenesis and its epidemiology more complicated. Studies of
epidemiology are important to help to understand the causes of a disease and

to quantify the burden of disease.

In childhood celiac disease, epidemiological studies have concentrated so far
mainly on the determination of the incidence. Extensive research and
literature exist throughout Europe. The determination on the prevalence of

celiac disease in different countries involves children and adults.

In relation to the incidence: a demographically homogeneous Danish
population study covering a 15-year period' found a crude rate of 0.10 by
1000 live births which was the lowest rate described in any epidemiological
study per 1000 live births. In the Netherlands, a similar low incidence of 0.18
per 1000 live births’ was found during the period from 1976 to 1990. In
contrast, in other western countries, higher rates of 0.33 to 8 per 1000 live
births were found. In Sweden, between 1970 and 1988 the cumulative
incidence of celiac disease at 2 years of age per 1000 live born infants
increased significantly from 0.31 in the first birth cohort to 2.93 in the last
cohort’. According to the authors from Goteborg this incidence makes celiac

disease one of the most common chronic diseases among Swedish children.

In Sicily, a maximum cumulative incidence rate by birth cohort was
reached in 1986, to 1.65 per 1000 live births. When the incidence rate was
adjusted for the years of follow-up, the actual standardized rate was 3 cases
per 1000 live births® and recently in Spain, a prospective, multicenter,
nationwide registry of new cases of celiac disease in children <15 years of age

conducted from June 1, 2006 to May 31, 2007 an incidence rate of 7.9 cases of

30



Epidemiology of Celiac Disease and Non-Celiac Gluten-Related Disorders

celiac disease per 1000 live births was found. This rate is much higher than
the present incidence rates of celiac disease observed in other European

. 5
countries”.

In this chapter we focus on the prevalence of celiac disease in adults. We
reviewed the prevalence that has been observed in many studies, using
different methods of formal epidemiology. Not many studies have been
conducted in well-defined populations. We addressed the findings obtained in
old and new areas with the aim to increase awareness of the frequency of
celiac disease and to draw attention to the need to plan further proper
epidemiological studies in order to understand the natural history of the

disease.

Celiac disease has a global distribution. There is a relative homogeneous
prevalence in descendants of the Caucasian race. Heterogeneity exists in
various countries and continents. Several causes may explain the differences
observed between countries, even in regions of the same country. A possible
explanation is the variability in the knowledge and experience of general
practitioners in the diagnosis of the disease due to the multiple forms of
clinical presentation. This probably results in a delayed identification of the
disease. Also at the specialist level, the awareness to suspect celiac disease
varies. Also there are differences in availability of diagnostic tests and a
proper interpretation’. It is also well-known that there is an increased
incidence of subclinical or silent forms of celiac disease. The most frequent
extraintestinal markers of subclinical celiac disease are iron-deficiency anemia,
dermatitis herpetiformis, osteoporosis and recurrent aphthous stomatitis. The
most frequent presentations in silent celiac disease are found in first-degree
relatives, in diverse types of thyroid disease and in patients with insulin-

dependent diabetes’.

We expect that an improved knowledge of the worldwide distribution of
celiac disease will help us to understand the role of different genetic factors
and different environmental influences involved in the pathogenesis of celiac
disease. At a public level the determination by epidemiology of celiac disease

will help to assess the impact on health systems in the different countries.
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2. Heterogeneity and Difficulties in Performing
Epidemiological Studies

Most of the epidemiological studies have been carried out through the
determination in blood of specific serological markers of celiac disease, like the
detection of IgA anti-gliadin (AGA), IgA anti-tissue transglutaminase (tTQG)
and/or IgA anti-endomysium antibodies (EmA). The most important genetic
markers of susceptibility, the HLA class-II antigens: HLA-DQ2 and/or HLA-
DQ8 have not been taken into account in general but only in some studies.
Full HLA-DQ typing of all patients has been investigated by Hadithi et al.®.
Some authors have included the histological findings of the duodenal biopsy
specimens, based on the presence of villous atrophy and more recent on the

increase of epithelial lymphocytes without villous atrophy.

In the last decade, large genome-wide associations studies (GWAS), have
identified more than 40 different non-HLA genes associated to celiac disease.
However, these genes, identified by single nucleotide polymorphisms (SNPS)
inside or near the genes, will only provide a small contribution to the heritability
of celiac disease. No screening studies based on other genetic markers that
possibly have an influence on the emergence and development of celiac disease,

apart from the HLA genes in chromosome 6, have been published”".

In families with celiac disease, the presence of certain SNPS improves
the prediction to suffer from celiac disease in first-degree relatives. In
particular in the low HLA risk groups'’. Romanos et al., have suggested
using GWAS as a first step to achieve a better diagnosis and prognosis in
high-risk families and in population-based screening'. In spite of the
advances of the GWAS approach this technology still seems to be pre-
mature and expensive. Also the genes linked to the high risk SNPS, have
not been identified as yet.

Despite the diversity and weaknesses of the epidemiological studies, e.g. the
inability to detect Marsh I celiac patients by specific serological tests, it is
acknowledged that the worldwide prevalence of celiac disease ranges from

0.5% to 1%. Differences among populations that have low gluten consumption
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and/or a limited access to diagnostic tools exhibit lower prevalence.
Therefore, in spite of technical failures, lack of orientation and/or the
sampling of insufficient biopsies, the "gold standard" for the diagnosis of celiac
disease continues to be the small intestinal biopsy''. During endoscopy,
multiple biopsies in the duodenal bulb and at least 4 in the distal duodenum
should be taken. In a multicenter study carried out in children, it was
confirmed that in a 2.4% of 665 patients, the lesions were virtually limited to
the duodenal bulb'. The majority of the studies published so far, do not
comply with the protocol suggested by Bonamico et al.'”. Taking small
intestinal biopsies are not feasible for the screening protocol in population
studies and without the improvements in the sensibility and specificity of the
serological test to diagnose celiac disease, epidemiological studies would not
have advance to the state were we are. Serological studies have allowed the
possibility of mass screening programs which are useful in identifying patients
who can benefit from gluten-free diet and follow-up, because in the general
population celiac disease is frequent and clinically relevant, irrespective of
histological severity'®. Nevertheless, since the economic costs of screening and
treatment versus the prevention of morbidity have not been calculated, the

. . 17
time for mass screening has not yet been reached .

2.1. Prevalence’s at the Global Level

Until recently celiac disease was considered to be a disease of the
Europeans. It is now endorsed that it affects all races and there is a gradual
change in the global distribution; therefore, it is important to quantify the
weight of the burden of the disease in each region. The outcome will have

implications for the health systems in the different countries.

In Caucasians the average prevalence is estimated to be about 1-2%
according to different studies using specific serological tests, evaluated by

different methods and markers'®.

The presentation forms of celiac disease have changed remarkably. Until some
years ago the classical forms predominated. They were clinically characterized by

the presence of chronic diarrhea, steatorrhea, malabsorption, and weight-loss. In
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the last few decades, the oligosymptomatic and the atypical forms with less or no
digestive symptoms have significantly increased. At present we find a notable
predominance of extra-intestinal manifestations, such as iron deficiency anemia
and osteoporosis. The increase of celiac disease observed in some studies may be
due to the success of the case-finding approach and to the accessibility of more

.. . . . . 21,22
sensitive and specific serological tests for diagnosis™ .

2.2. Prevalence Studies in Blood Donors

Epidemiologic studies carried out in volunteer blood donors, are not
considered representative of what happens in the general population, in part
because of the limitation of age selection. In addition anemia, a relatively
frequent presentation form of celiac disease, excludes blood donation by healthy
volunteers. However, in some countries studies in blood donors have contributed
to raise awareness of celiac disease. For example in North India, using tTG
antibodies and duodenal biopsy in tTG positive subjects found in 1,610 blood
donors of whom 98.2% were males, a prevalence of celiac disease of 1 in 179
donors (0.56%)*; In Madrid, Spain in 2,215 apparently healthy blood donors
screened with tTG antibodies, they found a prevalence of celiac disease of 1 in

370 or 1 in 222, if Marsh I lesions in duodenal biopsy were included™.

In many countries the only available information on the prevalence of celiac

disease has been obtained from blood donors®?°.

Many epidemiological studies use the data obtained in blood donors as
control of their studies; for example, in Tunisia, Ghozzi et al. have used EmA
antibodies to study two hundred and eleven patients suffering from arthritis or
arthralgia with no evident cause and two thousand and five hundred blood
donors as control group. Five had EmA antibodies positive which represents
2.37% in the patient group and 0.28% in blood donors®. In Italy, Carroccio et
al. compared the frequency of tTG and EmA in 80 consecutive non-Hodgkin's
lymphoma (NHL) patients (median age, 61 years) with 500 blood donors. The
frequency in NHL patients was 1.2% versus blood donors 0.4% (p=0.4). Of
interest in this study is that in NHL patients the tTG assay often gave
discordant results with the EmA assay. They found a high frequency of tTG
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false positive tests®™. Vancikova et al. in the Czech Republic determined the
prevalence of celiac disease using a panel of specific antibodies sequentially in
1,312 healthy blood donors and 102 patients with primary osteoporosis, 58
patients with autoimmune diseases and 365 infertile women. They found AGA
and/or tTG and EmA positive in 0.45% of healthy blood donors, 0.98% of
osteoporotic patients, 2.7% of patients suffering from autoimmune disease and
1.13% of women with infertility”. In Eastern Saudi Arabia, Al Attas et al.
found in a group of 145 patients with clinical suspicion of celiac disease that the
serological (EmA positive) prevalence was 7.6%. Six of these patients had
confirmed celiac disease by intestinal biopsy indicating a prevalence of celiac
disease of 4%. In 80 patients with autoimmune diseases 2 were EmA-positive
(2.5%) whereas none of the 20 patients with inflammatory bowel disease and
none of the 100 healthy blood donors were found to be EmA-positive®. In Italy,
sera from 220 patients with autoimmune thyroiditis, 50 euthyroid subjects with
thyroid nodules and 250 blood donors were tested for tTG and EmA
antibodies. The prevalence of celiac disease in patients with autoimmune
thyroiditis (3.2%) was significantly higher than that found in blood donors
(0.4%) (p=0.022, Fisher's exact test). The 50 euthyroid subjects had no
antibodies and no signs of celiac disease’. Cuoco et al. found among 92
patients with autoimmune thyroid disease that 4 patients had positive AGA
and EmA antibodies and celiac disease; among 90 patients with non-
autoimmune thyroid disease only 1 patient had celiac disease. In 236 blood

donors one subject (0.4%) was AGA and EMA positive and had celiac disease™.

These studies confirm that the prevalence in blood donors is not
representative for the prevalence of celiac disease in a population and the
prevalence is inferior to the one found in diseases known to be associated with

celiac disease.

2.3. Prevalence in High-Risk Groups

There are various risk groups, which have a greater predisposition to
suffer from the disease than the general population. The most common risk

groups are first-degree relatives. They show an average prevalence between
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10 to 20%*. The family members who carry the HLA-DQ2 and/or HLA-
DQS8 antigen and the siblings exhibit the highest risk to suffer from celiac
disease. Some authors have found a higher prevalence in brothers, than

34-36

among the rest of family members . Hansen et al found a high prevalence

of celiac disease 10.4% (95% C.I. 4.6-16.2%) in young Danish type-1

diabetics®.

A study in young people under the age of 20 in Sweden,
suffering from type-1 diabetes mellitus, found a low prevalence of 0.7% in
symptomatic children. However, at 5 year’s follow-up after diagnosis, the

prevalence increased to 10%"°.

Studies of prevalence of celiac disease have been carried out in high risk
groups as shown in Table 1, in first-degree relatives, in individuals with Down s
syndrome and in type-1 insulin-dependent juvenile diabetes (See Table 1). A
study in 35 patients with Turner syndrome found a prevalence of celiac disease of
8.1 (3 patients with villous atrophy, or 10.8 (if 4 antiendomysium antibody-
positive are considering as suffering from celiac disease. This prevalence is quite
high and Bonamico and coworkers have suggested that the association of these

two disorders could not be coincidental®.

Table 1. Risk Groups for the Development of Celiac Disease.

Risk groups for celiac disease (Ref 33 and 40-69)

«  First- and Second-Degree Family Members®

+  Chronic Iron Deficiency Anemia and Refractory Anemia*"

. . .. 42,43
*  Osteoporosis, Osteopenia and Osteomalacia

44-46

« Diabetes Mellitus type-1 (mainly in Children and Adolescents)

+  Endocrinopathies of Autoimmune Origin, especially Thyroid Diseases'™*

+  Autoimmune Hepatitis and Primary Biliary Cirrhosis™

+  Skin Diseases, Dermatitis Herpetiformis, psoriasis® ™

+  Chromosomal Abnormalities such as Down syndrome™, Turner syndrome™,
and Williams Syndrome®®’

* Neurological disorders, Gluten Ataxia, Epilepsies, Occipital Calcifications,

Polyneuropathies®®*®

+  Recurrent Polyarthritis and Poly-Arthralgias®*®
+  Recurrent Headaches of Migraine-type®
64-67

+ IgA Nephropathy

+  Repeated Miscarriages, Menstrual Disorders, Infertility®®
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2.4. Prevalence in Europe

The prevalence in Europe is slightly higher in the countries of Northern
Europe than in the Mediterranean basin. It appears that the differences in
prevalence have diminished in recent years™. The Scandinavian countries, the

United Kingdom and Ireland, have shown a prevalence ranging from 1 to
2 5%71—74

A study conducted in Holland among blood donors found a low prevalence
of 0.3% in 1,999”. A larger study in the Netherlands including 50,760
individuals who had previously participated in two large population-based
studies on health status in relation to lifestyle factors, were screened by
identification of self-reported adherence to a gluten-free diet and subsequent
confirmation of the diagnosis of celiac disease found a prevalence of coeliac
disease 0.016% (95% confidence interval 0.008-0.031). In a random sample of
1,440 of all participating subjects were screened by serological tests and by
the typing of human lymphocyte antigens. A prevalence of 0.35% (95% C.I.
0.15-0.81) was found. The prevalence of adult-recognized celiac disease in the
Netherlands is one of the lowest in FEurope, while the prevalence of
unrecognized celiac disease is comparable with other Southern FEuropean
countries, which suggests that celiac disease is wunderdiagnosed in the

Netherlands™.

A study performed in adolescents in Switzerland showed a prevalence of

0.75%"".

The mean prevalence of celiac disease in European countries is within the
medium range at global level. Although celiac disease was traditionally
regarded as a disease with predominance in children, in the last decades the

majority of cases are diagnosed in adults™.

There are longitudinal studies conducted in Finland which confirm the
increase in the prevalence of celiac disease, over the past few decades. In a
large cohort of 8,000 participants selected from the general population, the
average prevalence from 1978 to 1980 was 1%, rising to 2% in the period from

2000 to 20017,
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A centralized international mass screening of 29,212 participants in
Finland, Germany, and Italy by means of a tTG antibody test and when the
tTG test was positive or showed border-line results then an EmA test was
performed. This large study found a mean prevalence of celiac disease of 2.4%
(2.0-2.8) in Finland, 0.3% (0.1-0.4) in Germany, 0.7% (0.4-1.0) in Italy. Sixty-
eight percent of antibody-positive individuals showed small-bowel mucosal

changes typical for celiac disease (Marsh II/III) lesions™.

The epidemiological differences between neighboring countries may be
due to differences in the socio-economic levels of the different populations,
as well as to environmental health measures. The prevalence of tTG in
celiac disease is lower in Russian Karelia than in Finland, in spite of the
similar frequency of HLA risk haplotypes in both regions. It has been
hypothesized that this may be associated with a protective environment
characterized by inferior prosperity and standards of hygiene in Karelia®'.
Unfortunately the availability of the diagnostic tools and knowledge of the

disease in primary care centers are very different from one country to the

other.

2.5. Prevalence in United States

The average prevalence in the United States of celiac disease is very similar
to the one observed in Europe. In the last years, a greater awareness of celiac
disease and a more active search through information campaigns and the
dissemination of knowledge by patient’s associations and internet active
groups have contributed to a higher prevalence. Patients with symptomatic

celiac disease in the USA showed prevalence of 1.7% in 2003%.

Another study compared the results obtained with samples collected
between the years 1948-54, to two cohorts of samples collected between 1995-
2003 and 2006-2008. The authors found a notable increase of up to four times
higher in the last periods®.

In a retrospective comparative study during a 15-year period of follow-up

conducted in healthy volunteers found a prevalence of 1 in 501 subjects in
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1974 versus 1 in 219 subjects was found®. (Table 2 shows a summary of

studies performed in U.S.A.).

These epidemiological changes in time of celiac disease in the U.S.A. are
seen in many other countries. Not only in the well-known geographical areas
where celiac disease is present, such as northern Europe, but also in regions
where celiac disease was unknown, such as in Central America and Asian
countries. This aspect is described later. To a large extent, the increase in the
prevalence of celiac disease is due to the changes in dietary habits in the last
few decades. There has been a considerable increase in the consumption of

foods containing gluten.

Table 2. Prevalence in United States.

Characteristics Year (Ref) Studied Prevalence in
population (%)

113, 1405 sl
Global 2003 3,145 at-ris 4.54-0.75
and non-at-risk

dellesset
Netiomriate 2012% 7,798 adolescents 0.71
and adults

Cohort study 2010* 4,351 adults 0.19-0.45

2.6. Prevalence in Africa

In the countries of North Africa, Morocco, Algeria, Tunisia, Libya and
Egypt, a high prevalence of celiac disease has been reported. The highest
prevalence was found in the Saharawi population of Arab-Berber origin.
The prevalence varies between 0.3 to 5.6%. There is a strong association
with the haplotype HLA-DR3-DQ2 in the general population and a high
consumption of cereal-based foods with gluten with less intake of

vegetables and fruits®’

There is little information on the prevalence of celiac disease in the
countries of Sub-Saharan Africa. Some individual studies such as one

conducted in Djibouti in the Horn of Africa region clearly confirms that

39



A.S. Pena, L. Rodrigo

celiac disease does exist in these regions. The clinical presentation is
similar to the observed in the rest of the world. Its diagnosis is more
difficult due to the limited knowledge, low index of suspicion of the

disease, as well as for the limited facilities to carry out a diagnosis®.

In
Africa and in general in the tropical countries the major causes of iron
deficiency anemia are an increased Hookworm infestation, Schistosoma
mansont particularly in Egyptian patients and Trichuris trichiura. In the
continent of Africa, the etiology of anemia in children besides iron
deficiency includes malaria, bacterial or viral infections, folate deficiency

and sickle-cell disease® (Table 3 illustrates as far as we know the only

information available on celiac disease in Africa.

Table 3. Prevalence in Africa.

Country Year (Ref) Studied population Prevalence in
(%)
Sahara 2010% 975 Children and Adults 5.6

Children and Adolescents

Inter-tropical 0 During 3 years period
2008 Unspecified
(Horn of Africa) 8 celiac disease patients P

diagnosed

2.7. Prevalence’s in Middle East

Celiac disease is a frequent cause of chronic diarrhea, mainly in children
and in patients with type-1 diabetes mellitus in diverse countries of the
Middle East, such as Iran, Iraq and Kuwait®.

The prevalence of celiac disease in adult blood donors in Iran® and Israel®
is 0.6% for both countries; in Syria and Turkey the prevalence is 1.6%”. In
Anatolia a similar result of 1% was found”. An Iranian study in children with

chronic diarrhea, found a prevalence of 6.5%"” and the prevalence in healthy

children from Turkey was 1 in 115 (0.86%) based on serology. However the
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prevalence of biopsy proven celiac disease was 1 in 158 (0.63%)%. Table 4

shows studies on prevalence in the middle east.

Table 4. Prevalence in Middle East.

Country Year (Ref) Studied population Prevalence in
(%)
Iran (South) 2013% 83 T1DM children 4.80
Iran (Tehran) 2003% 2,000 blood donors 0.60
- 825 children with chronic
Iran 2005 . 6.50
diarrhea

Iran(north and

th) 2006 2799 individuals 0.96
sou
Israel 2002% 1571 blood donors 0.63
Turkey 2004” 2000 blood donors 1.30
Turk
0 rt el},' ) 2005 906 adults 0.99
natolia
Turkey 2005% 1263 healthy children 0.86

T1DM = Type-1 Diabetes Mellitus

2.8. Prevalence in Asia

Celiac disease is still uncommon in Asia. Only several cases have been
reported. The World Gastroenterology Organization and the Asian Pacific
Association of Gastroenterology commissioned a working party to address the
key issues in the emergence of celiac disease in Asia”™. The working party
suggested performing studies on the prevalence of celiac disease increase the
awareness among physicians and patients as well as increase the recognition of
atypical manifestations of the disease. Several problems were identified and
represent challenges to be overcome. The working party found variability in

performance of serological tests, a lack of population-specific cut-off values for
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tests positive or negative, a need to educate dietitians for proper counseling
and supervision of patients and improve the gluten-free infrastructure in food
supply. To establish celiac patient’s advocacy organizations was also

emphasized.

2.9. Prevalence in India and Pakistan

In India celiac disease was recently described by an Indian Task Force as

97 . .
770 Its frequency in India, seems

being “submerged in an ocean of malnutrition
to be higher in the Northern part of the country, creating the so-called “celiac
belt”. This finding is at least partially explained by the wheat-rice shift from
the North to the South”™". The “All India Institute of Medical Sciences” in
New Delhi, has prospectively studied adolescent and adult patients presenting
with nutritional anemia by tTG antibodies. Positive patients underwent an
upper gastrointestinal endoscopy and duodenal biopsy. Ninety-six patients
with a median duration of anemia of 11 months (range 1 to 144 months) were
screened. 10 patients with nutritional anemia (iron deficiency 9, vitamin B12

deficiency 1) were diagnosed to have celiac disease’.

There is limited data on the epidemiology in India. Possibly because of the
presence of generalized malnutrition and epidemics of chronic diarrhea as well

as the difficulty to make a diagnosis of celiac disease'”'"".

In the Delhi area with a large population sample of 2,879 participants, the
prevalence of celiac disease was 1.04% (1 in 96)'”. In a questionnaire-based
survey of 4,347 schoolchildren (3-17 years) from Ludhiana, a city in Northern

part of Punjab, India the prevalence was 1 in 310'%.

Based on these studies, it is estimated that 5 to 8 million individuals can be
expected to have celiac disease in India, yet so far only a few thousand cases
appear to have been diagnosed. There is a clear need for further epidemiological

studies, in order to determine the regional differences in prevalence.

No epidemiological studies have been reported in Pakistan some studies
however have reported patients with celiac disease and explained the

difficulties such as in India, in making the diagnosis'®*'®.
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2.10. Prevalence of Celiac Disease in China

In China the major causative factor—gluten consumption (particularly in
the Northern part of the country)—and risk HLA genotypes (HLADQ2 and
-DQ8) are present, although with a lower prevalence than in Western

106-108

countries . It appears that there is a clear predominance in its distribution

in the North. The knowledge on celiac disease in China has started in recent
years, though no formal epidemiological studies have been performed yet'®'”.
In a recent series of 118 children with chronic diarrhea, admitted in pediatric
hospitals in four major Chinese cities (Shanghai, Wuhan, Jinan, and Chengdu)

the diagnosis of celiac disease was made in 14 patients (11.9%)'""

. The reports
are of great importance since they confirmed the occurrence of celiac disease in

China, a country where previously was considered to be nonexistent.

Table 5. Prevalence in Asia.

Country Year (Ref) | Studied population | Prevalence in
(%)

India Punjabis

) ) 1993 20 celiac adults 2.7-3.8
(City of Leicester UK)
India(north) 2011'* 10,488 adults 1.04
India(Punjab) 2006'* 4,347 children 0.32

Chi 20111 199 children with 11.9
ina .
Chronic diarrhea

172 IBD adults
Japan 20147 Positive tTG and DGP 0
No HLA high risk

IBD = Inflammatory Bowel Disease; DGP = Deamidated Gliadin Peptides
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2.11. Prevalence of celiac disease in Japan and the South
East Asian Islands

In Japan, in a recent study, the prevalence of celiac serological markers
was 18% in a series of 172 patients with inflammatory bowel disease,
compared with the 1.6% in 190 healthy individuals recruited in the general
population. However, no duodenal biopsies were performed and no

information on genetic markers of susceptibility were available'"”.

There are no data on the prevalence of celiac disease in the South East
Asian countries, including Malaysia, Korea, Taiwan, the Philippines and the
smaller islands of the Pacific. It is assumed that there is a low incidence, due
to the low consumption of products containing wheat flour, along with a low
frequency of HLA-DQ2 and HLA-DQS8 in the general population. There is a
limited availability to study celiac disease by specific serological markers in

these countries.

The average prevalence of the risk haplotype HLA-DQ2 is low in Japan
and in Southeast Asia. It is present only in 5-10% in the general population
and the mean prevalence of the HLA-DQS8 in Asia is less than 5%'"’. The
ingestion of wheat-based products is low, but has increased in the past few

years.

2.12. Prevalence of Celiac Disease in New Zealand

New Zealand forms part of an island continent whose inhabitants have a
large proportion of predecessors of white race, with Anglo-Saxon
predominance and genetic haplotypes of susceptibility for celiac disease as

well as a high cereal consumption of wheat.

In a comprehensive study conducted in Western Australia, a prevalence of

0.4% of celiac disease was found in this population.

A study to determine the prevalence of celiac disease and of gluten
avoidance in New Zealand children, found that 1% of these had celiac disease,
but 5% reported gluten avoidance. The predictors of gluten avoidance in

children without properly diagnosed celiac disease suggest important regional
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differences in community belief or medical practice regarding implementation

of a gluten-free diet'".

2.13. Prevalence of Celiac Disease in Australia

In a retrospective analysis performed in an Australian community of stored
serum samples taken in 1994-1995 from 3,011 subjects, assays for IgA-tTG
and IgG-tTG antibodies were performed. Positive or equivocal samples were
retested with a different commercial tTG assay. The prevalence of tTG
antibodies in this population is 1.56%; the prevalence of celiac disease is
0.56%. According to these authors, the value of a single positive result of a
tTG assay in screening for celiac disease in the community is poor and an
assessment with different assays may decrease the need for gastroscopy and

5

distal duodenal biopsy'".

In an Australian rural community a prevalence of 12 of 3,011 found (1 in
251) was based on positive EmA antibodies and duodenal biopsy compatible

. . . 116
with celiac disease .

Table 6. Prevalence in Australia and New Zealand.

Country Year (Ref) Studied population Prevalence in
(%)
New Zealand 2000'"* 1,064 adults 1.2
Australia 2001"° 3,011 adults 0.4
New Zealand 2002'* 916 children 1.0
Australia 2009'"° 3,011 adults 0.6

2.14. Prevalence of Celiac Disease in Mexico

Information regarding celiac disease in Mexico is limited; however, on the
basis of the prevalence of tTGA in a large group of healthy blood donors a
high prevalence of tTGA positivity 27 of 1,009 (2.6%) was found. This
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suggests that in the adult Mexican Mestizo population the presence of celiac

® using the weighted prevalence for double-

disease is high''". A recent update"
positive serology IgA tTG and IgA EmA the prevalence was 0.59% (95% CI,
0.27 — 1.29). A high prevalence of 5.9% biopsy-proven celiac disease was found
in Mexican Mestizo patients with type-1 diabetes mellitus''’. Interestingly, in
a study of prevalence in United States in 7,798 persons aged 6 years and older
who participated in the National Health and Nutrition Examination Survey
2009-2010, they found a prevalence of 0.71% (95% confidence interval (CI),
0.58-0.86%) i.e. 1 in 141. This study also reported celiac disease to be rare
among minority groups, including Hispanics. The prevalence was 0.03%, or 1
of 2,519 and in Mexican Americans (0%)*. This discrepancy illustrates the

possible effect of environmental factors in determining the prevalence of celiac

disease in people with the same genetic background.

2.15. Prevalence of Celiac Disease in El Salvador and
Costa Rica

There are no epidemiological studies published in Central America. The
first study using the modified Marsh classification and the full HLA-DQ
typing in El Salvador, has been recently published. Of the 32 cases, 23 were
celiac disease risk genotype carriers'”. Similar results have been reported from
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Costa Rica, in 35 patients

2.16. Prevalence of Celiac Disease in Brazil

A study carried out in Brazil, which included a total of 214 symptomatic
children, aged between 12 and 36 months, were studied by serological
screening and subsequent confirmation by jejunal biopsy in the positive cases.

122 . . .
. The prevalence of celiac disease in a group of

Five cases (2.3%) were found
first-degree relatives of Brazilian celiac patients, between March 2001 and
November 2004, in two centers in Brasilia was studied. They found among the

188 first-degree relatives a prevalence of 4.8%'*.
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In another study in adults carried out in Brazil, conducted in an urban
area on 2,086 blood donors reported a prevalence of 1.4%. This prevalence is
lower than the previous study but it is similar to the prevalence found in

. . s 124
European countries or in North America .

2.17. Prevalence of Celiac Disease in Argentina

Similar studies in hospitals have been carried out in several cities in
Argentina including a multicenter study of the prevalence in a pediatric
population in 5 urban districts of Argentina. A total of 2,219 patients, ages
between 3 and 16 years were analyzed. A prevalence of celiac disease 1.26%

was found. 33% of the cases were symptomatic'®.

In the adult population in Argentina, Gémez et al., found a prevalence of

1.16%, in a study of 2,000 individuals, chosen in the general population'®.

Table 7. Prevalence in Mezico, Central and South America.

Country Year (Ref) Studied population Prevalence in
(%)
Mexico 2006 1,009 adults tTG screening 2.6
El Salvador 2014"° 32 adults Undefined
Costa Rica 2014 35 adults Undefined
Brazil(Brasilia) 2010'* 214 children 2.3
Brazil(Brasilia) 2008'* 188 First-degree relatives 4.8
Brazil(Curitiba) 2,086 Adults blood donors 0.23
Argentina 2012'%° 2,219 children 1.26
A tina(L .
rgle)rll ;n?( & 2001 2,000 adults 0.59
ata
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2.18. Conclusions

The true prevalence of celiac disease is still impossible to ascertain. A
multidisciplinary approach to make the diagnosis is necessary. The
collaboration between clinicians, immunologists, geneticists, and pathologists
is essential to integrate clinical, serological, genetic, histological criteria as
well as the response to the gluten-free diet. Many patients have atypical
symptoms or none at all. Many patients have minimal lesions without villous
atrophy such as those patients with Marsh 1 lesion. These patients require a

differential diagnosis that is beyond the current epidemiological studies.

The most challenging observation to understand the epidemiology of the
disease is the observation demonstrating that there is a clear difference in

prevalence between children and adults.

In a large study of 4,230 subjects in Terrassa, Barcelona, Spain found
population-based celiac disease prevalence of 1:250. The prevalence of celiac
disease in childhood was five times higher than in adults. The authors
correctly have pointed out that whether this difference is due to
environmental factors in childhood or due to latent celiac disease in
adulthood. This remains to be demonstrated in prospective longitudinal
studies'”. The outcome will have consequences to understand the

epidemiology and natural history of the disease.

Major changes that are bound to alter the epidemiology of celiac disease
and gluten related disorders are taking place such as the rice cultivation in
several regions in China where wheat cultivation now predominates. Maize
from the Mexican highlands has been the dominant food in Mexico and
Central America, the potato developed in the Peruvian Andes and the Quinoa

in Bolivia, is now complemented with gluten containing diets.

Several environmental changes point to an increase of celiac disease in
these regions. The eradication of intestinal parasites which contributes to a
change in the intestinal immune response, from TH2 to TH1, changes in the
intestinal microbiota probably in individuals living in urban areas, changes in

dietary habits due to the influence of "fast foods" and changes in traditional
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diets as described above as well as the widespread use of antibiotics will in

some way or other alter the epidemiology of celiac disease'”.

The review presented in this chapter indicates the worldwide importance of
celiac disease and the gluten related pathologies and should help to clarify the
need to implement measures in National Health systems, to cope with this
expanding disease. As Greco et al have estimated:-“In the near future, the
burden of celiac disease will increase tremendously. Few Mediterranean

. . . . . 128
countries are able to face this expanding epidemic” ™.

3. Epidemiology of Non-celiac Gluten-Related Disorders

3.1. Epidemiology of Dermatitis Herpetiformis

A study in the UK at the Clinical Practice Research Datalink of the
University of Nottingham, has quantified the incidence and prevalence of
celiac disease and dermatitis herpetiformis between 1990 and 2011. A total of
9,087 incident cases of celiac disease and 809 incident cases of dermatitis
herpetiformis were identified. Although dermatitis herpetiformis has been

called celiac disease of the skin'®’

to underline the common genetic
background and the relation to gluten, the expression of either or both of
these diseases is different. In Nottingham the incidence rate of celiac disease
increased from 5.2 per 100,000 (95% CI, 3.8-6.8) to 19.1 per 100,000 person-
years (95% CI, 17.8-20.5; IRR, 3.6; 95% CI, 2.7-4.8) while the incidence of
dermatitis herpetiformis has decreased over the same time period from 1.8 per
100,000 to 0.8 per 100,000 person-years (average annual IRR, 0.96; 95% CI,
0.94-0.97)”. Although the prevalence of nutritional deficiencies, autoimmune
diseases, and lymphoma occurred at a similar rate in patients with dermatitis
herpetiformis as in patients with celiac disease without dermatitis
herpetiformis, a recent study has confirmed that the prevalence of villous
atrophy is significantly higher in the patients who presented with celiac

disease than in those who presented with dermatitis herpetiformis only

(61.8vs.12.5%;p = 0.005)°".
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At least two studies in the USA and in Finland show an expected
prevalence of dermatitis herpetiformis in families significantly higher than
previously calculated. This is possibly due to shared genetic factors and

190131 "1 Tampere and Helsinki, an analysis of 105 families

environment factors
with dermatitis herpetiformis showed that 13.6% of parents, 18.7% of siblings
and 14.0% of children were affected. The authors suggested that this
segregation pattern fits well to a dominant mode of Mendelian inheritance.
However they added that gender may also be important because the first-
degree relatives affected with dermatitis herpetiformis were more often

*' In Brazil two pairs of monozygotic twins have been studied after a

females"
gluten-free diet for 16 to 21 years. They were concordant for celiac disease.
However, dermatitis herpetiformis was present in three patients belonging to
the two pairs of twins, demonstrating partial concordance of dermatitis

. . . . . 132
herpetiformis in monozygotic twins .

These observations fit with a multifactorial and polygenic disease

pathogenesis similar to other autoimmune diseases.

At the Tampere University Hospital, the causes of death during 1971-2010
were studied in 476 consecutive patients with dermatitis herpetiformis
diagnosed from 1970 onwards. 97.7% of the patients adhered to a gluten-free
diet. All-cause and cerebrovascular disease mortality was significantly
reduced. The standardized mortality rate due to lymphoproliferative
malignancies was significantly increased (6.86) only in the first 5 years of

follow-up'*.

The worldwide epidemiology of dermatitis herpetiformis shows a great

heterogeneity. In Asia dermatitis herpetiformis is very rare. Twenty two cases

34

have been described from China'* and 35 cases in Japan'®. Very few cases

7 8

have been reported from Iran'’, Singapore'’, and Maylasia'®.

In southern Sweden, there were 96 cases in a defined population of 425,000
inhabitants. The incidence of dermatitis herpetiformis was 1.05-1.13/100,000
inhabitants/year and the prevalence was approximately 20 to 25 per 100,000

inhabitants.
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In Utah in the U.S.A. with a main population of European descendants
have higher incidence prevalence than in Asia. The prevalence of dermatitis
herpetiformis in Utah in 1987 was 11.2 per 100,000. The mean incidence for
the years 1978 through 1987 was 0.98 per 100,000 per year. The mean age at
onset of symptoms for male patients was 40.1 years, and the one for female

patients was 36.2 years. The male-female ratio was 1.44:1"%.

In Buenos Aires, Argentina 18 patients with dermatitis herpetiformis were
found to have increased intestinal permeability even in patients with no
evidence of histologic damage in biopsy specimens. They found that patients
with linear IgA dermatosis appear to be a distinct population without gluten
sensitivity'*’. Since the majority of patients with celiac disease and dermatitis
herpetiformis have European ancestors it would be interesting to perform
proper epidemiological studies in Argentina to study the environmental

triggers.

The highest incidence and prevalence of dermatitis herpetiformis has been
reported in Finland but there is some evidence that contrary to celiac disease,
dermatitis herpetiformis is diminishing. The prevalence of dermatitis
herpetiformis was 75.3 per 100,000 which is eight times lower than the
prevalence of celiac disease in the Tampere area. The annual incidence of
dermatitis herpetiformis for the entire 40 year period was 3.5 per 100,000, and

141

in the three 10-year periods 5.2, 2.9 and 2.7 per 100,000, respectively

The worldwide epidemiology of dermatitis herpetiformis suggests stronger

heterogeneity than the observed in celiac disease.

3.2. Epidemiology of Gluten Ataxia

As pointed out by Hadjivassiliou gluten ataxia is one of the most common
immune-mediated cerebellar ataxias and one of the few ataxias that are

142

potentially treatable

From a total of two hundred and twenty-four patients with various causes
of ataxia in North Trent England, 132 were diagnosed as sporadic idiopathic

ataxia patients. In The Institute of Neurology in London England 44 patients
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were diagnosed with sporadic ataxia. From these groups of patients, 41% and
32% respectively had AGA antibodies and were confirmed to have gluten
ataxia'®®. Familial and isolated cases of gluten ataxia have been described in
Spain'** and in Japan'®.

Further studies in neurological centers in other countries are necessary,
because the experimental evidence seems to be incomplete. There is sufficient
evidence to support immune-mediated basal ganglia dysfunction as an
emerging clinical concept. The central nervous system dysfunction may be
caused by a deviant immune response triggered by exogenous antigens such as

gluten or streptococcal infection'*.

3.3. Epidemiology of Non-celiac Gluten Sensitivity

The incidence of allergy and autoimmune disease in the U.S.A. and other
industrialized nations is increasing. Gluten-related disorders are no
exception'”’. Many researchers particularly in the U.S.A. claim that non-celiac
gluten sensitivity is the most common syndrome of gluten intolerance'*®. We
have previously summarized the current thinking on non-celiac gluten
sensitivity as follows'*. This issue may have been the one with the greatest
impact during the last decades, especially on the internet, in patients’
associations and in the food industry. There is a lack of systematic studies
which could improve the understanding and definition of this syndrome for
the patients and assess the impact on public health services. We fully agree
with the view expressed by Corazza and his group, who emphasize the lack of
a clear definition of non-celiac gluten sensitivity. This hindrance is
fundamentally related to the cause of this proteiform disease whose symptoms

are presumably caused by different mechanisms'™.

It is therefore not surprising that Spence of Glasgow, Scotland wrote an
article: - "Do you think non-celiac gluten sensitivity exists?" He describes the
results of a recent poll undertaken by the general practitioners’ journal in
England, the British Medical Journal. 66% of the 941 who were asked and
have had access to a higher education, responded that they believe it does

exist, despite a lack of scientific evidence. “Besides, about 20% of the

52



Epidemiology of Celiac Disease and Non-Celiac Gluten-Related Disorders

American population purchase gluten-free products and, by 2017, it is

estimated that this market will be worth about 6.6 million dollars”'™.

Recently Aziz et al. have determined the population prevalence of self-
reported gluten sensitivity and referral characteristics to secondary care in
Sheffield, UK. This study on a population-based questionnaire screened for
gluten sensitivity, related symptoms and exclusion of celiac disease found that
the self-reported prevalence for non-celiac gluten sensitivity was 13% (female
79%, mean age 39.5 years). These individuals had an increased prevalence of
complying with the Rome III criteria for irritable bowel syndrome, in comparison
with those without gluten sensitivity. The majority of patients with non-celiac

gluten sensitivity have clinical and immunological differences to celiac disease'”.

3.4. Epidemiology of Gluten Allergy

According to clinical presentations and allergy testing, there are three
types of food allergy: IgE mediated, mixed (IgE/Non-IgE), and non-IgE
mediated (cellular, delayed type hypersensitivity). Among the most common
of these allergies in children is wheat allergy. The prevalence of this kind of
allergy in infancy is increasing and may affect up to 15-20% of infants.
According to Ho et al. the alarming rate of increase calls for a public health
approach in the prevention and treatment of food allergy in children'”. The
epidemiology of food allergy in general is outside the scope of this chapter.
Wheat is one of the most common allergy caused by food. A recent study has
reported that the prevalence in Japanese adults was found to be 0.21% by
using a combination of questionnaire-based examination, skin-prick test and
serum omega-5 gliadin-specific IgE test'™.

The prevalence of food allergy was investigated among patients reporting
to The Institute of Child Health and Mediland Diagnostics in Kolkata, India.
Among the 5,161 patients tested, wheat (22%) was the predominant
allergen'®. A large recent review has found that the overall prevalence of food
allergy in Asia is fairly comparable to the West, although this kind of types
of allergies differ in order of relevance in the consumption of type of food.

Wheat allergy, though uncommon in most Asian countries, is the most
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common cause of anaphylaxis in Japan and Korea and is increasing in

Thailand"™.

See also the chapter with detail description of recent advances of gluten

allergy.

3.5. Burden of Disease

As stated in the introduction and recently underscored:-“understanding
epidemiology is crucial for hypothesizing about causes and quantifying the

. 72
burden of disease”

. It is well known that patients with celiac disease have a
greater burden of disease than the general population because of osteoporosis,

autoimmune diseases, and malignancies (See also chapter by Lucendo et al.).

The statement made 10 years ago by Green et al. is valid today:-“There is
a need for screening studies of patients with conditions associated with celiac
disease to determine whether the large numbers of people with undiagnosed

157 .
7% Currently, there is a need

celiac disease currently are seeking health care
to quantify the increase in wheat allergy, as part of the increase in allergic
conditions. Also it is necessary to quantify the relevance of other gluten
related disorders for the awakening of the officers of national health systems
to assess the total burden of these diseases and to be prepared for the

application of adequate funds.

Greco and coworkers have called attention to the burden of celiac disease in
the Mediterranean countries. They have calculated that in the next 10 years,
the Mediterranean area will have about half a billion inhabitants, of which 120
million will be children. The projected number of celiac disease diagnoses in
2020 is 5 million cases (1 million celiac children), with a relative increase of
11% compared to 2010. Based on the 2010 rate, there will be about 550,000
symptomatic adults and about 240,000 sick children: 85% of the symptomatic
patients will suffer from gastrointestinal complaints, 40% are likely to have
anemia, 30% will likely have osteopenia, 20% of children will have short stature,
and 10% will have abnormal liver enzymes'™. The economic impact as discussed
earlier with reference to non-celiac gluten sensitivity is already having major

consequences, particularly in the U.S.A. In cases of non-celiac gluten sensitivity
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the priority is in finding adequate criteria and tests to confirm the diagnosis

and clearly separate the different entities which are included in this diagnosis.
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Preface Section I

The scope of Section I is to review the current knowledge on
environmental, genetic and immunological factors involved in celiac
disease, as well as to describe alternative therapies, which are at
different stages of development. Gluten is a complex mixture of storage
proteins with a low nutritional value, but unique functional properties
for the elaboration of a wide variety of food products. Gliadins and
glutenins from wheat and their counterparts in barley and rye, also
called prolamins, are partially digested in the human intestine and, as
a result, different immunogenic peptides are generated with the ability
to stimulate an immune response in individual with genetic
susceptibility.

Chapter 1 describes genetic factors known to have a central role
in the susceptibility to celiac disease, though the mode of inheritance
is still unknown. The contribution of environmental and genetic factors
has been estimated in studies on the prevalence of celiac disease in
affected families and, especially, by comparing twin pairs. The genetic
component of celiac disease is higher than the estimated contribution
for other immunological complex diseases. The genetic risk is mainly
based on the presence of certain Human Leucocyte Antigen (HLA)
alleles, though their contribution to the heredity is modest, and other

non-HLA susceptibility loci may contribute with of many small effects.

Chapter 2 describes the unique properties of the lymphoid tissue
associated to the gastrointestinal tract for the maintenance of the
immune homeostasis while dealing with an antigen rich environment.
Here, the default response is oral tolerance, which controls the immune
response against food antigens and the commensal flora. However,
there are situations where the mechanisms of immune tolerance are not
developed and/or maintained, leading to the activation of immune

responses against gluten proteins (celiac disease), or the commensal
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flora (Crohn's disease). The main role of dendritic cells in controlling
the mechanisms of immune homeostasis in the gastrointestinal tract is

also discussed.

Chapter 3 provides relevant information on cereal proteins which
are toxic: gliadins and glutenins from wheat, and other prolamins from
barley and rye. Adherence to a gluten-free diet is the actual treatment
of celiac disease and, to this end, certified gluten-free products are
mandatory. Immunochemical techniques for gluten analysis are based
on polyclonal and monoclonal antibodies raised against prolamins.
Luminal digestion generates different immune-modulatory and toxic
peptides which are responsible for an exacerbated immune response in
the intestinal mucosa of celiac disease patients, with a central role for
the adaptive immunity and gluten-reactive T lymphocytes, though the
innate immunity may be also involved, as it has been shown that some
gliadin peptides may induce structural changes in the intestine as well

as inflammatory reactions.

Chapter 4 discusses the most widely-accepted model of the
pathogenesis of celiac disease which focuses on the stimulation of
gluten-reactive CD4+ T cells by TG2-deamidated gluten peptides
presented by HLA-DQ2/DQ8 molecules, and the production of
inflammatory cytokines. Other gliadin peptides may have a direct
effect on the epithelium, with interleukin (IL)-15 as the main mediator,
and manifested by the expression of stress molecules and the activation
of CD8+ intra-epithelial T-cell cytotoxic function. An abnormal
immune response to gliadin peptides may lead leads to the
development of intestinal lesions with intraepithelial lymphocytosis,
epithelial destruction, mucosal re-modeling, and the production of

auto-antibodies to tissue transglutaminase.

7
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Chapter 5 reviews the reported association between celiac disease
and changes in the composition of intestinal microbiota, which is not
completely restored after a gluten-free diet, and may be associated
with the HLA-DQ genotype, as shown in healthy infants at family risk
of celiac disease. The gut microbiota composition may have a role in
the pathogenesis of celiac disease, and its proteolytic activity may be
responsible for the generation of immunogenic and toxic peptides, and
microbiota is known to have the ability to regulate the epithelial
barrier function. Further studies are necessary to confirm these effects
and to learn how the administration of specific bacterial strains may
modulate the immune homeostasis at the gastrointestinal level and to

reducing the risk of celiac disease.

Chapter 6. To date, the only accepted therapy for celiac disease is
a lifetime gluten-free diet, which is safe and effective in most patients,
though some of its limitations and the growing understanding of celiac
disease pathogenesis have led to the development of alternatives. These
new therapies include: a) Gluten detoxification strategies in foods; b)
Luminal therapies aiming to neutralize gluten peptides in intestine by
enzymes, probiotics and gluten binders; c¢) Intestinal barrier enhancing
therapies to inhibit the passage of peptides to the lamina propria; c)
Immune targeted therapies, among them, those targeting T cells or
inflammatory mediators, and vaccine therapy; and d) Experimental
therapies using compounds or biological strategies in discovery phase,
for example, the Elafin molecule studied by the authors in an animal

model.
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Abstract

Although the mode of inheritance of celiac disease is still unknown,
it has been known for a long time that Genetics participates in the
susceptibility to the disease. Studies on the prevalence of CD in
affected families, and especially those comparing twin pairs, have been
very useful to estimate the proportion in which environmental and
genetic factors contribute to the development of this complex disorder.
According to these studies, Genetics is a fundamental player both in

the triggering and in the latter development of CD.

In general, it is well accepted that the proportion of monozygotic or
identical twins concordant for CD is around 75-86%, while in the case
of dizygotic twins, this proportion is reduced to 16-20%. This
difference between mono- and dizygotic twins has allowed scientists to
estimate the genetic component of CD, which is higher than what has
been calculated for other immunological complex diseases, such as type
1 diabetes (T1D) (around 30% concordance in monozygotic and 6% in
dizygotic twins)'. Moreover, concordance rates between sib pairs and
dizygotic twins are almost the same, indicating that the environmental
component has a minimum contribution to the risk of developing CD.
In summary, accumulated evidence suggests that CD has a very strong
genetic component and it has been calculated that the heritability of
this disease (proportion of the risk of suffering from CD attributable to
genetic factors, compared to environmental determinants) is around
87%”. The largest portion of the genetic risk to develop CD comes from
the presence of certain Human Leucocyte Antigen (HLA) alleles.
However, even if the role of these HLA molecules is essential in the

pathogenesis of the disease, their contribution to the heredity is
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modest, and thus, it has been hypothesized on the existence of many

small effect, non-HLA susceptibility loci.

Keywords
Celiac disease, autoimmune disease, immune-mediated disease, HLA,
linkage studies, genome-wide association studies (GWAS), gene expression,

pathway analysis.
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1. HLA Region and Celiac Disease

1.2. HLA Region

HLA is the name for the Mayor Histocompatibility Complex (MHC) in
humans; it is a super locus located on the chromosomal region 6p21 and
contains a large number of genes related to the immune response. HLA genes
encode antigen presenting proteins that are expressed in most human cells
and are essential for the ability of the organism to distinguish between self

and foreign molecules.

HLA genes are involved in many inflammatory and autoimmune disorders
and also contribute to the susceptibility to develop infectious diseases such as
AIDS or malaria. However, due to the high genetic complexity of the region,
most of the particular genetic factors and pathogenic mechanisms underlying
the susceptibility to each of these disorders remain unknown. In fact, the HLA
region presents the highest genic density of the entire genome and a very

. 3
strong gene expression seems to be favored”.

1.2. Contribution to the Genetic Risk and Susceptibility

Genes

As previously mentioned, the HLA region is the most important
susceptibility locus in CD and explains around 40% of the genetic component
of the disease. The first evidence supporting the association between HLA and
CD was published in 1973 and was detected using serological methods’. Due
to the strong linkage disequilibrium present in the area, initial studies
identified HLA-A1, HLA-B8 and HLA-DR3 as the etiological variants in the
region, but subsequent molecular studies have revealed that the factors
directly implicated are the HLA class Il genes encoding both HLA-DQ2 and
-DQ8 molecules (Figure 1). The strongest association has been found with
HLA-DQ2, and 90% of celiac patients present at least one copy of the
HLA-DQ2.5 heterodimer (formed by the combination of the products of
DQA1*05 and DQB1*02 alleles, that encode the a and S chains of the
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heterodimer, respectively). On the other hand, 20-30% of the non-celiac
population also presents this HLA-DQ2 variant, making it clear that, even
though it is very important, it is not sufficient to develop the disease. Most of
the patients who do not carry the HLA-DQ2 genotype are HLA-DQS8 carriers
and so have at least one copy of the haplotype containing DQA1*03:01 and
DQB1*03:02 alleles’. A very small portion of the patients are negative for
both DQ2 and DQS8, but it has been observed that in these few cases,
individuals present at least one of the two alleles encoding the DQ2 molecule

(DQA1*05 or DQB1*02)"".

Haplotypes Heterodimers Risk

DQB1 DQA1  DRB1
102/ 05 - .
DR3-DQ2 | 0201 — 0501 DQ2.5 in cis vey high
DRS-DA7 il iozt 05

DR7-DQ2 | 0202 —ji-i i

DR7-DQ2 | 0202 —uiri i i DQ2.2 low
DR4-DQ8 0302 — 0301 l—w 103103 DaQs high

Figure 1. Association of the HLA locus with CD. HLA-DQ2 molecule is the major factor
conferring risk to CD. Most celiac patients express the heterodimer HLA-DQ2.5, encoded by the
alleles HLA-DQA1%*05 (a chain) and HLA-DQB1*02 (B chain), that can be present in cis in the
DR3-DQ2 haplotype or in trans, in the heterozygotes DR5-DQ7 and DR7-DQ2.2. The
HLA-DQ2.2 dimer, a wvariant of HLA-DQ2 encoded by the alleles HLA-DQA1*02:01 and
HLA-DQB1%02:02, confer a low risk to develop the disease. Most of the patients that are
negative for DQ2 express HLA-DQ8, encoded by the DR4-DQ8 haplotype’.

DQ2.5 in trans very high
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HLA-DQ2 and -DQ8 variants are in linkage disequilibrium with DR3 and
DRA4, respectively. Thus, we often refer to these risk variants as DR3-DQ2 and
DR4-DQ8 haplotypes’. In several haplotypes, as is the case of DR3-DQ2, the
two alleles of the HLA-DQ2.5 heterodimer (DQA1*05:01 and DQB1*02:01)
are located in the same chromosome and therefore, encoded in cis. In the
heterozygous individuals carrying DR5-DQ7 and DR7-DQ2 haplotypes, the
two molecules taking part in the risk heterodimer are encoded in trans,
because they are located in different chromosomes. The differences between
these two types of HLA-DQ2.5 rely on a single amino acid of the DQa chain
(DQA1*05:01 vs. DQA1*05:05) and another residue of the membrane region
of the DQp chain (DQB1*02:01 versus DQB1*02:02), but they seem not to
have any functional consequences and are associated with a similar risk effect.
However, the risk conferred by another HLA-DQ2 variant, the HLA-DQ2.2

. . 1,10
dimer, is very low .

There is also a relationship between the degree of susceptibility to CD and
the number of DQ2.5 heterodimers. Homozygous individuals with two
DR3-DQ2 haplotypes as well as heterozygous patients presenting
DR3-DQ2/DR7-DQ2 express the highest levels of DQ2.5 heterodimers and
thus, confer the maximum genetic risk to develop CD'". In this sense, it has
to be mentioned that patients with refractory CD (those not responding to
GFD) present a higher degree of homozygosity for DR3-DQ2 (44-62%) than
other celiac patients (20-24%). A similar dose-dependent effect has also been
suggested for DQ8 molecules.

Apart from the genes encoding DQ molecules, the HLA region also
contains many other genes that participate to the immune response and that
could contribute to the susceptibility to CD. Several studies have postulated
that polymorphisms in genes such as MICA, MICB or TNF could contribute
to the genetic risk to develop this disorder. Nonetheless, most of these works
have not paid enough attention to the strong linkage disequilibrium among
genes and results are not conclusive. Deep-sequencing and exhaustive mapping
of the region will help to determine whether it contains susceptibility factors

other than HLA-DQ. Although HLA genes importantly contribute to the
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genetic susceptibility, the concordance of the disease in siblings identical for
HLA genotype approaches only 30%, so that we can conclude that HLA genes

are important but not sufficient to develop CD".

1.3. Role of HLA in the Pathogenesis of CD

The strong association of the HLA class II genes with CD is directly linked
to the fundamental role of CD4+4+ T lymphocytes in the pathogenesis of the
disease. In fact, CD4+4 T cells that are able to recognize gluten-derived
peptides are present in the intestinal mucosa of celiac patients, but not in the
case of healthy, non-celiac individuals. When genetically susceptible
individuals are exposed to certain gluten-derived epitopes, they are presented
by the HLA-DQ2/HLA-DQ®& molecules on the surface of antigen presenting
cells (APC), stimulating the proliferation of gluten-specific CD4+4 T cells'.

An important landmark in the molecular basis underlying the association
between HLA and CD was the discovery that the binding capacity between
the HLA-DQ2 and/or -DQ8 and the gliadin peptides increases substantially
when the latter have been enzymatically modified by the enzyme tissue
transglutaminase type 2, or TG2. The enzyme catalyzes a reaction that
provokes the increase of negative charges in the gluten-derived peptides,
favoring their binding to certain HLA molecules (DQ2 and DQ8) and thus,
triggering the presentation of these gluten peptides to CD4+ T cells.

Given the importance of HLA molecules in the activation of auto-reactive
gluten-specific T cells, it is expected that any modification in their coding
sequence will provoke alterations in different steps of this process. In this way,
polymorphisms in the sequence encoding the antigen binding sites could affect
affinity, favoring or hampering the recognition of the gluten-derived
peptides'”. On the other hand, several polymorphisms located in regulatory
sites can repress or enhance the expression of the HLA molecules, reducing or

augmenting the immune response to gluten.
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2. Search for Genetic Susceptibility Genes in CD

Given the fact that HLA alone can only explain around 40% of the genetic
component of CD, large efforts have been done to localize and identify
non-HLA susceptibility genes that could clarify the complex genetics of this
disorder. Two have been the major strategies used with this aim: on the one
hand, linkage studies in affected families, and on the other hand, association
studies based on population screening. More recently, CD has also been
studied using Genome Wide Association Studies (GWAS), in which thousands
of Single Nucleotide Polymorphisms (SNP) have been genotyped and
analyzed. These studies have allowed us to identify several associated loci, but
functional studies will be needed to confirm the implication of the proposed

candidate genes.

2.1. Linkage Studies

Linkage studies in families have allowed the identification of chromosomal
regions which are repeatedly and consistently inherited by the affected
members of a family through several generations. Thus, regions potentially
relevant to the development of the disease can be selected and fenced in.
Genes localized in these regions are considered positional candidates, due to
the fact that it is their position in the genome that is conferring them the
candidate identity. In the case of CD, apart from the HLA region (or
CELIAC1) which obviously is the most consistently replicated signal and the
one showing the strongest linkage disequilibrium, three regions containing
positional candidates such as a number of interleukins, the SPINK family,
CD28, CTLA4, ICOS and MYO9B have been described in the different
linkage studies (Figure 2). However, even though consistently replicated in
several studies, the certain causes of association with CD have not been

identified for these linkage regions.
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CELIAC2: 5q31-33 Greco et al, 1998

CELIAC3: 233 1] Holopainen et al, 2004

CELIAC4:19p13.1 [ i s pqgCe e 1 Van Belzen et al, 2003

Figure 2. Linkage regions replicated in different families affected by CD'*".

2.2. Functional Candidate Genes

The candidate gene approach for genetic association studies focuses on
associations between genetic variation within pre-specified genes of interest
and phenotypes or disease states. This is in contrast to GWA studies, which
scan the entire genome for common genetic variation. Candidate genes are
most often selected for study based on a priori knowledge of the gene's
biological functional impact on the trait or disease in question. This approach

has been commonly used in complex disease studies, and also in CD.

Most of the candidate gene studies to date has focused on immune
response, since it is generally accepted that CD is a T cell mediated disease,
in which gliadin-derived peptides, either in native form or deamidated by
transglutaminase, activate lamina propria infiltrating T lymphocytes, leading
to both Thl and Thl7 inflammatory responses of the adaptive immune
system'. Thus, both the most Thl response-characteristic cytokine INFYy
(encoded by INFG)” and IL23R the receptor of the best known interleukin in
the Th17 cascade’”® have been studied among many others, with not many

strong association evidences as conclusion.

During the last decade, however, a growing interest has focused on the
possible implication of the innate immune response, based on the fact that
gliadin peptides are also able to trigger a non-T-cell-dependent response that

could establish the proinflammatory environment necessary for subsequent
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T-cell activation and tissue destruction®. Different innate immune genes and
gene families have been proposed as putative susceptibility candidates to CD
such as the inflammatory mediators IL1A, IL1B, ILIRN, IL18, RANTES
and MCP1”, the Killer Immunoglobulin-like receptor (KIR) family®, the
Toll-like receptor (TLR) family’* and the stress molecules MICA and
MICB? but although a general activation of the innate immune system is well
known to occur in CD, none of the proposed candidates have shown a strong

association with the disease.

Finally, functional players involved in the remodeling of the intestinal
epithelia and in the maintenance of the extracellular matrix have also been
proposed as putative susceptibility genes, but again, no association has been

confirmed for any of them.

2.3. Genome-wide association and follow-up studies in CD

Millions of SNPs have been identified thanks to the Human Genome
sequencing projects. Some of those SNPs, called tag SNPs, have been used as
genetic markers in GWAS and allow the identification of thousands of
susceptibility variants for many complex diseases. The two GWAS performed
in CD, together with several follow-up studies, revealed a total of 26 non-HLA

. The most recent large-scale project performed to

associated regions®”
identify variants associated with CD and other autoimmune diseases is the
Immunochip Project, in which a denser genotyping of 186 GWAS loci
associated with 12 immune-related diseases identified 13 additional regions

associated with CD®.

Hence, there is a total of 39 non-HLA regions associated with CD,
containing 57 independent association signals. Nineteen of those regions
pinpoint to a single candidate gene, but only 3 associated SNPs are linked to
protein-altering variants located in exonic regions, although some potentially
causative genes have been proposed due to the existence of signals near the 5’
or 3’ regulatory regions(Figure 3).

Even though most SNPs localize to nonprotein coding intergenic and

intronic regions, CD associated variants seem to be located in expression

88



Genetics of Celiac Disease. HLA and Non-HLA Genes

quantitative trait loci or eQTLs, genomic loci that regulate expression levels
of mRNAs or proteins. When eQTLs map to a genomic location close to the
regulated gene they are referred to as cis-eQTLs; in contrast, when the eQTL
maps far from the gene (even on different chromosome), it is referred to as
trans-eQTL. After a meta-analysis of a genome-wide eQTL dataset of 1,469
human whole blood samples, supposed to reflect primary leukocyte gene
expression, 38 genome-wide CD associated non-HLA loci were assessed for cis
expression-genotype correlation®. Twenty significant eQTLs were identified,
more than expected by chance, indicating that CD associated regions are
greatly enriched for eQTLs. These data may indicate that some risk variants
could have an influence in CD susceptibility by altering gene expression,
however, there are many evidences indicating that cis-eQTLs differ between

different tissues and can even have completely opposite effects.

Thereby, it is important to perform functional analysis of the proposed
candidate genes in the disease tissue. The eight association peaks from the
first CD GWAS were replicated in a Spanish population in 2011, identifying
four genes (IL12A, LPP, SCHIP1 and SH2BS8) whose expression in the
intestinal mucosa varied according to disease status and the genotype of the
associated variant®. These results suggest that these genes may be
constitutively altered in celiac patients, probably before the onset of
observable symptoms of the disease, and therefore could have a primary role

in its pathogenesis.
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Figure 3. Celiac disease associated regions and proposed candidate genes. Genes highlighted in
red showed differential expression in functional analysis.

A second work took a step forward and identified two genes (PTPRK and
THEMIS), located in the same associated region, which were co-expressed
both in active disease and in response to ¢n wvitro stimulation by gliadin of
intestinal biopsies of celiac patients with inactive disease who have adhered to
the gluten free diet for at least two years®. Therefore, it seems that associated
variants in this region affect the expression of different genes, but not
constitutively from the time of birth of the future celiac patient, but only in
the presence of a toxic stimulus that triggers an immune response. The
implications of this finding are of great importance because they highlight the

existence of common regulatory mechanisms for different genes in the DNA
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sequence that only have an effect in the presence of a disease-provoking

immunogenic stimulus.

In order to elucidate the substantial fraction of heritability that
remains unexplained in most complex diseases, a novel hypothesis has
recently been postulated. It has been called the “rare-variant synthetic
genome-wide-association hypothesis” and it is based on the assumption that
unobserved rare causal variants lead to association detected at common tag
variants. However, a recent work in which sequencing and genotyping for
coding exons of 25 GWAS risk genes were performed in 41,911 UK residents
of white European origin (24,892 subjects with six autoimmune disease
phenotypes and 17,019 controls) has revealed that rare coding-region variants
at known loct have a negligible role in common autoimmune disease
susceptibility, including CD®.

A different approach was taken to fine map the LPP locus in the search for
possible functional variants. This strategy revealed 6 SNPs that overlap
regulatory sites, with rs4686484 having a possible effect on LPP gene
expression in patients®.

Almost all associated regions contain genes with an immunological
function, many of which act in the same biological pathways. T-cell
development in the thymus, a pathway previously not explored in CD
pathogenesis, is one of those pathways. A study carried out by Amundsen et
al. aimed to explore the regulatory potential of the CD-associated SNPs by
eQTL analysis in thymic tissue®™. They found 43 nominally significant
(p<0.05) eQTLs within 24 CD-associated chromosomal regions, corresponding
to 27 expression-altering SNPs and 40 probes that represent 39 unique genes.
When compared across different tissues, they found that 14 eQTLs could
represent potentially novel thymus-specific eQTLs. This implies that CD risk

polymorphisms could affect gene regulation in the thymus

Given the diversity of cell types and specialization of functions within the
immune system, Xinli Hu et al. studied genetic and cellular traits of CD4+4
effector memory T (CD4+ TEM) cells, which are particularly important in
the onset of CD*. They purified CD4+ T cells form a cohort of healthy
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individuals and assayed genome-wide SNPs, abundance of CD4+ TEM cells in
blood, proliferation upon T cell receptor stimulation, and 215 gene transcripts
both in resting and stimulated states. They found that expression levels of 46
genes were regulated by nearby SNPs, including disease-associated SNPs.
Many of these eQTLs had not been previously observed in studies of more
heterogeneous peripheral blood cells, however they were not able to
demonstrate that disease alleles confer risk by modulating these traits in this

particular cell type.

The last work published in this field tried to scrutinize the functional
implication of 45 candidate genes that were not studied in previous works"
(Figure 3). The expression of those genes was analyzed in the disease tissue of
celiac patients at diagnosis and after treatment, and compared to non-celiac
controls. Moreover, the SNP genotype effect in gene expression was also
investigated and coexpression analyses were performed. Several genes showed
differential expression among disease groups, most of them related to immune
response. Multiple trans- but only 4 cis- eQTLs were found, and surprisingly
the genotype effect seems to be stimulus dependent as it differs among
groups. Coexpression levels vary from higher to lower levels in active patients
at diagnosis, treated patients and non-celiac controls respectively. A subset of
18 genes tightly correlated in both groups of patients but not in controls was
identified. Interestingly, this subset of genes was influenced by the genotype of
3 SNPs. These results strongly suggest that the effects of disease-associated
SNPs go far beyond the oversimplistic idea of transcriptional control at a

nearby locus.

In conclusion, recent studies stress the need of developing functional
studies and the importance of avoiding arbitrary selection of susceptibility
candidate genes. Additionally, they reveal the huge work that remains to be
done in order to identify the elements underlying the complex regulatory
system of the genome, while opening the door to future studies, in which the
scientific community will need to exhaustively analyze both different classes of
variation (such as structural variants of the genome or epigenetic features)

and the vast non-coding genome, in order to shed light on the complex
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genetics of common disorders and to be able to understand the effect of the

disease-associated variants found by the numerous GWA studies.

3. Novel Approaches to Unravel the Genetics of CD

A unique Copy Number Variation (CNV) study has been performed in CD.
In this work, TLR2, TLR4, and the f-defensin cluster (DEFB/4, DEFB103
and DEFB104) were analyzed by gene-specific, real-time PCR in 376 CD
patients and 376 controls*’. TLR genes did not show CNV, and all samples
presented with two copies. f-defensin clusters varied between 2 and 9 copies
per genome, and when grouped into bins, high copy numbers (>4) were
underrepresented among patients, suggesting that increased copy numbers
could protect from CD, possibly by impeding bacterial infiltration more

efficiently and preserving gut epithelial integrity.

On the other hand, genome-wide expression analysis have consistently been
used to draw maps of the most common functional alterations in different
complex diseases. Sometimes, these approaches have also been used to identify
associated variants that could explain different pathological situations. In the
case of CD, Castellanos-Rubio et al. designed in 2008 a strategy that
combined gene expression profiling of intestinal biopsy specimens, linkage
region information, and different bioinformatics tools for the selection of
potentially regulatory single-nucleotide polymorphisms*’. Among other results,
they found evidence of association with several SNPs and identified
SERPINEZ2 in 2q33, and PBX8 or PPP6C in 9934 as potential role players in

the development of the disease.

Following the results from the ENCODE project, it is now known that a
substantial fraction of genetic variants contributing to complex traits in
humans are involved in gene regulation™. Most phenotype-associated variants
discovered in GWA studies are far away from protein coding regions, and even
appear in gene deserts*. This distribution is similar to that shown by most of
the cis regulatory modules such as promoters and enhancers, and it is

expected that many variants associated with complex traits may affect gene
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expression. Furthermore, virtually any noncoding sequence in the human
genome could potentially be a regulatory element® and even act far away
from its genomic location and globally alter whole pathways and signaling
routes. Thus, oversimplistic and arbitrary selection of nearby and single
candidate genes should be avoided and Systems Biology approaches should be
implemented to find the relations and common regulatory mechanisms

conjugating the genes that interact to generate the celiac phenotype.

In this sense, in a genome-wide expression microarray carried out several
years ago, some signaling routes were found to be altered in CD, such as the
Jak-Stat, NFkB, MAPK or TGFB pathways'. Some of the genes participating
in these routes have been studied to determine whether they contain
CD-associated variants. One of these genes is STATI1, whose expression is
altered in the disease. However, no associated SNPs have been found".
NFkB1 has also been studied but, although it is constitutively active in the
intestinal mucosa of CD patients, it does not seem to contain any genetic
alteration that could explain its overexpression. It has been suggested that
the pathogenic effects assigned to this transcription factor (TF) could be
caused by a regulatory defect and that variants or alterations in genes
upstream NFxB could trigger the enhanced transcriptional activity observed
in CD. It has been speculated that two of the genes identified in a follow-up
study after the GWAS (REL and TNFAIPS3) could underlie the deregulation
of this biological route®. A regulatory SNP in the UBD gene that is involved
in the activation of NFxB has been associated to CD in Spanish population.
This gene is overexpressed in active disease and the allelic distribution of the
associated polymorphism presents a significant correlation with expression

49
levels™.

In this context, a recent study that tried to normalize the altered
expression of the NFkB pathway in wvitro using a MALT1 paracaspase
inhibitor discovered a strong coexpression among genes of the route in healthy
gut mucosa, while intestinal biopsies from active CD patients presented a
completely deregulated pathway (Figure 4)®. This disruption of coexpression

persisted in treated, inactive patients, especially after acute gliadin
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stimulation in wvitro, and could be reverted to a regulated pattern similar to
the one seen in controls through MALT1 inhibition. These results strongly
suggest that unknown regulatory mechanisms behind the tight coexpression of
the NFxB pathway observed in non-inflamed gut mucosa could be the ones
affected by putative genetic or epigenetic alterations rather than single genes

taking part in the activating cascade.

Diagnosis GFD Controls

Figure 4. Gene pair coexpression matrizes for the different disease statuses. Each small square
represents the p value for the correlation of the expression level in a specific gene pair. White,
light gray, dark gray and black indicate Pearson's correlation p values >0.05, <0.05, <0.01 and
<0.001, respectively”.

Other recent pathway analysis includes the study of genes whose expression
was previously shown to be altered in celiac disease and that shared
“angiogenesis” GO terms’'. A regulatory polymorphism mapping to TNFSF13
was shown to be associated with CD, and several antiangiogenic genes such as
TGM2 and PML were found to be upregulated, while some proangiogenic
genes were notably downregulated. Another study has confirmed the
involvement of tight junction genes related to permeability, polarity, and cell
proliferation in the epithelial destruction observed in CD®. Coexpression
patterns of several genes of the tight junction pathway support the idea of a
common regulatory mechanism that seems to be altered in active CD. In
general, GFD normalization confirms the reversibility of the process, except
for the constitutive downregulation of PPP2RS8A, suggestive of a genetic

implication.
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4. Preliminary steps on the epigenetics of CD

For the moment, only a few attempts have been performed to unravel the
epigenetic landscape of CD. However, taking into account that genetic and
epigenetic variation, together with environmental factors that shape
expression and methylation patterns are known to underlie the vast
complexity of common disorders, is probable that epigenetic studies will

increase in the following years.

As far as we know, the first miRNA expression analysis in CD was
performed in 2011 by Capuano et al. In this study, they tested the expression
of a large set of miRNA molecules and found out that nearly the 20% was
differentially expressed when celiac patients were compared to control
individuals®. Moreover, they discovered that high miR-449a levels targeted
and reduced NOTCH1 signaling and suggested that NOTCH pathway could
be constitutively altered in the celiac small intestine due to the overexpression
of this miRNA, and therefore, could drive the increased proliferation and the
decreased differentiation of intestinal cells towards the secretory goblet cell

lineage.

On the other hand, DNA methylation has also been studied in the context
of CD. It is known that methylation of cytosines, usually at CpG
dinucleotides, is involved in epigenetic regulation of gene expression. Promoter
methylation is typically associated with repression, whereas genic methylation
correlates with transcriptional activity. It has been recently found that 96% of
CpGs exhibit differential methylation in at least one cell type or tissue
assayed and that levels of DNA methylation correlate with chromatin
accessibility®. Additionally, chronic inflammation have been linked to several
epigenetic alterations. Thus, methylation level was measured in several
NFkB-related genes in celiac active and inactive mucosa and compared to
control, non-inflamed tissue’. Surprisingly, partially reversible, subtle but still
significant methylation differences were found in active celiac biopsies and

disease samples showed significant correlations among the methylation levels
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of different genes (co-methylations). These relationships seemed to somehow

disrupt the coexpression patterns observed in health among those same genes.

The ENCODE project has also been able to find CpGs with allele-specific
methylation consistent with genomic imprinting, and determined that these
loci exhibit aberrant methylation in cancer cell lines. Very recently,
Hutchinson and collaborators hypothesized that the phenomenon of allele-
specific methylation may underlie the phenotypic effects of multiple variants
identified by genome-wide association studies, so that they evaluated this in
an initial screen at up to 380,678 sites within the genome®. They showed that
many of the cis-regulated allele-specific methylation variants are also eQTLs
in peripheral blood mononuclear cells and monocytes and/or in high linkage-
disequilibrium with variants associated to complex disease. Finally, they found
out that, among others, the CD-associated SNP rs2762051, was associated to
one of such methylation variants, opening the door to a novel way to relate

the epigenetic, non-coding variation to the GWAS-derived results.

97



L. Plaza-Izurieta, N. Fernandez-Jimenez, J.R. Bilbao

References

98

Sollid LM, Thorsby E. HLA susceptibility genes in celiac disease: genetic
mapping and role in pathogenesis. Gastroenterology. 1993; 105: 910-22. Erratum
in: Gastroenterology. 1994; 106: 1133.

PMid:8359659

Greco L, Romino R, Coto I, Di Cosmo N, Percopo S, Maglio M et al. The first
large population based twin study of coeliac disease. Gut. 2002; 50: 624-8.
http://dx.doi.org/10.1136/gut.50.5.624

PMid:11950806 PMCid:PMC1773191

Horton R, Wilming L, Rand, V, Lovering RC, Bruford EA, Khodiyar VK et al.
Gene map of the extended human MHC. Nat Rev Genet. 2004; 5: 889-99.
http://dx.doi.org/10.1038 /nrgl1489

PMid:15573121

Ludwig H, Polymenidis Z, Granditsch G, Wick G. Association of HL-A1 and
HL-A8 with childhood celiac disease. Z Immunitatsforsch Exp Klin Immunol.
1973; 146: 158-67.

PMid:4282973

Maki M, Collin P. Coeliac disease. Lancet. 1997; 349: 1755-9.
http://dx.doi.org/10.1016,/S0140-6736(96)70237-4

Karell K, Louka AS, Moodie SJ, Ascher H, Clot H, Clot F et al. HLA types in
celiac  disease patients mnot carrying the DQA1*05-DQB1*02 (DQ2)
heterodimer: results from the FEuropean Genetics Cluster on Celiac Disease.
Hum Immunol. 2003; 64: 469-77.

http://dx.doi.org/10.1016,/S0198-8859(03)00027-2

Spurkland A, Sollid LM, Polanco I, Vartdal F, Thorsby E. HLA-DR and -DQ
genotypes of celiac disease patients serologically typed to be non-DRS3 or non-
DR5/7. Hum Immunol. 1992; 35: 188-92.
http://dx.doi.org/10.1016,/0198-8859(92)90104-U

Abadie V, Sollid LM, Barreiro LB, Jabri B. Integration of genetic and
immunological insights into a model of celiac disease pathogenesis. Ann Rev
Immunol. 2011; 29: 493-525.

http://dx.doi.org/10.1146 /annurev-immunol-040210-092915

PMid:21219178

Sollid LM, Markussen G, Ek J, Gjerde H, Vartdal F, Thorsby E. Evidence for a
primary association of celiac disease to a particular HLA-DQ alpha/beta
heterodimer. J Exp Med. 1989; 169: 345-50.

http://dx.doi.org/10.1084/jem.169.1.345
PMid:2909659


http://dx.doi.org/10.1084/jem.169.1.345
http://dx.doi.org/10.1146/annurev-immunol-040210-092915
http://dx.doi.org/10.1016/0198-8859(92)90104-U
http://dx.doi.org/10.1016/S0198-8859(03)00027-2
http://dx.doi.org/10.1016/S0140-6736(96)70237-4
http://dx.doi.org/10.1038/nrg1489
http://dx.doi.org/10.1136/gut.50.5.624

10.

11.

12.

13.

14.

15.

16.

17.

18.

Genetics of Celiac Disease. HLA and Non-HLA Genes

Sollid LM. Coeliac disease: dissecting a complex inflammatory disorder. Nat
Rev Immunol. 2002; 2: 647-55.

http://dx.doi.org/10.1038/nri885

PMid:12209133

van Belzen MJ, Koeleman BP, Crusius JB, Meijer JW, Bardoel AF, Pearson PL
et al. Defining the contribution of the HLA region to cis DQ2-positive coeliac
disease patients. Genes Immun. 2004; 5: 215-20.
http://dx.doi.org/10.1038/sj.gene.6364061

PMid:15014431

Ploski R, Ek J, Thorsby E, Sollid LM. On the HLA-DQ(alpha 1*0501, beta
1*0201)-associated susceptibility in celiac disease: a possible gene dosage effect
of DQB1*0201. Tissue Antigens. 1993; 41: 173-7.
http://dx.doi.org/10.1111/j.1399-0039.1993.tb01998.x

PMid:8362409

Lundin KE, Scott H, Hansen T, Paulsen G, Halstensen TS, Fausa O et al.
Gliadin-specific, HLA-DQ(alpha 1*0501,beta 1*0201) restricted T cells isolated
from the small intestinal mucosa of celiac disease patients. J Exp Med. 1993;
178: 187-96.

http://dx.doi.org/10.1084/jem.178.1.187

PMid:8315377

Schuppan D, Junker Y, Barisani D. Celiac disease: From pathogenesis to novel
therapies. Gastroenterology. 2009; 137: 1912-33.
http://dx.doi.org/10.1053/j.gastro.2009.09.008

PMid:19766641

Hovhannisyan Z, Weiss A, Martin A, Wiesner M, Tollefsen S, Yoshida K et al.
The role of HLA-DQ8 betab7 polymorphism in the anti-gluten T-cell response
in coeliac disease. Nature. 2008; 456: 534-8.

http://dx.doi.org/10.1038 /nature07524

PMid:19037317 PMCid:PMC3784325

Greco L, Corazza G, Babron MC, Clot F, Fulchignoni-Lataud MC, Percopo S et
al. Genome search in celiac disease. Am J Hum Genet. 1998; 62: 669-75.
http://dx.doi.org/10.1086/301754

PMid:9497251 PMCid:PMC1376948

Holopainen P, Naluai AT, Moodie S et al. Candidate gene region 2q33 in
European families with coeliac disease. Tissue Antigens. 2004; 63: 212-22.
http://dx.doi.org/10.1111/§.1399-0039.2004.00189.x

PMid:14989710

van Belzen MJ, Meijer JW, Sandkuijl LA et al. A major non-HLA locus in
celiac disease maps to chromosome 19. Gastroenterology. 2003; 125: 1032-41.

http://dx.doi.org/10.1016/S0016-5085(03)01205-8

99


http://dx.doi.org/10.1016/S0016-5085(03)01205-8
http://dx.doi.org/10.1111/j.1399-0039.2004.00189.x
http://dx.doi.org/10.1086/301754
http://dx.doi.org/10.1038/nature07524
http://dx.doi.org/10.1053/j.gastro.2009.09.008
http://dx.doi.org/10.1084/jem.178.1.187
http://dx.doi.org/10.1111/j.1399-0039.1993.tb01998.x
http://dx.doi.org/10.1038/sj.gene.6364061
http://dx.doi.org/10.1038/nri885

L. Plaza-Izurieta, N. Fernandez-Jimenez, J.R. Bilbao

19.

20.

21.

22.

23.

24.

25.

26.

100

Castellanos-Rubio A, Santin I, Irastorza I, Castano L, Carlos Vitoria J, Ramon
Bilbao J. TH17 (and TH1) signatures of intestinal biopsies of CD patients in
response to gliadin. Autoimmunity. 2009; 42: 69-73.
http://dx.doi.org/10.1080/08916930802350789

PMid:19127457

Wapenaar MC, van Belzen MJ, Fransen JH, Sarasqueta AF, Houwen RH, Meijer
JW et al. The interferon gamma gene in celiac disease: augmented expression
correlates with tissue damage but mno evidence for genetic susceptibility. J
Autoimmun. 2004; 23: 183-90.

http://dx.doi.org/10.1016/j.jaut.2004.05.004

PMid:15324937

Weersma RK, Zhernakova A, Nolte IM et al. ATGI16L1 and IL23R are
associated with inflammatory bowel diseases but mot with celiac disease in the
Netherlands. Am J Gastroenterol. 2008; 103: 621-7.
http://dx.doi.org/10.1111/j.1572-0241.2007.01660.x

PMid:18047540

Einarsdottir E, Koskinen LL, Dukes E, Kainu K, Suomela S, Lappalainen M et al.
IL23R in the Swedish, Finnish, Hungarian and Italian populations: association
with IBD and psoriasis, and linkage to celiac disease. BMC Med Genet. 2009;
10: 8.

http://dx.doi.org/10.1186,/1471-2350-10-8

PMid:19175939 PMCid:PMC2642807

Medrano LM, Garcia-Magarinos M, Dema B, Espino L, Maluenda C et al. Th17-
related genes and celiac disease susceptibility. PLoS One. 2012; 7: e31244.
http://dx.doi.org/10.1371/journal.pone.0031244

PMid:22359581 PMCid:PMC3281077

Maiuri L, Ciacci C, Ricciardelli I, Vacca L, Raia V, Auricchio S et al. Association
between innate response to gliadin and activation of pathogenic T cells in
coeliac disease. Lancet. 2003; 362: 30-7.
http://dx.doi.org/10.1016,/S0140-6736(03)13803-2

Rueda B, Zhernakova A, Lépez-Nevot MA, Martin J, Koeleman BPC.
Association study of functional genetic wvariants of innate immunity related
genes tn celiac disease. BMC Med Genet. 2005; 6: 29.
http://dx.doi.org/10.1186/1471-2350-6-29

PMid:16078996 PMCid:PMC1190178

Santin I, Castellanos-Rubio A, Perez de Nanclares G. Association of KIR2DL5B
gene with celiac disease supports the susceptibility locus on 19q13.4. Genes
Immun. 2007; 8: 171-6.

http://dx.doi.org/10.1038/sj.gene.6364367
PMid:17215859


http://dx.doi.org/10.1038/sj.gene.6364367
http://dx.doi.org/10.1186/1471-2350-6-29
http://dx.doi.org/10.1016/S0140-6736(03)13803-2
http://dx.doi.org/10.1371/journal.pone.0031244
http://dx.doi.org/10.1186/1471-2350-10-8
http://dx.doi.org/10.1111/j.1572-0241.2007.01660.x
http://dx.doi.org/10.1016/j.jaut.2004.05.004
http://dx.doi.org/10.1080/08916930802350789

27.

28.

29.

30.

31.

32.

33.

34.

Genetics of Celiac Disease. HLA and Non-HLA Genes

Dezsofi A, Szebeni B, Hermann CS, Kapitany A, Veres G, Sipka S et al.
Frequencies of genetic polymorphisms of TLR4 and CD14 and of HLA-DQ
genotypes in children with celiac disease, type 1 diabetes mellitus, or both. J.
Pediatr Gastroenterol Nutr. 2008; 47: 283-7.
http://dx.doi.org/10.1097/MPG.0b013e31816de885

PMid:18728522

Santin I, Castellanos-Rubio A, Hualde I, Castafio L, Vitoria JC, Bilbao JR. Tool-
like receptor 4 (TLR4) gene polymorphisms in celiac disease. Tissue Antigens.
2007: 70: 495-8.

http://dx.doi.org/10.1111/§.1399-0039.2007.00945.x

PMid:17927684

Martin-Pagola A, Perez-Nanclares G, Ortiz L et al. MICA response to gliadin in
intestinal mucosa from celiac patients. Immunogenetics. 2004; 56: 549-54.
http://dx.doi.org/10.1007/s00251-004-0724-8

PMid:15490153

Van Heel DA, Franke L, Hunt KA, Gwilliam R, Zhernakova A, Inouye M et al. A
genome-wide assoctation study for celiac disease tidentifies risk variants in the
region harboring IL2 and IL21. Nat Genet. 2007; 39: 827-9.
http://dx.doi.org/10.1038/ng2058

PMid:17558408 PMCid:PMC2274985

Hunt KA, Zhernakova A, Turner G, Heap GAR, Franke L, Bruinenberg M et al.
Newly identified genetic risk variants for celiac disease related to the immune
response. Nat Genet. 2008; 40: 395-402.

http://dx.doi.org/10.1038/ng.102

PMid:18311140 PMCid:PMC2673512

Dubois PCA, Trynka G, Franke L, Hunt KA, Romanos J, Curtotti A et al.
Multiple common wariants for celiac disease influencing immune gene
expression. Nat Genet. 2010; 42: 295-302.

http://dx.doi.org/10.1038/ng.543

PMid:20190752 PMCid:PMC2847618

Trynka G, Hunt KA, Bockett NA, Romanos J, Mistry V, Szperl A et al. Dense
genotyping identifies and localizes multiple common and rare wvariant
association signals in celiac disease. Nat Genet. 2011; 43: 1193-201.
http://dx.doi.org/10.1038/ng.998

PMid:22057235 PMCid:PMC3242065

Plaza-Izurieta L, Castellanos-Rubio A, Irastorza I, Fernandez-Jimenez N,
Gutierrez G, CEGEC, Bilbao JR. Rewisiting genome wide association studies
(GWAS) in coeliac disease: replication study in Spanish population and
expression analysis of candidate genes. J Med Genet. 2011; 48: 493-6.
http://dx.doi.org/10.1136/jmg.2011.089714

PMid:21490378

101


http://dx.doi.org/10.1136/jmg.2011.089714
http://dx.doi.org/10.1038/ng.998
http://dx.doi.org/10.1038/ng.543
http://dx.doi.org/10.1038/ng.102
http://dx.doi.org/10.1038/ng2058
http://dx.doi.org/10.1007/s00251-004-0724-8
http://dx.doi.org/10.1111/j.1399-0039.2007.00945.x
http://dx.doi.org/10.1097/MPG.0b013e31816de885

L. Plaza-Izurieta, N. Fernandez-Jimenez, J.R. Bilbao

35.

36.

37.

38.

39.

40.

41.

42.

102

Bondar C, Plaza-Izurieta L, Fernandez-Jimenez N, Irastorza I, Withoff S,
Wijmenga C et al. THEMIS and PTPRK in celiac intestinal mucosa:
coexpression in disease and after in vitro gliadin challenge. Eur J Hum Genet.
2014; 22: 358-62.

Hunt KA, Mistry V, Bockett NA, Ahmad T, Ban M, Barker JN et al. Negligible
impact of rare autoimmune-locus coding-region variants on missing heritability.
Nature. 2013; 498-232-5.

Almeida RC, Ricafio-Ponce I, Kumar V, Deelen P, Szperl A, Trynka G et al. Fine
mapping of the celiac disease-associated LPP locus reveals a potential
functional variant. Hum Mol Genet. 2014; 2481-9.

http://dx.doi.org/10.1093 /hmg/ddt619

PMid:24334606 PMCid:PMC3976328

Amundsen SS, Viken MK, Sollid LM, Lie BA. Coeliac disease-associated
polymorphisms influence thymic gene expression. Genes Immun. 2014; 15:355-
60.

http://dx.doi.org/10.1038/gene.2014.26

PMid:24871462

Hu X, Kim H, Raj T, Brennan PJ, Trynka G, Teslovich N et al. Regulation of
gene expression in autoimmune disease loci and the genetic basis of
proliferation in CD4+ effector memory T cells. PloS Genet. 2014; 10(6),
€1004404.

http://dx.doi.org/10.1371/journal.pgen.1004404

PMid:24968232 PMCid:PMC4072514

Plaza-Izurieta L, Fernandez-Jimenez N, Irastorza I, Jauregi-Miguel A, Romero-
Garmendia I et al. FExpression analysis in intestinal mucosa reveals complex
relations among genes under the association peaks in celiac disease. Eur J Hum
Genet. 2014.

http://dx.doi.org/10.1038/ejhg.2014.244

PMCid:PMC3925264

Fernandez-Jimenez N, Castellanos-Rubio A, Plaza-Izurieta L, Gutierrez G,
Castano L, Vitoria JC, Bilbao JR. Analysis of beta-defensin and Toll-like
receptor gene copy number variation in celiac disease. Hum Immunol. 2010; 71:
833-6.

http://dx.doi.org/10.1016/j.humimm.2010.05.012

PMid:20483368

Castellanos-Rubio A, Martin-Pagola A, Santin I, Hualde I, Aransay AM, Castano
L, Vitoria JC, Bilbao JR. Combined functional and positional gene information
for the identification of susceptibility wariants in  celiac  disease.
Gastroenterology. 2008; 134: 738-46.

http://dx.doi.org/10.1053/j.gastro.2007.11.041
PMid:18241860


http://dx.doi.org/10.1053/j.gastro.2007.11.041
http://www.ncbi.nlm.nih.gov/pubmed/18241860?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVLinkOut
http://www.ncbi.nlm.nih.gov/pubmed/18241860?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVLinkOut
http://dx.doi.org/10.1016/j.humimm.2010.05.012
http://dx.doi.org/10.1038/ejhg.2014.244
http://dx.doi.org/10.1371/journal.pgen.1004404
http://dx.doi.org/10.1038/gene.2014.26
http://dx.doi.org/10.1093/hmg/ddt619

43.

44.

45.

46.

47.

48.

49.

50.

51.

Genetics of Celiac Disease. HLA and Non-HLA Genes

ENCODE Project Consortium et al. An integrated encyclopedia of DNA
elements in the human genome. Nature. 2012; 489: 57-74.

http://dx.doi.org/10.1038 /naturel1247

PMid:22955616 PMCid:PMC3439153

Hardison RC. Genome-wide epigenetic data facilitate understanding of disease
susceptibility association studies. J Biol Chem. 2012; 287: 30932-40.
http://dx.doi.org/10.1074/jbc.R112.352427

PMid:22952232 PMCid:PMC3438926

Hindorff LA, Sethupathy P, Junkins HA, Ramos EM, Mehta JP, Collins FS et al.
Potential etiologic and functional implications of genome-wide association loci
for human diseases and traits. Proc Natl Acad Sci USA. 2009; 106: 9362-7.
http://dx.doi.org/10.1073/pnas.0903103106

PMid:19474294 PMCid:PMC2687147

Castellanos-Rubio A, Santin I, Martin-Pagola A, Irastorza I, Castafio L, Vitoria
JC et al. Long-term and acute effects of gliadin on small intestine of patients
on potentially pathogenic networks in celiac disease. Autoimmunity. 2010; 43:
131-9.

http://dx.doi.org/10.109,/08916930903225229

PMid:19814655

Diosdado B, Monsuur AJ, Mearin ML et al. The downstream modulator of
interferon-gamma, STATI1 is not genetically associated to the Dutch coeliac
disease population. Eur J Hum Genet. 2006; 14: 1120-4.
http://dx.do.org/10.1038/sj.ejhg.5201667

PMid:16773129

Trynka G, Zhernakova A, Romanos J, Franke L, Hunt KA, Turner G,
Bruinenberg M et al. Coeliac disease-associated risk variants in TNFAIP3 and
REL implicate altered NF-kappaB signalling. Gut. 2009; 58: 1078-83.
http://dx.oi.org/10.1136/gut.2008.169052

PMid:19240061

Castellanos-Rubio A et al. A regulatory single nucleotide polymorphism in the
ubiquitin D gene assoctated with celiac disease. Hum Immunol. 2010; 71: 96-9.
http://dx.doi.org/10.1016/j.humimm.2009.09.359

PMid:19808075

Fernandez-Jimenez N, Castellanos-Rubio A, Plaza-Izurieta L et al. Coregulation
and modulation of NFkB-related genes in celiac disease: uncovered aspects of
gut mucosal inflammation. Hum Mol Genet. 2014; 23: 1298-310.
http://dx.oi.org/10.1093/hmg/ddt520

PMid:24163129 PMCid:PMC3919015

Castellanos-Rubio A, Caja S, Irastorza I et al. Angiogenesis-related gene
expression analysis in celiac disease. Autoimmunity. 2012; 45: 264-70.

http:/dx.doi.org/10.3109/08916934.2011.637531
PMid:22136669

103


http://dx.doi.org/10.3109/08916934.2011.637531
http://dx.doi.org/10.1093/hmg/ddt520
http://dx.doi.org/10.1016/j.humimm.2009.09.359
http://dx.doi.org/10.1136/gut.2008.169052
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bruinenberg%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19240061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Turner%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19240061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hunt%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=19240061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Franke%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19240061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Romanos%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19240061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhernakova%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19240061
http://dx.doi.org/10.1038/sj.ejhg.5201667
http://dx.doi.org/10.3109/08916930903225229
http://dx.doi.org/10.1073/pnas.0903103106
http://www.ncbi.nlm.nih.gov/pubmed/?term=Collins%20FS%5BAuthor%5D&cauthor=true&cauthor_uid=19474294
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mehta%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=19474294
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ramos%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=19474294
http://www.ncbi.nlm.nih.gov/pubmed/?term=Junkins%20HA%5BAuthor%5D&cauthor=true&cauthor_uid=19474294
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sethupathy%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19474294
http://dx.doi.org/10.1074/jbc.R112.352427
http://dx.doi.org/10.1038/nature11247

L. Plaza-Izurieta, N. Fernandez-Jimenez, J.R. Bilbao

52. Jauregi-Miguel A, Fernandez-Jimenez N, Irastorza I, Plaza-Izurieta L, Vitoria JC,
Bilbao JR. Alteration of tight junction gene expression in celiac disease. J
Pediatr Gastroenterol Nutr. 2014; 58: 762-7.
http://dx.doi.org/10.1097 /mpg.0000000000000338

53. Capuano M, Iaffaldano L, Tinto N, Montanaro D, Capobianco V et al.
MicroRNA-449a overexpression, reduced NOTCH1 signals and scarce goblet
cells characterize the small intestine of celiac patients. PLoS One. 2011; 6:
€29094.
http://dx.doi.org/10.1371/journal.pone.0029094
PMid:22194996 PMCid:PMC3240641

54. Hutchinson JN, Raj T, Fagerness J, Stahl E et al. Allele-specific methylation
occurs at genetic variants associated with complex disease. PLoS One. 2014; 9:
€98464.

http://dx.doi.org/10.1371/journal.pone.0098464
PMid:24911414 PMCid:PMC4049588

104


http://dx.doi.org/10.1371/journal.pone.0098464
http://dx.doi.org/10.1371/journal.pone.0029094
http://dx.doi.org/10.1097/mpg.0000000000000338

®mniaScience

Go to TOC

Go to Section |

CHAPTER 2

Mechanisms of Intestinal Tolerance to

Dietary Proteins

David Bernardo'?, Stella C. Knight®

' Gastroenterology Unit. Hospital Universitario de La Princesa
and Instituto de Investigacién Sanitaria Princesa (IIS-IP),
Centro de Investigacién Biomédica en Red de Enfermedades
Hepéaticas y Digestivas (CIBEREHD) Madrid, Spain.

> Antigen Presentation Research Group, Imperial College London,
Northwick Park and St. Mark’s Campus, Mark’s Hospital,
Harrow, UK.

d.bernardo.ordiz@gmail.com, s.knight@imperial.ac.uk

Doi: http://dx.doi.org/10.3926 /oms.250

How to cite this chapter

Bernardo D, Knight SC. Mechanisms of Intestinal Tolerance to Dietary
Proteins. In Arranz E, Fernandez-Banares F, Rosell CM, Rodrigo L, Pena
AS, editors. Advances in the Understanding of Gluten Related Pathology
and the Evolution of Gluten-Free Foods. Barcelona, Spain: OmniaScience;
2015. p. 105-139.

105


mailto:d.bernardo.ordiz@gmail.com
http://dx.doi.org/10.3926/oms.250
mailto:s.knight@imperial.ac.uk

D. Bernardo, S.C. Knight

Abstract

Oral tolerance is defined as the lack of a systemic immune response
against antigens previously administered through the gastrointestinal
tract. Therefore, in an antigen rich environment such as the intestine,
the oral tolerance avoids the development of immune responses against
food antigens and the commensal microbiota maintaining immune
homeostasis in health. Nevertheless, in some circumstances the immune
system fails to develop and/or maintain immune tolerance, triggering
an abnormal immune response against the commensals, which occurs
in inflammatory bowel diseases and/or against food antigens as evident
in celiac disease. In this chapter, we will discuss the unique properties
of the immune system in the gastrointestinal tract and study how
dendritic cells, the most potent antigen presenting cells, control

mechanisms of immune homeostasis in the intestine.

Keywords

Dendritic cells, tolerance, intestine, immunity.
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Mechanisms of Intestinal Tolerance to Dietary Proteins
1. Characteristics of the Gastrointestinal Mucosa

The mucosa of the gastrointestinal tract (GIT) is the longest in the human
body comprising 100m® (200 times bigger than the skin surface). It consists of
a monolayer of epithelial cells specialized in the absorption of water and

nutrients and also provides a physical barrier with the external environment.

The intestinal epithelial cells (IEC) constitute the frontier between the
external antigen-rich environment [in its lower or distal compartments the
GIT carries a total of 10" bacteria per gram of human tissue'] and the
immune system in the lamina propria (LP) underneath, which comprises the
connective tissue between the apical epithelial layer and the inner muscularis
mucosae. Barrier function of the IEC is elicited by an array of tight-junctions
between the IEC blocking the passage of substances from the lumen. In
addition to the epithelial barrier, some IEC like the Goblet cells secrete
mucins which constitute the mucus layer on the apical membrane of the IEC.
This mucus layer carries a high concentration of anti-microbial defensins,

neutrophils and secreted IgA helping to maintain immune homeostasis in the
GIT>®.

Although IEC are not immune cells, their role in GIT homeostasis and
disease cannot be disregarded since some pathologies display increased
epithelial gut permeability due to defective or “leaky” tight-junctions. The
leakage of food and microbiota antigens through the IEC occurs in some
forms of inflammatory bowel disease (IBD) like in Crohn’s disease; mucosal
exposure to luminal antigens probably provides the basis for sensitivity to
food antigens in Crohn’s disease, responses to which can then be elicited only
through challenge via gut mucosa but not through skin challenge’. Patients
with celiac disease (CD) have increased epithelial gut permeability too,
allowing passage of luminal content antigens including gluten to the LP. The
composition of the mucus layer is also altered in CD patients™® as well as the
microbiota, composition®''. Nevertheless, it remains elusive whether such
altered properties of the IEC compartment and the microbiota are cause or

consequence of the disease.
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2. The Immune System in the Gastrointestinal Tract

Dendritic cells (DC) and macrophages (Mg) are the main antigen
presenting cells (APC) in the GIT and changes in their numbers, phenotype
and function have been reported in GIT diseases including CD"".
Nevertheless, DC and Mg have different functions. DC, the most potent APC,
are unique in their capacity to migrate to the lymph nodes to perform antigen
presentation and indeed are the only cells which can present antigens to
stimulate naive T-cells'. DC, therefore, control the mechanisms of
immunity/tolerance in the GIT, maintaining immune tolerance against
harmless antigens (mainly derived from the diet and the commensals) whilst
also maintaining the capacity to trigger active immune responses, against
invading pathogens'’. Mg, on the contrary, do not migrate to the lymph nodes
and fail to perform antigen presentation to naive T-cells. However, Mg
provide a first line of phagocytic defence against invading antigens™ and also

modulate effector T-cell responses in the tissues'™ ™.

They also help to
maintain intestinal tolerance by reducing local inflammation® and
contributing to epithelial cell renewal®. Differential functions at induction and
effector sites influence the outcome of the immune responses in the GIT
allowing the establishment of regulatory mechanisms required to maintain the
properties of the mucosal immune system®. Different compartments of the

immune system in the GIT can be classified, according to their function and

location, into i) sampling; ii) induction; and iii) effector areas.
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2.1. Sampling Areas

The sampling areas of the GIT immune system are those areas where

antigens are sampled by the DC*' (Figure 1).

Immunity
Tolerance
Epithelial cell M cell Dendritic cell Antigen

Figure 1. Dendritic cell antigen sampling. DC can sample antigens via (1) M cells at Peyer’s
Patches, (2) intestinal epithelial cell derived tolerosomes, (38) following direct uptake after
sending their veils or dendrites between the epithelial cells or (4) after breakdown of the
epithelial integrity. While the first two mechanisms promote immune tolerance, the last two are

related with development of active immune responses.

2.1.1. Antigen Transfer Via M Cells at the Peyer’s Patches

Peyer’s Patches (PP) are lympho-epithelial organs mainly located in the
small bowel submucosa. On their apical and external surface PP are covered
by a subset of specialized IEC called Microfold or M cells. Such M cells are
specialized for direct transfer of particulate antigens from the GIT lumen into
tissue beneath the dome of the PP, a compartment rich in DC which will

sample the antigens.
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2.1.2. Indirect Sampling Via Enterocytes

In contrast to the underdome compartment of the PP, where DC are
enriched, DC and other APC such as Mg are also spread throughout the
whole lamina propria of the GIT where they constitute a cell network in
intimate contact with the basal membrane of the IEC. In order to maintain
the GIT epithelial integrity, IEC can sample the luminal content and secrete
antigens onto the basolateral membrane through release of vesicles into the
LP where they will be taken up by DC. Such vesicles have been defined as
“tolerosomes” as they promote development of tolerogenic responses via
LP-DC*?%. Nevertheless, DC can also get indirect access to luminal antigens
following phagocytosis of apoptotic IEC although in that case they would

. . . . . 24
promote active immune responses against the foreign antigens™.

2.1.3. Direct Uptake by DC

LP-DC expressing CX3CR1 can extend their veils, or dendrites, between
the TEC while establishing tight-junctions in order to maintain the integrity of
the epithelial barrier” and hence gaining direct access to luminal antigens.
Nevertheless, recent evidence has redefined such CX3CR1" cells as a subset of

tissue-resident tolerogenic Mg™*,

2.1.4. Direct Access Following Epithelial Breakdown

When the epithelial integrity is compromised, due to an increase in
transepithelial permeability and/or IEC apoptosis (as induced in CD by IL-15
as discussed in other chapters), then the luminal content will have direct
access to LP-DC which will trigger an active immune response against the
invading pathogens or, in disease, to food or microbiota antigens®. Increased
epithelial permeability has been associated with several GIT diseases

including CD.
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2.2. Induction Areas

Following antigen update by the DC, induction areas are those
compartments where DC present antigen to naive T-cells. In the GIT,
induction areas are comprised of organized lymphoid tissues (including the PP
as previously described, the appendix and some lymph nodes) and the
mesenteric lymph nodes draining the gut. During antigen presentation DC
will not only generate antigen-specific T-cells but will also control their

differentiation into pro-inflammatory and/or tolerogenic T-cells

2.3. Effector Areas

Following T-cell priming, antigen-specific effector lymphocytes will migrate
back to the GIT to elicit their function at the effector areas in the epithelial

compartment and/or the LP.

2.3.1. Intraepihelial Lymphocytes

Intraepitheilal lymphocytes (IEL) constitute a heterogeneous pool of
T-cells on the basal membrane of the epithelial and intercalating with the
enterocytes. In contrast to immune cells in the LP and non-mucosal immune
tissues, IEL constitute a unique mix of lymphocytes. In resting conditions, in
healthy controls, human IEL constitute around 20-40 cells per 100 enterocytes
in the ileum where they are more frequent. They are characterized by the
expression of the CD103 integrin, and most of them (70-90%) have a cytotoxic
CD3"CD4 CD8" profile with a classical TCRaf. Although non-classical TCRyS
lymphocytes are not very common in other compartments, they represent up
to 30% of the total IEL in the GIT being the tissue where they are mainly
found. Finally, the IEL compartment comprises a third CD45*"CD3 CD7" NK-

like cells with cytotoxic capacity™™.
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2.3.2. Lamina Propria

The LP contains an array of immune cells in addition to fibroblast, smooth
muscle cells, lymph and blood vessels. Indeed, although it is not an organized
lymphoid tissue, LP of the GIT contains the largest number of immune cells

(mainly effector B and T-cells but also DC and M) in the human body.

2.3.2.1. B-cells and IgA

Different B-cell subsets produce different types of immunoglobulins (Ig).
IgM/IgG are involved in systemic antibody responses and IgE mediates
allergic reactions but the major component of antibody responses in the GIT
is IgA. Therefore, IgA is the main Ig in mucosal compartments and the
human body secretes over 3g/day. Ig-A promotes a non-aggressive exclusion of
pathogens, limiting their access to the IEC, and accumulates in the mucus
layer which is also rich in other immune molecules like defensins and
bacteriocines, enhancing all together its immune protective function forming

the first immune barrier of the GIT*?'.

2.8.2.2. T-cells

Following  antigen  presentation, DC determine  the  outcome
(pro-inflammatory/tolerogenic) of the responding antigen-specific T-cells. In
both cases, T-cells will migrate from the lymph nodes to the LP where, as the
effector site, they will elicit their function (either pro-inflammatory or

regulatory).

The role of the pro-inflammatory lymphocytes in the GIT has been clearly
stated in several intestinal pathologies including CD. Production of pro-
inflammatory cytokines by the T-cells compromises the integrity of the
epithelial barrier and is also related to structural modifications of the
extracellular matrix®®. Production of pro-inflammatory cytokines promote a
positive auto- and paracrine feedback for production of chemokines and other

pro-inflammatory cytokines which exacerbate the immune response and the
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tissue injury. Generation of gluten-specific pro-inflammatory T-cells following

antigen presentation by DC is the ultimate cause of CD pathogenesis.

Regulatory T-cells, are CD4" lymphocytes characterized by the expression
of high levels of CD25 in which activity is controlled by the expression of the
FoxP3 transcription factor. In contrast to pro-inflammatory T-cells,
regulatory T-cells mediate immune homeostasis. Some regulatory T cells
produce large quantities of regulatory cytokines (mainly IL-10). As a
consequence, regulatory T-cells block the proliferation of pro-inflammatory
T-cells, inhibit the production of pro-inflammatory cytokines and cooperate
with local B-cells to enhance their production of IgA*. However, T-cell
properties are dynamic®® so their discrimination into pro-inflammatory and
regulatory T-cells may be an oversimplification caused by cell density and/or

cell contact inhibition®.

In summary, the immune system in the GIT promotes immune tolerance
against the encountered antigens, mainly derived from commensals and food,
via GIT-DC which promote the generation of antigen specific Ig-A secreting
B-cells and regulatory T-cells which together maintain immune homeostasis.
Nevertheless, in some pathologies like CD, DC “are confused” and fail to
recognize gluten as a harmless dietary antigen. When that happens, DC
promote the development of gluten-specific pro-inflammatory T-cells which
control progression of the disease. In the following sections, we will therefore
discuss the properties of GIT-DC and try to understand some of the causes

which may cause their malfunction in CD.

3. Dendritic Cells Biology

DC are potent APC. In contrast to other APCs such as B-lymphocytes
(excluding already activated B cells) or Mg, DCs are unique in their capacity
to initiate a primary immune response by stimulating naive T-cells; they also
control the outcome (tolerogenic or proinflammatory) of the immune

16,39-41
responses .
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DC precursors migrate from the bone marrow to virtually all tissues in the
body, including the mucosa in the GIT. Once in the tissues, DC become
sentinels and sensors of the immune system. DC are sentinels as they are

highly effective capturing and processing antigens'*

and hence sampling the
surrounding environment. DC are also sensors given their capacity to
discriminate the nature (harmful/harmless) of the sampled antigen via their
high expression of pattern recognition receptor (PRR) molecules [including
Toll-like receptors (TLRs)**] but also given their capacity to become
activated in the presence of an innate immune stress (e.g. pro-inflammatory

)*"*¥. Therefore, DC occupy the interface between

cytokines or oxidative stress
the innate and the highly specialized antigen-specific adaptive immune

system.

When DC capture a “danger antigen”, as recognized via their PRR and/or
following maturation induced by an innate immune response, tissue DC lose
their high antigen-processing capacity and migrate to secondary lymphoid
organs in a CCR7-dependent manner*™ in a process of maturation which will
promote their capacity to present the antigens to T-cells. Within the lymph
nodes, mature DC will deliver three different signals to the naive T-cells
which will control their differentiation into antigen-specific pro-inflammatory
T-cells. Such signals include i) an increased expression of the processed
antigens on the surface of the HLA-IT molecules; ii) increased expression of
co-stimulatory molecules CD80(B7.1)/CD86(B7.2) (T-cell CD28/CTLA4
ligands) and/or CD40 (T-cell CD40L ligand); and iii) increased capacity to
produce pro-inflammatory cytokines, like IL-12°"’. Therefore, lymph node
mature DC have lost their antigen-capturing ability but are efficient for
antigen presentation and lymphocyte stimulation controlling their
differentiation into antigen-specific effector (pro-inflammatory) T-cells.
However, DC can also drive development of non-inflammatory (tolerogenic or
regulatory) lymphocytes if, at the time of the antigen presentation, they
display a decreased expression of the first two signals coupled with an
increased capacity to produce regulatory cytokines, like IL-10. In this manner,

DC control the development of pro-inflammatory responses against foreign
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harmful antigens whilst maintaining immune tolerance against harmless

antigens.

3.1. Dendritic Cells and Migration Markers: Connecting
Induction and Effector Areas

Antigen specific B- and T-cells express tissue-specific homing markers
which control their migration back to the target tissues where the antigen is
found. Lymphocytes migrating back to the GIT express on their surface the
a4fB7 integrin® and/or the chemokine receptor CCR9*. The ligand for the
a4p7 heterodimer is the MAJCAM-1 molecule which is expressed by
endothelial cells in the LP post-capillary venules of both the small and large
bowels’”. On the contrary, the ligand for CCR9 is the CCL25/TECK
chemoattractant expressed by small-bowel epithelial cells”™; there is a
gradient of expression which is maximal at the proximal end of the small
bowel and gradually decreases in the ileum to become undetectable in the
colon®. Therefore, while 47" lymphocytes have general mucosal tropism,
those co-expressing CCR9' are specifically directed towards the small

intestine, like pro-inflammatory gluten-specific T-cells in CD.

T-cell expression of such homing markers is controlled by DC. Thus, DC
not only control the outcome (proinflammatory/toregonic) of the immune
responses but also the location of that response via homing marker imprinting
on antigen-specific lymphocytes®. Prior to stimulation, naive T-cells express

'. DC entering tissues

migration markers that lead them to lymphoid tissues’
from the blood gain specificity induced by their tissue of residence. DC within
the tissues, particularly after exposure to antigens, will migrate to the
draining lymph nodes and deliver a fourth signal to the T-cells as they induce
the expression of homing or migration markers on the responding

%% Therefore, antigen specific responding lymphocytes are

lymphocytes
directed back to the target tissues where the antigens were found so that
immune responses are performed in a compartmentalized tissue-specific
way. The mechanisms through which DC induce the expression of

tissue-specific homing markers on responding T-cells remain elusive but seem
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to involve —among other components— fat soluble vitamins like vitamin A and
D. The 25-OHD molecule (generated in the skin following the ultraviolet
light-dependent activation of vitamin D) induces the expression of skin-
homing markers on DC and hence on the T cells they stimulate T-cells®
Retinoic acid (RA), which is a metabolite of dietary vitamin A, induces the
expression of gut-homing markers o487 and/or CCR9 on DC which then
stimulate T-cells with similar properties®™® . DC from the GIT —but not
from other tissues-possess the enzymatic machinery necessary to synthesize
RA®™ providing the mechanism by which GIT-DC gain gut specificity that
will then control the migration of the antigen specific lymphocytes back to the

62,65,68

GIT effector compartments Moreover, DC themselves also express

tissue-specific homing markers which vary according to their location®.
Circulating myeloid DC from CD patients (both untreated at diagnosis and
after clinical remission following gluten-free diet) display an altered expression
of migration markers with very high expression of CCR9™ suggesting an
increased small bowel migratory capacity which may correlate with a higher
infiltration of DCs in target tissues'’. Nevertheless, the mechanisms producing
changes in homing capacity of circulating DC are unknown since it is

generally accepted that DC normally die within lymph nodes and do not

. 73
recirculate’.

4. Dendritic Cells and Oral Tolerance

GIT-DC are exposed to a large amount of foreign, but harmless, antigens
mainly derived from the commensal bacteria and the food. Therefore, in
contrast to DC from other tissues, GIT-DC promote the immune tolerance

. . 74-76
against such antigens .

The lower immunogenic capacity of intestinal DC results from a number of
factors. One of them is that GIT-DC have lower expression of PRRs -including
TLR molecules-"" which confers on them a lower capacity to recognize bacterial
antigens in such microbiota-rich environment. In addition to decreased TLR

expression, GIT-DC also display an immature phenotype as compared with DC
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from other tissues; they have lower expression of both HLA-II molecules and
surface co-stimulatory molecules, increased phagocytic capacity and higher

capacity to produce regulatory cytokines such as IL-10""

. Such a tolerogenic
profile confers GIT-DC with a reduced stimulatory capacity when compared
with DC from other tissues®™ which is key in preventing inflammatory processes
in the absence of invading pathogens. In addition to their decreased stimulatory
capacity, GIT-DC also promote the differentiation of both T-cells with antigen-
specific regulatory properties and IgA-secreting B-cells which mediate immune

tolerance in the GIT

80-84

. Last, but not least, GIT-DC also imprint gut-homing
markers (@487 and/or CCR9) on both Ig-A secreting B-cells and regulatory
T-cells®™ so trafficking of such tolerogenic T-cells and IgA secreting B-cells is
restricted to the gastrointestinal compartment. GIT-DC tolerogenic properties
are dependent on RA which is essential for intestinal immune tolerance; it is
only intestinal DCs (but not DC from other tissues) that possess the enzymatic
machinery necessary to convert vitamin A into RA®™ and therefore provide the
capacity to generate gut-homing regulatory T-cells and IgA-secreting
B-cells®"*™. Nevertheless, GIT-also maintains the capacity to trigger an active
immune response against invading pathogens. Given that plasticity to maintain
immune tolerance against food/commensals while triggering active immune
responses against invading pathogens, it has been recently suggested that the
GIT contains different DC subsets, each of them being responsible for different

outcomes of the immune responses as discussed in the next section.

4.1. DC Subsets in the GIT

Intestinal DCs were originally classified into two mutually exclusive subsets:
tolerogenic (CD103") and proinflammatory (CX3CR1") DC which respectively
control immune tolerance against food and commensals or trigger immune
responses against invading pathogens respectively” ™. Tolerogenic CD103"DC,
are derived from newly arrived DC, have the capacity to migrate to the lymph
nodes in a CCR7 dependent manner, and possess the machinery (enzyme
RALDH2) necessary to metabolize vitamin A and generate RA generation

which mediates several GIT-DC properties. On the contrary, CX3CR1'DC are
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derived from newly arrived monocytes and lack both the enzymatic machinery
to synthesize RA and the capacity to migrate to the lymph nodes; they would

elicit a pro-inflammatory effect against invading pathogens.

4.1.1. CX3CR1" APC

CX3CR1'DC were originally identified as the GIT-DC subset with capacity
to send their dendrites through the IEC, establishing tight-junctions with
them, and accessing luminal antigens”. Although originally defined as DC,
CX3CRI1 is virtually absent on colonic DC and CX3CR1" APC have been

20,28,93 . .
% Their pro-inflammatory role has also been

recently redefined as Mg
revisited given their capacity to expand T-cells with regulatory properties on

Moreover, CX3CR1"Mg also contribute to

an 1L-10 dependent manner”.

immune homeostasis given their capacity to extend their projections between
the IEC and migrate towards the lumen in the presence of an infection while

becoming loaded with bacterial antigens, thus limiting their access the LP'*%.

4.1.2. CD103" DC

Intestinal CD103" DC can migrate to the lymph nodes, in a CCR7Y
dependent manner. Within them, the subset co-expressing CD11b" (murine
analog of human CDlc, which identifies type 1 myeloid DC) is unique to the
gut controlling the immune tolerance mainly via retinaldehyde dehydrogenase
type 2 (RALDH-2) required to generate retinoic acid which mediates several
GIT-DC properties™**".

CD103"DC are decreased in the duodenum of CD patients' suggesting that
they are related with the lack of oral tolerance against dietary gluten in such
patients. However, most our knowledge about the tolerogenic GIT CD103"DC
subset have been obtained from murine models which, although essential to
further our understanding on DC biology, may not always be translated into

93,98

the human context™. Thus, although a majority of human GIT-DC have a
regulatory profile™ ™ that is not restricted to the CD103" population which

are not the main DC subset in the human GIT"*'” RALDH2 expression is
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not restricted to human CD103" subset as it is also found on CD103" DC and
even Mgomo. Moreover, recent evidence suggests that the system is more
dynamic that originally described; “tolerogenic” CD103*CD11b"DC can also
drive pro-inflammatory Th17 responses®™, CD103DC can also generate RA
and migrate to the lymph nodes'' and, finally, DC subsets and function also

depend on the mouse strain and GIT location'” proving GIT-DC plasticity.

Together, and although different DC subsets may exist in the GIT, it seems
that the distinction between different DC subsets with different functions may
be an oversimplification; DC properties are dynamic and depend on the

surrounding microenvironment in which they are found.

4.2. Intestinal DC Plasticity

Tissue DC express different migration markers which are modulated by the

65,103

local microenvironment as DC acquire tissue-specific migration markers and

62,65,68,104
o . However,

the capacity to imprint them on lymphocytes they stimulate
the tissue microenvironment does not only modulate DC homing marker
expression but also their maturation status as innate immune factors induce
DC maturation. In the absence of inflammation, GIT-DC acquire a regulatory
profile following exposure to various “sedative” signals mainly secreted by the
IEC'™'* including thymic stromal lymphopoietin (TSLP), regulatory cytokines
like TGF-B and IL-10 and RA®™'""'* (Figure 2). Under such a sedative
environment, and in the absence of external immune insults, GIT-DC acquire
an immature phenotype characterized by decreased expression of PRR, but also
of HLA-Class II molecules, co-stimulatory molecules and also an increased
capacity to secrete regulatory cytokines. Given their capacity to metabolize
vitamin A and generate RA, GIT-DC in such a calming environment will
generate antigen-specific gut-homing T-cells with regulatory function and
IgA-secreting B-cells which will in turn promote and maintain the mechanisms

of immune tolerance against dietary and commensal antigens.
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Figure 2. Epithelial cells and dendritic cell crosstalk.

Left: In resting conditions, in healthy controls, intestinal epithelial cells (IEC) recognize
microbiota antigens in their apical membrane via pattern recognition receptors (PRR). When
that happens, IEC secrete TGF-B and retinoic acid (RA) hence modulating lamina propria

dendritic cells towards a tolerogenic phenotype.

Right: In the presence of invading bacteria, tight-junction integrity is compromised and
pathogens get access through being recognized by PRR located on the basolateral membrane of the
IEC. In this setting, IEC block the secretion of inhibitory signals and, conversely, of DC
modulation towards tolerance.

The intestinal immune system is, however, dynamic. In the presence of
danger signals its regulatory profile disappears as IEC stop secreting
“sedative” signals. This is partly due to the fact that IEC can recognize the
presence of invading bacteria. IEC are programmed to secrete TGF-§ and RA
when recognizing bacteria in their apical membrane by means of their PRRs;
however, in the presence of invading bacteria tight junction integrity is
affected so pathogens access through and are recognized by the PRRs located
on the basolateral membrane of the IEC''"?. In this setting, IEC block the

secretion of inhibitory signals and, conversely, of DC modulation towards
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tolerance. Furthermore, the presence of an innate immune response against
invading bacteria involves the secretion of different pro-inflammatory
cytokines and/or oxygen reactive species with the ability to induce DC

47,48 .. . .
. Under such conditions, DC recognize captured antigens as

maturation
invading pathogens, blocking immune tolerance and triggering active immune
responses (Figure 2). This capacity of DCs to respond rapidly and efficiently
to their microenvironment grants them the ability to control the immune
system and the balance between immunity and tolerance. Nevertheless, the
system is not perfect and factors altering the balance can lead to

malfunctioning DC as in CD.

5. Dendritic Cells in Celiac Disease

DC maintain immune homeostasis in the GIT while in CD, they trigger an
antigen-specific immune response against dietary gluten. DC themselves are
the cell type expressing the HLA-DQ2/8 molecules (the main susceptibility
genes in CD), a type of HLA-II molecule unique in their capacity to
accommodate gluten antigens and perform antigen presentation. Nevertheless,
the reason why gluten is recognized as a harmful antigen by DC remains
elusive. Increased expression of TLR molecules on GIT-DC and MyD88
signalling has been reported in some pathologies like IBD""""*. Although GIT-
DC have not been extensively studied in CD, tissue PRR expression is altered

10,114,115

in the celiac mucosa and gluten antigens are also recognized in a MyD88

116,117

dependent manner so a potential role of PRR on gluten recognition in CD

cannot be discarded.

Another possibility, however, suggests that DC do not recognize gluten as
harmful antigen directly but only as a consequence of an innate immune
response triggered in the GIT. As discussed in other chapters of this book,
gluten antigens have a dual effect on the GIT mucosa of the CD patients as it
triggers an innate immune response followed by a secondary antigen specific
adaptive immune response. The second is triggered by the DC, which, as

previously discussed, fail to recognize gluten as a harmless dietary antigen.
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The reason for DC “confusion” could be a consequence of the first non-specific
innate immune response. Such innate response' is characterized by the
production of IL-15 by IEC in a NF-kB dependent manner following gluten

119,120

recognition . IL-15 has a direct effect disrupting the epithelial barrier as it

121,122 123-126

increases tight-junction permeability and induces apoptosis of IEC
Under such immunological stress, IEC stop secreting their sedative signals
(Figure 2). IL-15 also has the capacity to activate DC directly and the DC
would then mature towards a pro-inflammatory phenotype (Figure 3). Gluten-
induced IL-15 production by IEC is central in the first steps of CD
pathogenesis and it also elicits co-adjuvant effects with RA exacerbating

. . . 127
inflammatory responses to dietary antigens .

Therefore, gluten antigens
sampled by DC are recognized as harmful and DC promote the differentiation
of gluten-specific gut-homing pro-inflammatory T-cells; once back in the
effector tissue (lamina propria) these T- cells will promote development and
progression of the disease. DC, are therefore responsible for the incapacity of
CD patients to establish immune tolerance against ingested gluten proteins;

instead, they cause development of antigen-specific immune response.
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Figure 3. Dendritic cells and celiac disease. In resting condition, in healthy controls, intestinal
epithelial cells (IEC) secrete sedative signals, including TGF-B and retinoic acid (RA), which
modulate lamina propria dendritic cells (DC) towards a tolerogenic phenotype. In celiac disease,
dietary gluten antigens induce an innate immune response characterized by IL-15 production by
IEC. Pro-inflammatory IL-15 increases tight-junction permeability and induces IEC apoptosis.
In such stressful environment, IEC stop the secretion of the sedative signals and therefore of DC
modulation towards tolerance. Pro-inflammatory cytokines like IL-15 also have a direct
maturation effect on DC. As a consequence, gluten antigens reaching to the lamina propria are
now recognized as harmful so DC trigger the development of an antigen-specific immune

response and hence the development of celiac disease pathogenesis.
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Abstract

Storage proteins from wheat kernels are the base of a wide variety of
homemade and industrial food products. Nonetheless, for a group of
individuals (celiac disease (CD) patients), these proteins are toxic.
Gliadins and glutenins from wheat, as well as their counterparts in
barley and rye, also called prolamins, are evolutionary related, and

present a high degree of homology.

Polyclonal and monoclonal antibodies raised against prolamins have been
a very useful tool to characterise structural and conformational features of
prolamins, and particularly, for gluten analysis based on immunochemical
techniques. Complete adherence to a gluten-free diet is required to recover
the normal histology of the small intestine in CD patients. To this end, the

use of certified gluten-free products is mandatory.

Aqueous solvents such as 60-70% ethanol, have been used for
extraction of prolamins from flours and food. This method is not
selective and, therefore, results in complex mixtures of proteins which
together with their low solubility in aqueous solutions, high degree of
homology, and consequently crossreactivity, produce some drawbacks

in gluten analysis by immunoassays.

Prolamins drive an exacerbated immune response in intestinal
mucosa of CD patients. T lymphocytes are a central piece in CD
pathogenesis. However, new insights in the knowledge of innate
immunity point out to some gliadin peptides which can also produce

structural changes in the intestine as well as inflammatory reactions.

Keywords
Gliadins, glutenins, prolamins, toxic proteins, gluten analysis, immune

response.
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1. Introduction

Cereal grains are one of the most important sources of protein in human
nutrition. Wheat and rice comprise over 70% of the cereal grains worldwide
consumed Most of the wheat cultivars used correspond to the hexaploid (three
genomes coded AABBDD) Tritricum aestivum L. varieties which are
commonly known as bread wheat. Tritricum durum, tetraploid (genomes A
and B), is primarily used for pasta production. Particularly, the massive use
of wheat proteins is due to their physicochemical properties, i.e., their ability
to form a particular structure called gluten. This structure is obtained from
wheat flour through washing in the presence of water and elimination of some
soluble components, mainly starch. As a result, an elastic and cohesive dough
is obtained which is capable of retaining gas, a product of fermentation by
microorganisms, usually yeast. Therefore, gluten is possibly the oldest known
food and the one that is most widely distributed amongst different cultures.
Due to its ability to form dough, gluten is extensively used also in the
formulation of other foods and is central to the development of many products

in food industry"”.

Storage proteins from wheat kernels are the base of a wide variety of
homemade and industrial food products. Nonetheless, for one group of
individuals (celiac disease (CD) patients), these proteins are toxic. In this
chapter, we will go over the structural aspects of these toxic proteins to
understand their role in the pathogenesis of CD as well as the principles

involved in methods for the certification of gluten-free food.

2. Classification of Cereal Proteins

Wheat, barley (Hordeum wulgare L.) and rye (Secale cereale L.) are
evolutionary related, and are members of the Triticeae tribe. They all contain
protein groups with a high degree of homology and share some physicochemical
properties. Oats, although found in the same sub-family, belong to the Aveneae

tribe and present some different characteristics (Figure 1)
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Family Grelr'n‘meae
/ \A
Subfamily Pooideae Bambusoideae Panicoideae
v e Y

Tribe Triticeae Aveneae Oryzeae Andropogoneae  Paniceae

v N NV XN v
Genus Triticum Secale Hordeum Avena Oriza Zea Sorghum Pennisetum

v v v v v vy v v
Name wheat rye barley oat rice maize sorghum millet

Figure 1. Tazonomic relationships in grains’.

Proteins from endosperm of wheat grains are complex mixtures. These
proteins, which were originally classified by T.B. Osborne (1907) into four
fractions according to their solubility in the following: albumins (soluble in
water); globulins (soluble in saline solutions), gliadins (soluble in 60-70%
ethanol) and glutenins (only soluble under stronger conditions, i.e. acids,

reducing agents and detergents, urea, etc).

Gliadins and glutenins, as well as their counterparts in barley and rye, are
also called prolamins. This name is due to their high content of the
aminoacids proline and glutamine, which along with phenylalanine explain for
60 to 80% of their aminoacid content. Prolamins are synthesised and
deposited in the endosperm of the grain as primary source of nitrogen for
protein synthesis, which occurs later during germination. Milling process
produces wheat flour, the essential primary ingredient in food manufacturing.
Gliadins and glutenins, as storage proteins, comprise almost half of the
protein content in wheat flour’. Gliadins are found as monomers with
molecular weights ranging from 30 up to 60kDa, whilst glutenins form
polymers through interchain disulfide bonds with molecular weights from

80.000Da to several millions. As consequence of this crosslinking, glutenins are
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poorly extracted when aqueous ethanol is used. Gliadins have been further
classified into a-, B-, y- and w-gliadins, based on their electrophoretic mobility
at acid pH (pH = 3, A-PAGE)’. The same procedure has been used to

describe the homologous components of barley and rye.

3. Structural Characteristics and Physicochemical

Properties

The primary structure of prolamins shows long regions of repeated
sequences generated by insertion and duplication along the evolution,
resulting in a high degree of polymorphism. The repetitive regions are formed
by units of 4 to 9 aminoacid length. These units include one or more proline
and glutamine, which explains for the high content of these two aminoacids in

the prolamins.

Table 1 shows a prolamin classification which takes into account their

. . . 1,3
composition and aminoacid sequence .

Table 1. Classification of Wheat, Barley and Rye Prolamins.

Prolamins
Gliadins (monomers) Glutenins (aggregates)
Wheat w-gliadins a-,p-gliadins | y-gliadins LMW glu- HMW glu-
S-Poor S-Rich
Barley | C hordeins = y-hordeins B hordeins D hordeins
Rye w-secalins = y-secalins | LM W-secalins HMW-secalins
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The aminoacid sequence for a-gliadin, a 30kDa ethanol-soluble protein, was
the first to be reported’. Further investigations revealed the overall structure
of prolamins, consisting of typical sequences in the N-terminal end, conserved
domains and repetitive regions. These characteristics are found in the
homologous components of wheat, barley and rye. For example, the
N-terminal regions of w-gliadins and w-secalins show a high degree of
homology, and repetitive sequences account for 80% of the molecule’. Two
consensus sequences were found: PQQPY and PQQPFPQQ explaining for the
high proline (P) and glutamine (Q) content observed in these proteins.
Sequence analysis of avenins revealed that, although some consensus
sequences of repetitive units do exist, these are different from those found in

wheat, barley and rye.

Based on their molecular weight, prolamins can be divided into: High
Molecular Weight (HMW), Medium Molecular Weight (MMW) and Low
Molecular Weight (LMW). Proteins from the HMW group include
HWDM-glutenins (wheat), HMW- secalins (rye) and D hordeins (barley), with
molecular weights in the range of 70-90 kDa. The sequence motif QQPGQG is

very frequent in the repetitive region.

The MMW group, molecular weight ranges between 50-70 kDa, includes
w-gliadins, ®-secalins (rye) and C-hordeins (barley). Sequences are typically
formed by QPQQPFP and QQQFP repetitions. The LMW group, molecular
weights ranges between 30-45 kDa, includes a-/f-gliadins and y-gliadins
(wheat), y-secalins (rye) and p-hordeins (barley); these contain cysteines
forming intrachain disulfide bonds. It should be pointed out that proteins

homologous to a-/pB-gliadins are not found in rye and barley'”’

. The typical
repetitive sequence in these proteins is QPQQPFP. In this same group, there
are other proteins with interstrand disulfide bridges: LMW-GS (wheat),

Y75k-secalins (rye) and B-hordeins (barley) (Figure 2 and 3A).

The secondary structure of prolamins contains a-helix regions at the N-
and C-terminal ends, and in some interspersed sequences. The repetitive
regions adopt a structure called p-turn. The p-turn structural unit is

composed of four residues; hydrogen bridge bonds are found between the first
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carbonyl group and the amide group of the fourth residue™

. The regularity of
repetitive sequences and of the f-turn structure determines the formation of a
cylindrical structure with 13 residues per turn, called a f-spiral. S-turns are
predominant in w-gliadins. They are also found in HMW glutenins and, to a
lesser degree, in y-gliadins. In these cases, the distribution of pS-turns is
irregular. In contrast, in a-gliadins, this structure is restricted to only a few
domains near the N-terminal, the ones which are more irregular and can
contain interspersed sequences with a-helix structure”. Prolamins are compact
protein structures with high physicochemical stability''. Their rigid secondary

. . .. oy 12
structure is preserved, even under mild denaturalising conditions™ and only

. . oy . . 13
aggressive denaturing conditions, such as 4M urea, may alter their structure ™.

HMW PROLAMIN: HMW Subunit (1Dx5)

S S T ——— Y
r ; _PGQGQQ+GYYF}'|;SPQQ+ Gaa’
/ 1 \ ' I
' 1) '
eee ¢ '

S-RICH PROLAMIN: y-type Gliadin

12 - 325 218
I PQQPFPQ

| 12 3458 _ 78 |
] I

S-POOR PROLAMIN: o-Gliadin
. 2h S,
'PQQPFRQQ ;

Figure 2. Outline of the structures of HMW glutenins and rich and poor sulphur
gliadins. Connecting lines 1 to 8 indicate disulfide bridges between cysteines, while
SH indicates the cysteine residue positions’.
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A B

Glia--9  PFPQPQLPY ; : £

Siia-=2  PQPQLPYPQ LQLQPFPQPOLPYPQPQLPYPQPQLPYPQPQPF
Glia--20 FRPQQPYPQ IGﬁa-U QGSFOPSQQ ‘ L = : )

\ \

- R |Q1‘ NR1“ ”02‘ NR2”|

Figure 3. Toxic peptides in a-gliadins. A. Outline of the a-gliadin structure. S:
short N-terminal sequence. R: repetitive domain. NR: non-repetitive domains
separated by polyglutamine regions (Q). Some of the sequences reported as tozxic
peptides are indicated®. B. Sequence from a-gliadins from aminoacids 57 to 89
(known as 33mer) including three overlapping toxic epitopes which are present
three, two and one times)’.

4. Extraction Procedures to Obtain Prolamin Fractions

Aqueous solvents such as 60-70% ethanol, 0.01 M acetic acid or 1 M
urea, among others, have been used for extraction of prolamins from flours.
This method is not selective and, therefore, results in complex mixtures of
proteins'’. Since prolamins have high tendency to aggregate in the presence
of aqueous solvents, biochemical techniques to separate and purify them
are not efficient. Reversed-phase high-performance liquid chromatography
(RP-HPLC) is the recommended method for prolamin analysis. However,
for preparative purposes only a limited amount of proteins can be purified

using HPLC.

In order to obtain larger amount of these proteins, medium-pressure
liquid chromatography has been used (FPLC, Fast Protein Liquid
Chromatography)'’. In this case, some enriched fractions can be obtained
but they are commonly contaminated with component from other fractions.
In conclusion, given their biochemical characteristics, it is not possible to
obtain gliadins or other prolamins in a pure form using conventional analytic

techniques. This is why, applying genetic engineering techniques, several
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gliadins have been cloned and produced in a recombinant form. These
recombinant proteins have been used in functional studies'® and in the
assessment of their role in the pathogenesis of the CD'""®*. Although studies
carried out using individual protein used as a model, it should be take in
mind that most of the processes or mechanisms to be analysed depend more
on the interaction among proteins than on properties of one single

component.

5. Characterisation of Prolamins by Immunochemical
Methods

Polyclonal and monoclonal antibodies were raised against wheat, barley,
and rye proteins were a very useful tool to characterise structural and
conformational features of prolamins. Though, the low solubility of
prolamins in aqueous solutions, the difficulty of obtaining highly purified
components and the high degree of homology, and consequently
crossreactivity, produce some drawbacks in this kind of studies, the
information obtained by immunochemical techniques was relevant to increase
the knowledge of this particular protein system. Immunochemical analysis
using polyclonal antibodies obtained in rabbits immunized with «a-/8- and
y-gliadins, B-hordeins or C-hordeins, showed the immunogenicity of
repetitive sequences and, in particular, that regions composed of beta-turns
mostly determine the high cross-reactivity'’. Those results revealed partial
homology and the presence of similar conformational and/or lineal epitopes
in a- and p-gliadins, B-hordeins and C-hordeins. In the same studies,
w-gliadins showed much less reactivity, and no recognition of oat and rice

proteins was observed.

Monoclonal antibodies were produced using different strategies for
immunization and hybridoma selection. These antibodies have increased
our knowledge on the structural characteristics of prolamins but also they
were useful for the development of quantitative assays to determine

gliadin concentration in foodstuffs'*****., One of these monoclonal
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antibodies, called R5, has been extensively characterised and is one of the
antibodies worldwide used in commercial ELISA tests for gluten control

in foodstuff*2°.

Characterisation of immunoreactivity and, in particular, the identification
of the epitope recognised by a monoclonal antibody in this protein system is
difficult. The complex protein system consisting of multiple antigen-
antibody interactions with a broad range of affinities, and high
crossreactivity makes difficult the interpretation of the immunochemical
results. To identify the epitope recognised by monoclonal antibodies,
synthetic peptides or phage display libraries were used. In the case of the R5
antibody, the core sequence of the epitopes was identified as QQPFP,
QQQFP, LQPFP and QLPFP*. These sequences are found in wheat, rye

and barley but not in oats or rice.

In addition to the immunochemical tests, modern techniques have been
developed for gluten analysis more recently. Different kind of sensors based
on physical properties, electrochemical®’, and magnetic® have been proposed
to detect gluten peptides. Using a different approach, detection of DNA
fragments of wheat genome by PCR has also been proposed to detect the
presence of wheat components in foodstuff®. Though, these are all powerful
techniques, they could not replace the massive use of the quantitative

ELISA.

6. Commonly Used Gliadins in Research of CD

Pathogenesis or Gluten Analysis

To assess the role of gliadins in the pathogenic mechanisms in CD or in the
development of food certification assays, the most commonly used gliadin
sources have so far been: commercial gliadins, enzymatic digestion of whole
gliadins and, more recently, the standard prepared by the European Working
Group in Prolamin Analysis and Toxicity (PWG)¥.
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Commercial gliadins are supplied by different companies. Essentially
they consist of gliadins obtained from wheat flour following
conventional protocols on elimination of the albumin-globulin fraction
and later extraction with aqueous ethanol. The protein fraction
extracted with aqueous ethanol is then freeze dried and distributed as
a lyophilizated powder. It has been the most commonly used gliadin
source, but it is not completely soluble. This is a relevant disadvantage
when this gliadin preparation is used as standard in quantitative
methods. In addition, due to the production procedure, the
conformation of the proteins can be altered, and consequently their

interaction with antibodies can be modified.

Gliadin fragments obtained by enzymatic digestion of commercial
gliadins have often been used in characterisation of the immune
response in CD patients. They are obtained, in general, through
treating commercial gliadins with trypsin and pepsin, and usually
called PT-gliadin. This enzymatic digestion produces a mixture of
peptides of varying size. For biological assays, this preparation is used
as a model of gluten-derived peptides found in the intestinal lumen
after the physiological process of digestion. The disadvantage of this

preparation is the high variability between batches.

The PWG gliadin was developed as part of an international
multi-centre project. This preparation is an international reference
material which allows the validation of quantitative tests. For the
preparation, flour of 28 wvarieties of European wheat varieties were
mixed, and the gliadin fraction was obtained following a conventional
protocol for prolamin extraction. The optimization of the preparation
procedure produced a high amount of gliadins. The PWG gliadin was
characterized by the most wide-ranging methodology available
(RP-HPLC, polyacrylamide gel electrophoresis, capillary
electrophoresis, MALDI-TOF, immunoassays). Its stability and
solubility were also evaluated. Thus, the PWG gliadin is a highly
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stable and completely soluble reagent, which can be used as a reference

material for quantitative assays in gluten analysis®.

7. Prolamins and Toxicity. Induction of Innate and

Adaptive Immune Response

Pioneer studies by the group of Dr. Sollid (Oslo, Sweden) at the
beginning of the 1990s, demonstrated the specificity of lamina propria T
lymphocytes isolated from the intestinal mucosa of untreated CD patients.
Those experiments demonstrated the role of HLA alleles in CD

332 Following studies, using panels of T lymphocytes isolated

pathogenesis
from the intestinal mucosa allowed a deep analysis of the peptides bound
to the susceptibility HLA alleles (HLA-DQ2/DQ8)*. Because all the
information collected through these studies, the mechanism of CD
pathogenesis have been defined in detail, perhaps even more than is known

for other immune-mediated pathologies.

Due to their particular sequences, gluten peptides are resistant to
enzymatic degradation. Consequently, partially degraded and long gluten
peptides are present in the intestinal lumen. These peptides are traslocated
to the lamina propria where they are uptaken and processed by dendritic
cells. There, tranglutaminase 2 (TG2), a multitask enzyme, mediates
deamidation of glutamine residues at selected positions of the gluten

35,36

peptides™”’. This modification renders peptides with higher affinity for the
HLA susceptibility alleles'”*"*. Taking together, the selection of peptides
able to interact with the HLA susceptibility alleles and the requirement for
glutamine deamidation by TG2, algorithms for prediction of toxic
sequences were developed’®. Thus, the adaptive response is mainly
restricted to certain gluten peptides which fulfil requirement of HLA

binding and TG2 modification®>".

Though T cell reactivity seems to be heterogeneous, reactivity to a-gliadin
predominates to other gliadins. Immunodominant peptides, such as a-gliadin

p56-89™, induce specific immune responses in virtually all patients with celiac
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. 17,45
disease "™’

. The major epitopes on a- and py-gliadins, as well as on glutenins,
have been identified; many bind to HLA-DQ2 and DQ8. In most cases, TG2
deaminated peptides show a higher binding affinity and increase induction of

T cell proliferation® ",

A nomenclature for relevant gluten epitopes has been proposed based on
the definition of the reactivity by at least one specific T cell clone, the HLA
restriction element, and the nine aminoacid core of the epitope®. The list
includes 31 epitopes recognized by CD44 T cells, 24 HLA-DQ2 restricted
(23 DQ2.5, 1 DQ2.2) and 7 HLA-DQS8 restricted (4 DQ8, 3 DQ8.5), from
a-gliadin, y-gliadin, w-gliadin, LMW and HMW glutenins, hordeins, secalins
and avenins. (Tabla 2).

It is known that gluten peptides may induce damage in cultured intestinal
duodenal biopsies®, or after being administered in vivo on the proximal or
distal intestine'’. Early effects, i.e. induction of cells stress pathways and
stimulation of the local innate immunity, have been described for the
a-gliadin  fragments p31-49 or p31-43. Peptide 31-43 may induce the
upregulation of stress inducible MHC-class I molecules MIC®, epithelial cell
death®™, and may potentiate the effect of Epidermal Growth Factor (EGF) by
interference in the inactivation of its receptor™, as well as the upregulation of
mitogen-activated protein (MAP) kinase p38, CD83 and IL-15 production by
mononuclear lamina propria cells’’. It has been also reported that peptide
31-43, unlike other peptides, accumulates in the intracellular lysosomes where
it induces TG2 activation and degradation of Peroxisome Proliferator-
Activated Receptor (PPAR) gamma, a modulator of intestinal inflammation ™.
Other gliadin peptides have been involved in the expression of non-classical
MHC-class II molecules HLA-E”, and the activation of antigen presenting
cells by TLR4™, and the CXC-chemokine receptor 3 (CXCR3)>.
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Table 2. List of relevant peptides recognized by CD4* T cells.

EPITOPE
Current Former
Nomenclature Nomenclature sequence*
DQ2.5 restricted
DQ2.5-glia-ala DQ2-a-1,09 PFPQPELPY
DQ2.5-glia-alb DQ2-a-111 PYPQPELPY
DQ2.5-glia-a2 DQ2-a-11,a2 PQPELPYPQ
DQ2.5-glia-a3 glia- 20 FRPEQPYPQ
DQ2.5-glia-y 1 DQ2-y-1 PQQSFPEQQ
DQ2.5-glia-y 2 DQ2-y11,y30 IQPEQPAQL
DQ2.5-glia-y3 DQ2-yI11 QQPEQPYPQ
DQ2.5-glia-y 4a DQ2-y-1IV SQPEQEFPQ
DQ2.5-glia-y4b DQ2-yVIIc PQPEQEFPQ
DQ2.5-glia-y4c DQ2-3VIla QQPEQPFPQ
DQ2.5-glia-y 4d DQ2-»VIIb PQPEQPFCQ
DQ2.5-glia-y 5 DQ2-9-VI QQPFPEQPQ
DQ2.5-glia-w 1 DQ2-w-1 PFPQPEQPF
DQ2.5-glia-w 2 DQ2-w-11 PQPEQPFPW
DQ2.5-glut-L1 glutenin-17 PFSEQEQPV
DQ2.5-glut-L2 glutenin-156 FSQQQESPF
DQ2.5-hor-1 Hor-a9,Ha 9 PFPQPEQPF
DQ2.5-hor-2 Hor-a2,Ha 2 PQPEQPFPQ
DQ2.5-hor-3 hor-I-DQ2 PIPEQPQPY
DQ2.5-sec-1 Sec-a 9,5 9 PFPQPEQPF
DQ2.5-sec-2 Sec-a2,Sa 2 PQPEQPFPQ
DQ2.5-ave-1a Av-a9A PYPEQEEPF
DQ2.5-ave-1b Av-09B,1490 PYPEQEQPF
DQ8 restricted

DQ8-glia-al DQ8-o-1 EGSFQPSQE
DQ8-glia-y 1a DQ8-y-Ia EQPQQPFPQ
DQ8-glia-y 1b DQ8-yIb EQPQQPYPE
DQ8-glut-H1 HMW-glutenin QGYYPTSPQ

*Aminoacid sequence in one letter code. In red: Glutamate residues (E) due to TG2 desamidation
are important for the affinity to DQ molecule. In blue: other Glutamine residues (Q) potential

substrates for TG2".

154




Cereal Proteins: Immunostimulatory and Toxic Peptides

However, it remains to be confirmed whether these toxic peptides are
produced in the intestinal lumen by digestive enzymes, and the specific
receptor for p31-43 (or related peptides) should be identified in order to
understand its interaction with enterocytes and how transepithelial transport
of this peptide occurs. Transcytosis experiments performed ex vivo suggest
that transferrin receptor CD71 can mediate the translocation of IgA-gliadin
complexes, though this mechanism will not be effective in patients with IgA
deficiency”. A high transepithelial transport from the apical to the basal
membrane of enterocytes has been described in CD patients, mediated by an

IFNy-dependent mechanism™. (Table 2) (Figure 3).

The current picture of CD pathogenesis involves two classes of toxic
peptides: those able of generating a very fast change in the mucosa through
inflammatory and innate mechanisms and others which trigger the full
adaptive response. Both pathways interact and potentiate each other to

sustain the chronic process of the intestinal damage*"".

In conclusion, studies aiming to increase our knowledge on toxic sequences
derived from gliadins and glutenins, as well as from other toxic cereals have a
great importance in many aspects of celiac disease. The development of
analytical tools for the detection of gliadins and glutenins in food to be
consumed by CD patients requires a precise immunochemical information on
the reactivity of the antibodies used in quantitative techniques. Furthermore,
the development of new methods requires also the identification of
appropriate sequences from these proteins as target for detection by
immunochemical and non immunochemical techniques. In addition, gliadin
peptides can be used for the detection of specific antibodies against
deamidated peptides, which are a wuseful tool in serology and screening
strategies to detect CD patients. Besides, different gluten peptides have been
reported to have a role in the pathogenesis of CD, as they are involved in
both the induction of innate and adaptive immune responses. The mechanisms
and sequences responsible for the induction of inflammatory reactions are still
poorly understood. Some of these inflammatory pathways might also have a

role in the new entity Non-Celiac Gluten Sensitivity.

155



F.G. Chirdo, E. Arranz

References

10.

156

Shewry PR, Halford NG. Cereal seed storage proteins: structures, properties
and role in grain utilization. J Exp Botany 2002; 53(370): 947-58.
http://dx.doi.org/10.1093/jexbot/53.370.947

Shewry PR, Tatham AS. The prolamin storage proteins of cereal seeds:
structure and evolution. Biochem J. 1990; 267: 1-12.

PMid:2183790 PMCid:PMC1131235

Delcour JA, Joye 1J, Pareyt B, Wilderjans E, Brijs K, Lagrain B. Wheat gluten
functionality as a quality determinant in cereal-based food products. Annu Rev
Food Sci Technol. 2012; 3: 469-92.

http://dx.doi.org/10.1146 /annurev-food-022811-101303

PMid:22224557

Kagnoff MF. Owverview and pathogenesis of celiac disease. Gastroenterology
2005; 128(2 Suppl 1): S10-8.

http://dx.doi.org/10.1053/j.gastro.2005.02.008

PMid:15825116

Bushuk W, Zillman RR. Wheat cultivar identification by gliadin
electrophoregrams. Can J Plant Sci. 1978; 58: 505-15.
http://dx.doi.org/10.4141/cjps78-076

Kasarda DD, Okita TW, Bernardin JE, Baecker PA, Nimmo CC, Lew EJ et al.
Nucleic acid (¢DNA) and amino acid sequences of a-type gliadins from wheat
(Triticum aestivum). Proc Natl Acad Sci (USA). 1984; 81: 4712-6.
http://dx.doi.org/10.1073/pnas.81.15.4712

Kasarda DD, Autran JC, Lew EJ, Nimmo CC, Shewry PR. N-terminal amino
acid sequences of [omegal-gliadins and w-secalins. Implications for the
evolution of prolamin genes. Biochim Biophys Acta. 1983; 747: 138-50.
http://dx.doi.org/10.1016,/0167-4838(83)90132-2

van Herpen TW, Goryunova SB, van der Schoot J, Mitreva M, Salentijin E, Vorst
et al. Alpha-gliadin genes from the A, B and D genomes of wheat contain
different sets of celiac disease epitopes. BMC Genomics. 2006; 7: 1-13.
http://dx.doi.org/10.1186,/1471-2164-7-1

PMid:16403227 PMCid:PMC1368968

Sollid LM. Coeliac disease: dissecting a complex inflammatory disorder. Nat
Rev Immunol. 2002; 2(9): 647-55.

http://dx.doi.org/10.1038/nri885

PMid:12209133

Tatham AS, Miflin BJ, Shewry PR. The beta-turn conformation in wheat gluten
proteins: relationships to gluten elasticity. Cereal Chem. 1985; 62: 405-12.


http://dx.doi.org/10.1038/nri885
http://dx.doi.org/10.1186/1471-2164-7-1
http://dx.doi.org/10.1016/0167-4838(83)90132-2
http://dx.doi.org/10.1073/pnas.81.15.4712
http://dx.doi.org/10.4141/cjps78-076
http://dx.doi.org/10.1053/j.gastro.2005.02.008
http://dx.doi.org/10.1146/annurev-food-022811-101303
http://dx.doi.org/10.1093/jexbot/53.370.947

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cereal Proteins: Immunostimulatory and Toxic Peptides

Schofield JD, Bottomley RC, Timms MF, Booth MR. The effect of heat on
wheat gluten and the involvement of sulphydryl-disulphide interchange
reactions. J. Cereal Sci. 1983; 1: 241-53.
http://dx.doi.org/10.1016/S0733-5210(83)80012-5

Andrews JL, Skerritt JH. Quality-related epitopes of High Mr. subunits of wheat
glutenin. J Cereal Sci. 1994; 19: 219-29.

http://dx.doi.org/10.1006 /jcrs.1994.1029

Goldsbrough AP, Bulleid NJ, Freedman RB, Flavell RB. Conformational
differences between two wheat HMW-glutenin subunits are due to a short
region containing six amino acid differences. Biochem J. 1989; 263: 837-42.
PMid:2597130 PMCid:PMC1133506

Skerritt JH, Hill AS. Enzyme immunoassay for determination of gluten in
foods. J Assoc Off Anal Chem. 1991; 74: 257-64.

PMid:2050607

Chirdo FG, Fossati CA, Anén MC. Fractionation of wheat, barley and rye
prolamins by cation-exchange FPLC. J Agric Food Chem. 1994; 42: 2460-5.
http://dx.doi.org/10.1021/jf00047a018

Shimoni Y, Blechl AE, Anderson OD, Galili G. A recombinant protein of two
high molecular weight glutenins alters gluten polymer formation in transgenic
wheat. J Biol Chem. 1997; 272(24): 15488-9.
http://dx.doi.org/10.1074/jbc.272.24.15488

PMid:9182582

Arentz-Hansen H, Korner R, Molberg O, Quarsten H, Vader W, Kooy Y et al.
The intestinal T cell response to alpha gliadin in adult celiac disease is focused
on a single deamidated glutamine targeted by tissue transglutaminase. J Exp
Med. 2000A; 191: 603-12.

http://dx.doi.org/10.1084/jem.191.4.603

PMid:10684852 PMCid:PMC2195837

Arentz-Hansen EH, McAdam SN, Molberg O, Kristiansen C, Sollid LM.
Production of a panel of recombinant gliadins for the characterisation of T cell
reactivity in coeliac disease. Gut. 2000B; 46: 46-51.
http://dx.doi.org/10.1136/gut.46.1.46

PMid:10601054 PMCid:PMC1727782

Festenstein GN, Hay FC, Shewry PR. Immunochemical relationships of the
prolamin storage proteins of barley, wheat, rye and oats. Biochim Biophys Acta.
1987; 912: 371-83.

http://dx.doi.org/10.1016,/0167-4838(87)90042-2

Ellis HJ, Doyle AP, Wieser H, Sturgess RP, Day P, Ciclitira PJ. Measurement of
gluten wusing a monoclonal antibody to a sequenced peptide of alpha-gliadin
from the coeliac-activating domain I. J Biochem Biophys Methods. 1994; 28(1):
77-82.

http://dx.doi.org/10.1016,/0165-022X (94)90066-3

157


http://dx.doi.org/10.1016/0165-022X(94)90066-3
http://dx.doi.org/10.1016/0167-4838(87)90042-2
http://dx.doi.org/10.1136/gut.46.1.46
http://dx.doi.org/10.1084/jem.191.4.603
http://dx.doi.org/10.1074/jbc.272.24.15488
http://dx.doi.org/10.1021/jf00047a018
http://dx.doi.org/10.1006/jcrs.1994.1029
http://dx.doi.org/10.1016/S0733-5210(83)80012-5

F.G. Chirdo, E. Arranz

21.

22.

23.

24.

25.

26.

27.

28.

29.

158

Chirdo FG, Anén MA, Fossati CA. Optimization of a competitive ELISA for
quantification of prolamins in food. Food and Agricultural Immunology. 1995;
7(4): 333-43.

http://dx.doi.org/10.1080/09540109509354893

Chirdo FG, Afén MC, Fossati CA. Development of high sensitive enzyme
immunoassays for gliadin  quantification using the streptavidin-biotin
amplification system. Food Agric Immunol. 1998; 10(2): 143-55.
http://dx.doi.org/10.1080,/09540109809354977

Sanchez D, Tuckova L, Burkhard M, Plicka J, Mothes T, Hoffmanova I et al.
Specificity analysis of anti-gliadin mouse monoclonal antibodies wused for
detection of gliadin in food for gluten-free diet. J Agric Food Chem. 2007; 4;
55(7): 2627-32.

Kahlenberg F, Sdnchez D, Lachmann I, Tuckova L, Tlaskalova H, Méndez E et al.
Momnoclonal antibody R5 for detection of putatively celiac-toxic gliadin peptides.
Eur Food Res Technol. 2006; 222: 78-82.

http://dx.doi.org/10.1007/s00217-005-0100-4

Moron B, Bethune MT, Comino I, Manyani H, Ferragud M, Lépez MC et al.
Toward the assessment of food toxicity for celiac patients: Characterization of
monoclonal antinboides to a main immunogenic gluten peptide. PloS One. 2008
May 28; 3(5):€2294.

http://dx.doi.org/10.1371/journal.pone.0002294

PMid:18509534 PMCid:PMC2386552

Mujico JR, Dekking L, Kooy-Winkelaar Y, Verheijen R, van Wichen P, Streppel L
et al. Validation of a new enzyme-linked immunosorbent assay to detect the
triggering proteins and peptides for celiac disease: interlaboratory study. J AOAC
Int. 2012; 95(1): 206-15.

http://dx.doi.org/10.5740/jaocacint.11-042

PMid:22468361

Nassef HM, Bermudo-Redondo MC, Ciclitira PJ, Ellis HJ, Fragoso A, O'Sullivan
CK. Electrochemical immunosensor for detection of celiac disease toxic gliadin
in foodstuff. Anal Chem. 2008; 80(23): 9265-71.

http://dx.doi.org/10.1021/ac801620j

PMid:19551990

Laube T, Kergaravat SV, Fabiano SN, Herndndez SR, Alegret S, Pividori MI.
Magneto immunosensor for gliadin detection in gluten-free foodstuff: towards
food safety for celiac patients. Biosens Bioelectron. 2011; 27(1): 46-52.
http://dx.doi.org/10.1016/j.bios.2011.06.006

PMid:21764291

Hernandez M, Esteve T, Pla M. Real-time polymerase chain reaction based
assays for quantitative detection of barley, rice, sunflower, and wheat. J Agric
Food Chem. 2005; 53(18): 7003-9.

http://dx.doi.org/10.1021/j£050797j
PMid:16131102


http://dx.doi.org/10.1021/jf050797j
http://dx.doi.org/10.1016/j.bios.2011.06.006
http://dx.doi.org/10.1021/ac801620j
http://dx.doi.org/10.5740/jaoacint.11-042
http://dx.doi.org/10.1371/journal.pone.0002294
http://dx.doi.org/10.1007/s00217-005-0100-4
http://dx.doi.org/10.1080/09540109809354977
http://dx.doi.org/10.1080/09540109509354893

30.

31.

32.

33.

34.

35.

36.

37.

Cereal Proteins: Immunostimulatory and Toxic Peptides

Van Eckert R, Berghofer E, Ciclitira PJ, Chirdo FG, Denery-Papini S, Ellis J et
al. Towards a new gliadin reference material- Isolation and characterisation. J
Cereal Sc. 2006; 43: 331-41.

http://dx.doi.org/10.1016/j.jcs.2005.12.009

Lundin KE, Scott H, Hansen T, Paulsen G, Halstensen TS, Fausa O et al.
Gliadin-specific, HLA-DQ(alpha 1*0501,beta 1*0201) restricted T cells isolated
from the small intestinal mucosa of celiac disease patients. J Exp Med. 1993;
178(1): 187-96.

http://dx.doi.org/10.1084/jem.178.1.187

PMid:8315377

Johansen BH, Buus S, Vartdal F, Viken H, Eriksen JA, Thorsby E et al. Binding
of peptides to HLA-D@Q molecules: peptide binding properties of the
disease- associated HLA-DQ(alpha 1*0501, beta 1*0201) molecule. Int Immunol.
1994; 6(3): 453-61.

http://dx.doi.org/10.1093/intimm /6.3.453

PMid:8186196

Van de Wal Y, Kooy YM, van Veelen PA, Pena SA, Mearin LM, Molberg @ et al.
Small intestinal T cells of celiac disease patients recognize a mnatural pepsin
fragment of gliadin. Proc Natl Acad Sci USA. 1998; 95(17): 10050-4.
http://dx.doi.org/10.1073/pnas.95.17.10050

Pmid:9707598 PMCid:PMC21459

Qiao SW, Bergseng E, Molberg @, Xia J, Fleckenstein B, Khosla C et al. Antigen
presentation to celiac lesion-derived T cells of a 33-mer gliadin peptide
naturally formed by gastrointestinal digestion. J Immunol. 2004; 173(3): 1757-62.
http://dx.doi.org/10.4049/jimmunol.173.3.1757

PMid:15265905

Réaki M, Schjetne KW, Stamnaes J, Molberg ), Jahnsen FL, Issekutz TB et al.
Surface expression of transglutaminase 2 by dendritic cells and its potential
role for uptake and presentation of gluten peptides to T cells. Scand J Immunol.
2007; 65(3): 213-20.

http://dx.doi.org/10.1111/{.1365-3083.2006.01881.x

PMid:17309775

Van de Wal Y, Kooy Y, Van Veelen P, Pena S, Mearin L, Papadopoulos G et al.
Selective deamidation by tissue transglutaminase strongly enhances gliadin-
specific T cell reactivity. J Immunol. 1998; 161: 1585-8.

PMid:9712018

Moldberg O, McAdam SN, Korner R, Quarsten H, Kristiansen C, Scott H et al.
Tissue transglutaminase selectively modifies gliadin peptides that are recognized
by gut —derived T cells in coeliac disease. Nature Med. 1998; 4(6): 713-7.

http://dx.doi.org/10.1038 /nm0698-713

159


http://dx.doi.org/10.1038/nm0698-713
http://dx.doi.org/10.1111/j.1365-3083.2006.01881.x
http://dx.doi.org/10.4049/jimmunol.173.3.1757
http://dx.doi.org/10.1073/pnas.95.17.10050
http://dx.doi.org/10.1093/intimm/6.3.453
http://dx.doi.org/10.1084/jem.178.1.187
http://dx.doi.org/10.1016/j.jcs.2005.12.009

F.G. Chirdo, E. Arranz

38.

39.

40.

41.

42.

43.

44.

45.

46.

160

Anderson RP, Degano P, Godkin AJ, Jewell DP, Hill AVS. In vivo antigen
challenge in celiac disease identifies a single transglutaminase-modified peptide
as the dominant A-gliadin T cell epitope. Nature Med. 2000; 6: 337-42.
http://dx.doi.org/10.1038/73200

PMid:10700238

Molberg O, Uhlen AK, Jensen T, Flaete NS, Fleckenstein B, Arentz-Hansen H et
al. Mapping of gluten T-cell epitopes in the bread wheat ancestors: implications
for celiac disease. Gastroenterology. 2005; 128(2): 393-401.
http://dx.doi.org/10.1053/j.gastro.2004.11.003

PMid:15685550

Sollid LM, Qiao SW, Anderson RP, Gianfrani C, Koning F. Nomenclature and
listing of celiac disease relevant gluten T-cell epitopes restricted by HLA-DQ
molecules. Immunogenetics. 2012; 64(6): 455-60.
http://dx.doi.org/10.1007/s00251-012-0599-z

PMid:22322673 PMCid:PMC3349865

Abadie V, Sollid LM, Barreiro LB, Jabri B. Integration of genetic and
immaunological insights into a model of celiac disease pathogenesis. Annu Rev
Immunol. 2011; 29: 493-525.

http://dx.doi.org/10.1007/s00251-012-0599-z

PMid:22322673 PMCid:PMC3349865

Meresse B, Malamut G, Cerf-Bensussan N. Celiac disease: an immunological
jigsaw. Immunity. 2012; 36(6): 907-19.

http://dx.doi.org/10.1016/j.immuni.2012.06.006

PMid:22749351

Shan L, Molberg O, Parrot I, Hausch F, Filiz F, Gray GM et al. Structural basis
for gluten intolerance in celiac sprue. Science. 2002; 297(5590): 2275-9.
http://dx.doi.org/10.1126/science.1074129

PMid:12351792

Vader W, Kooy Y, Van Veelen P, De Ru A, Harris D, Benckhuijsen W et al. The
gluten response in children with celiac disease is directed toward multiple
gliadin and glutenin peptides. Gastroenterology. 2002; 122(7): 1729-37.
http://dx.doi.org/10.1053/gast.2002.33606

PMid:12055577

Howdle PD, Corazza GR, Bullen AW, Losowsky MS. Gluten sensitivity of small
intestinal mucosa in wvitro: quantitative assessment of histologic change.
Gastroenterology. 1981; 80(3): 442-50.

PMid:7450439
Ellis HJ, Ciclitira PJ. In wvivo gluten challenge in celiac disease. Can J
Gastroenterol. 2001; 15(4): 243-7.

PMid:11331926


http://dx.doi.org/10.1053/gast.2002.33606
http://dx.doi.org/10.1126/science.1074129
http://dx.doi.org/10.1016/j.immuni.2012.06.006
http://dx.doi.org/10.1007/s00251-012-0599-z
http://dx.doi.org/10.1007/s00251-012-0599-z
http://dx.doi.org/10.1053/j.gastro.2004.11.003
http://dx.doi.org/10.1038/73200

47.

48.

49.

50.

51.

52.

53.

54.

55.

Cereal Proteins: Immunostimulatory and Toxic Peptides

Hue S, Mention JJ, Monteiro RC, Zhang S, Collier C, Schmitz J et al. A direct
role for NKG2D/MICA interaction in villous atrophy during celiac disease.
Immunity. 2004; 21, 367-77.

http://dx.doi.org/10.1016/j.immuni.2004.06.018

PMid:15357948

Giovannini C, Sanchez M, Straface E, Scazzocchio B, Silano M, De Vincenzi M.
Induction of apoptosis in caco-2 cells by wheat gliadin peptides. Toxicology.
2000; 145(1): 63-71.

http://dx.doi.org/10.1016/S0300-483X(99)00223-1

Barone M, Gimigliano A, Castoria G, Paolella G, Maurano F et al. Growth
factor-like activity of gliadin, an alimentary protein: implications for celiac
disease. Gut 2007; 56: 480-88.

http://dx.doi.org/10.1136/gut.2005.086637

PMid:16891357 PMCid:PMC1856836

Maiuri L, Ciacci C, Ricciardelli I, Vacca L, Raia V, Auricchio S et al. Association
between innate response to gliadin and activation of pathogenic T cells in
coeliac disease. Lancet. 2003; 362(9377): 30-7.
http://dx.doi.org/10.1016,/S0140-6736(03)13803-2

Luciani A, Villella VR, Vasaturo A, Giardino I, Pettoello-Mantovani M, Guido S
et al. Lysosomal accumulation of gliadin p81-483 peptide induces oxidative
stress and tissue transglutaminase-mediated PPARgamma downregulation in
intestinal epithelial cells and coeliac mucosa. Gut. 2010; 59(3): 311-9.
http://dx.doi.org/10.1136/gut.2009.183608

PMid:19951908

Terrazzano G, Sica M, Gianfrani C, Mazzarella G, Maurano F, De Giulio B et al.
Gliadin regulates the NK-dendritic cell cross-talk by HLA-E surface
stabilization. J Immunol. 2007; 179: 372-81.
http://dx.doi.org/10.4049/jimmunol.179.1.372

PMid:17579058

Junker Y, Zeissig S, Kim S-J, Barisari D, Wieser H, Leffler DA et al. Wheat
amylase trypsin inhibitors drive intestinal inflammation via activation of toll-
like receptor 4. J Exp Med. 2012; 209(13): 2395-2408.
http://dx.doi.org/10.1084/jem.20102660

PMid:23209313 PMCid:PMC3526354

Lammers KM, Lu R, Brownley J, Lu B, Gerard C, Thomas K et al. Gliadin
induces an increase in intestinal permeability and zonulin release by binding to
the chemokine receptor CXCRS3. Gastroenterology. 2008; 135(1): 194-204 e3.

Matysiak-Budnik T, Moura IC, Arcos-Fajardo M, Lebreton C, Menard S, Candalh
C et al. Secretory IgA mediates retrotranscytosis of intact gliadin peptides via
the transferrin receptor in celiac disease. J Exp Med. 2008; 205(1): 143-54.

http://dx.doi.org/10.1084/jem.20071204
PMid:18166587 PMCid:PMC2234361

161


http://dx.doi.org/10.1084/jem.20071204
http://dx.doi.org/10.1084/jem.20102660
http://dx.doi.org/10.4049/jimmunol.179.1.372
http://dx.doi.org/10.1136/gut.2009.183608
http://dx.doi.org/10.1016/S0140-6736(03)13803-2
http://dx.doi.org/10.1136/gut.2005.086637
http://dx.doi.org/10.1016/S0300-483X(99)00223-1
http://dx.doi.org/10.1016/j.immuni.2004.06.018

F.G. Chirdo, E. Arranz

56. Zimmer KP, Fischer I, Mothes T, Weissen-Plenz G, Schmitz M, Wieser H et al.
Endocytotic segregation of gliadin peptide 31-49 in enterocytes. Gut. 2010;
59(3): 300-10.
http://dx.doi.org/10.1136/gut.2008.169656
PMid:19654123

57. Sollid LM, Jabri B. Triggers and drivers of autoimmunity: lessons from celiac
disease. Nat Rev Immunol. 2013 Apr; 13(4): 294-302.

http://dx.doi.org/10.1038/nri3407
PMid:23493116 PMCid:PMC3818716

162


http://dx.doi.org/10.1038/nri3407
http://dx.doi.org/10.1136/gut.2008.169656

®mniaScience

Go to TOC

Go to Section |

CHAPTER 4

Pathogenesis of Celiac Disease

. ¢, 1 . 1,2
Celia Escudero-Hernandez , Jose Antonio Garrote
1
Eduardo Arranz

"Mucosal Immunology Laboratory. Institute of Biology and
Molecular Genetics (IBGM).

University of Valladolid — Spanish National Research Council
(CSIC), Consejo Superior de Investigaciones Cientificas,
Valladolid, Spain.

*Laboratorio de Genética, Servicio de Analisis Clinicos, Hospital
Universitario Rio Hortega, Valladolid, Spain.

cescuder@ibgm.uva.es, jagarrote@saludcastillayleon.es,

earranz@med.uva.es

Doi: http://dx.doi.org/10.3926 /oms.252

How to cite this chapter

Escudero-Hernandez C, Garrote JA, Arranz E. Pathogenesis of Celiac
Disease. In Arranz E, Ferndndez-Banares F, Rosell CM, Rodrigo L, Pefia
AS, editors. Advances in the Understanding of Gluten Related Pathology
and the Evolution of Gluten-Free Foods. Barcelona, Spain: OmniaScience;
2015. p. 163-191.

163


mailto:jagarrote@saludcastillayleon.es
http://dx.doi.org/10.3926/oms.252

C. Escudero-Herndndez, J.A. Garrote, E. Arranz

Abstract

Celiac disease is a chronic, immune-mediated inflammatory disorder
of the small intestine that affects genetically susceptible individuals
after ingestion of gluten proteins in wheat, barley and rye cereals. The
interaction of genetic and environmental factors leads to loss of
tolerance to these proteins and to the development of intestinal lesions
characterised by intraepithelial lymphocytosis, enterocyte destruction,
mucosal remodelling and the presence of auto-antibodies to the enzyme
tissue transglutaminase (TG2). The most widely-accepted pathogenic
model includes altered digestion and transport of gluten across the
epithelium. This focuses on adaptive immunity mechanisms that
depend on stimulation of gluten-reactive CD4+ T cells, which are
capable of recognising TG2-deamidated gluten peptides presented by
HLA-DQ2/DQ8 molecules, and proinflammatory cytokine production,
especially interferon (IFN)-y. Furthermore, in the innate immune
response, gluten has a direct toxic effect on the epithelium, in which
the main mediator is interleukin (IL)-15. This is manifested by the
expression of stress molecules in enterocytes and activation of CD8+
intraepithelial T-cell cytotoxic function. Some aspects still need to be
clarified, especially regarding the nonspecific interaction between
gluten and epithelial cells, passage of gluten peptides into the lamina
propria mucosa, TG2 activation, mechanisms that regulate IL-15

expression, and auto-antibody production.

Keywords

Tolerance breakage, transepithelial transport, IL15, IFNy, intraepithelial
lymphocytosis, CD8+ T lymphocytes, TG2, HLA-DQ.
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1. Introduction

Celiac disease (CD) is an inflammatory disorder with autoimmune features
that affects genetically predisposed individuals. It is triggered by the ingestion
of gluten and other related proteins in barley, rye and possibly oats. The
interaction of genetic and environmental factors leads to loss of gluten

tolerance and the development of intestinal lesions characterised by increased

number of lymphocytes in the epithelium and lamina propria (LP), villi
loss, destruction of epithelial cells and mucosal remodelling, in addition to the
presence of auto-antibodies to the enzyme tissue transglutaminase type 2
(TG2). The lesion and inflammatory bowel changes resolve when gluten is
removed from the diet'. Patients with CD have also been found to have other

changes that affect gut lumen digestion®®, the direct action of the gluten
peptides on the epithelium and gluten protein transport across the epithelium

to the LP mucosa™”®.

The inappropriate immune response to gluten proteins observed in celiac
patients involves both innate and adaptive immunity®’. The key element in
the pathogenesis of CD is the activation of the CD4+ T-cells in the LP
mucosa after the recognition of T'G2-deamidated gluten peptides bound to
major histocompatibility complex class II (MHC-II) molecules, called HLA-II
in humans. TG2 action consists of transforming certain glutamine residues
into glutamic acid, resulting in the exposure of negative charges and enhanced
affinity between HLA-DQ2 and/or HLA-DQ8 molecules and these peptide
fragments that are resistant to proteolytic digestion by digestive enzymes.
CD4+ T-cell activation triggers a pro-inflammatory Thl cytokine response,
with a predominance of interferon (IFN)-y, other cytokines such as tumour
necrosis factor [TNF]-qa, interleukin [IL]-18 and IL-21, with the absence of
IL-12, together with a proportionate decrease in the expression of
immunoregulatory cytokines IL-10 and transforming growth factor (TGF)-p"".
Accordingly, a lesion occurs in the mucosa of the proximal small intestine that
causes malabsorption and reduced uptake of nutrients. The clinical and
functional consequences vary depending on the degree of mucosal atrophy and

. 10,11
transformation
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Figure 1. Immunological response to gluten peptides. TG2 modifies gluten peptides by
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deamidation, thus, HLA-DQ molecules are more likely to bind peptides and these are presented
to LP T CD/4+ lymphocytes for a longer period of time. T CD4+ lymphocytes are activated and
committed to produce Thl cytokines (IFN-y, TNF-a, IL-18 and IL-21); they could also help to
antibody synthesis by B cells. B cells differentiate into plasmatic cells and secrete specific
antibodies against TG2 or gliadin. IECs can produce IL-15 after exposure to other gliadin
peptides. Altogether, inflammatory cytokines induce IECs to express stress molecules (MICA),
the ligand of NKG2D receptors on activated IELs. Finally, IELs destroy IECs, increasing
intestinal permeability. IECSs, intestinal epithelial cells; TJ, tight-junctions; TG2, tissue
transglutaminase 2; DC, dendritic cell; IELs, intraepithelial lymphocytes; LP, lamina propria;
TCR, T-cell receptor; IFN-y, interferon-y; TNF-a, tumor mecrosis factor-a; IL, interleukin;
MICA, MHC class I polypeptide-related sequence A; NKG2D, natural killer cell activating
factor 2D.
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However, the activation of a gluten-specific CD4+ T-cell response
(adaptive immunity) is not sufficient to trigger the mucosal lesion that is
characteristic of CD. Some gluten peptides, such as a-gliadin p31-43 and
p31-49, induce changes in the innate immunity by acting directly on the
epithelium, irrespective of the CD4+ T-cells and HLA-DQ2/DQ8 molecule
restriction. This is manifested through an increase in expression of IL-15,
cyclooxygenase (COX)-2 and CD25 and CD83 activation markers in the
mononuclear cells of the LP". In CD, intestinal intraepithelial lymphocytes in
the intestine lose the expression of inhibitory CD94/NKG2A receptors, while
increasing the expression of the activating receptors NKG2D and
CD94/NKG2C. At the same time, epithelial cells increase the expression of
ligands MIC and HLA- E, respectively'™. Epithelial damage leads to
increased gut permeability, which may permit the passage of larger,
partly-digested gliadin peptides, thereby triggering a positive feedback loop

that maintains the inflammatory reaction and intestinal lesion' (Figure 1).

2. Intestinal Epithelium

The intestinal epithelium lines the gastrointestinal tract. It is the body's
largest mucosal surface and it separates the intestinal lumen from the
underlying tissue, where the gut-associated lymphoid tissue (GALT) is
located. This physical barrier consists of a single layer of polarised columnar
cells (intestinal epithelial cells [IECs]), held together by tight junctions, which
prevent the activation of systemic immune responses that can promote the
progression of chronic infections and metabolic diseases'®. Furthermore, the
intestinal epithelium has self-protecting and self-regulating properties, not
only because it controls new cell growth and old cell replacement, but also
because some IECs are specialised to secrete mucus (which is mainly
composed of MUC2 protein) and antimicrobial peptides'®, which regulate the
levels of commensal and pathogenic bacteria, at the same time as limiting

. . . . . 15
their resistance to an antimicrobial response™.
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The intestinal epithelium may also be directly involved in the immune
response due to the ability of microfold cells (M cells) and goblet cells to
sample luminal contents and regulate responses through membrane expression
of different pattern recognition receptors (PRRs) such as Toll-like receptors
(TLRS)N, which recognise common patterns in pathogenic micro-organisms;
NOD-like receptors (NLRs)'", which detect foreign molecules or cell damage
markers in the cytosol; and RIG-I-like receptors (RLRS)IQ7 which recognise
viral ribonucleic acid (RNA). However, the need to tolerate commensal
micro-organisms and harmless dietary antigens means that immune responses
depend more on the presence of danger signals in infection and stress induced
by invasive microorganisms. The term vita-PAMP has been coined to refer to
viability receptors and pathogen-associated molecular pattern receptors
involved in these processes”. Under normal conditions (absence of infection
and/or danger signals), the epithelium expresses a repertoire of molecules that
maintain homeostasis in the intestinal mucosa. These molecules include
thymic stromal lymphopoietin (TSLP)*"*, TGF-B°"*, retinoic acid*, IL-25%,
B-cell activating factor (BAFF)* and the B-cell proliferation-inducing ligand
(APRIL)*.

2.1 Gluten Transport Across the Epithelium

Under normal conditions, proteins are mostly hydrolysed by gastric and
pancreatic peptidases in the gastrointestinal tract, resulting in smaller
peptides or isolated amino acids, which then cross the intestinal epithelium
through hydrogen ion-dependent co-transport and sodium-coupled secondary
active transport”. In CD, gluten proteins are not fully digested. Residual
fragments are resistant to enzymatic proteolysis’ and due to their size, they
are not readily absorbed and accumulate in the gut lumen to cross the
epithelium through four alternative routes: (1) the paracellular pathway,
through the tight junctions between enterocytes’; (2) the transcellular
pathway, by a mechanism involving enterocyte endocytosis and lysosome
degradation during their transit to the basement membrane (a pathway that

appears to be altered in CD because intact peptides are allowed to cross the
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epithelium to reach the LP)>*™; (3) retrotranscytosis, a mechanism that
depends on gliadin fragments binding to secretory immunoglobulin Al
(slgAl-peptide) and then CD71, which is a transferrin receptor that is
overexpressed in the apical region of the mucosa in active CD”; or (4) direct
access through extensions of dendritic cells (DCs) derived from monocytes
(phenotype CD11c" F4/80+ CX3CR1""), which are sandwiched between
epithelial cells®"* (Figure 2).

Lumen Gluten peptides CD71 binds slgA-peptide Y)H(;,

) 0 BH Y

AT
®

®©

D

% @

7

Lamina propria

Figure 2. Gliadin transport across the epithelial layer. 1) Paracellular route: gluten cross the
epithelial layer through the tight-junctions between enterocytes. 2) Transcellular route: Enterocytes
perform endocytosis and degrade proteins in the lysosomes; this route is altered in coeliac disease
patients. 3) Retrotranscytosis: secretory IgA binds gliadin peptides, by interaction with the
transferrin receptor, CD71, in the apical zone of enterocytes. 4) Dendritic cells can sample
antigens directly from the intestinal lumen through dendrites. TJ, tight-junctions; IEC, intestinal
epithelial cell; DC, dendritic cell; sIgA, secretory immunoglobulin A.
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The passage of gluten peptides across the epithelium not only affects
intestinal barrier function, but also the profiles of gene expression and the
phosphorylation cascades of metabolic processes, cell proliferation and

. 33,34
adhesion, among others™ .

Using two in witro culture models and
gluten-sensitive macaques, it has been observed that the IFN-y secreted by
activated T-cells in the LP increases gut permeability and promotes
immunoreactive a-gliadin (p57-89) peptide 33-mer passage across the
epithelium®*>%,

Depending on the degree of intestinal inflammation, paracellular transport
may also influence peptide transport across the epithelium, because gliadin is
able to bind to chemokine receptor CXCR3 and this activates the MyD88
adapter, resulting in the release of zonulin, a protein that rearranges the cell
cytoskeleton and modifies tight junctions® . An increase in mRNA expression
of CXCL10 and CXCL11 has been observed in biopsies of patients with active
phase CD, as well as elevated serum levels of CXCL10 in these patients®. The
same study confirmed that CXCL10 is produced by plasma cells and
enterocytes, and that its expression increases in the presence of IL-15. It also

found increased CXCR3 expression in cells that infiltrate gut mucosa (T-cells

in the epithelium and LP, and plasma cells)®.

3. Adaptive Response to Gluten

Tissue transglutaminase (TG2) is the key component that explains the
activation of the adaptive immune response to gluten. TG2 plays a
fundamental role in the pathogenic mechanism because it induces enzymatic
modification of immunodominant gliadin peptides, leading to the expression
of negative charges in amino acid residues in certain positions, thereby
increasing affinity for the HLA-DQ2/DQ8 molecules®’. In addition, TG2 is the
main self-antigen of the specific serum antibodies that are of great value in
diagnosing CD* (Figure 2).

TG2 is found throughout the body. This enzyme catalyses the formation of

covalent bonds between glutamine carboxyl groups and lysine amino groups.
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It is involved in cell apoptosis because it prevents the exit of cytoplasmic
material and, when secreted outside the cell, it collaborates in the remodelling
of the extracellular matrix during tissue repair®”. It is mostly located
intracellularly, but appears extracellularly in response to tissue injury. In the
normal gut, TG2 is expressed in subepithelial areas, in the LP mucosa and in
connective tissue around the crypts; however, in CD, TG2 is also expressed on
the apical surface of enterocytes, which may be a gluten-dependent effect®. In
addition, this enzyme may play a role in the retrotranscytosis mechanism and
in gliadin peptide passage through the epithelium, because it has been
demonstrated that TG2 can interact with CD71 and sIgA on the apical
surface of enterocytes in biopsies of patients with CD. Furthermore, TG2
inhibitors appear to block the transport of gliadin peptide p31-49 via this
pathway"’.

TG2 effects on gluten peptides take place under non-physiological
conditions (more donor than acceptor molecules) or at a pH of less than 7.0.
In these situations, gliadin, which has a glutamine content of more than 30%,
is susceptible to TG2-induced changes'>*’. This is highly relevant in CD,
because deamidated peptides have a higher affinity for HLA-DQ molecules,
and HLA-DQ?2 in particular'*®*". The core structure of the HLA-DQ2 peptide
pocket binds these negatively charged amino acids at positions P4, P6 and
P7, whereas the HLA-DQ8 molecule does so more externally, at positions P1,
P4 and P9""*. The fact that the deamidated residues are positioned
differently in each gluten peptide suggests that the specific immune response
to gluten may be activated for several different pathogenic reasons. The
TG2-induced enzymatic change that unmasks the most immunogenic epitopes
of gliadin and other prolamines, or that leads to new epitopes due to
interaction with proteins in the extracellular matrix may be responsible for

. . 1
the loss of tolerance and onset of autoimmune diseases .

However, although the deamidation of gluten peptides is not an absolute
requirement, this reaction helps potentiate the adaptive response not only by
increasing immunogenic peptide binding to HLA-DQ molecules, but also by

improving their stimulatory capacity to present the antigen and promote the
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gluten-specific CD4+ T-cell activation®™. Another possibility is that TG2
activation is not a primary phenomenon in the immune response to gluten,
but is triggered by the presence of native (not deamidated) gluten, causing a
local inflammatory reaction capable of activating TG2 and initiating its exit
from the cytosol. This would amplify the proinflammatory signal and

. 29,49,50
therefore the immune response to gluten ?

(Figure 1). Furthermore, the
activation of TG2 and other enzymes in the gut mucosa may be the result of
other environmental factors such as viral infections®', previous inflammatory

. 52 . 53
reactions™ or a tissue damage process™.

3.1. T-Cell Response to Gluten

The adaptive response mediated by LP specific T-cells requires antigen
presentation by antigen-presenting cells (APCs) that carry the
HLA-DQ2/DQ8 restriction element. In the normal duodenum, APCs that
express HLA-DQ molecules in the membrane may be macrophages
(accounting for about 80%) of phenotypes CD1634+CD11lc-; or DCs (the
remaining 20%), which are characterised by having a tolerogenic phenotype
CD1034+-CD11c+. However, in CD, most DCs appear to come from the
recruitment of peripheral blood monocytes with subsequent maturation in situ
and they have a proinflammatory phenotype (CD144+ CD1l1lc+). Conversely,
there are reduced <cell populations with tolerogenic phenotypes
(CD103+CD11c+ DCs and CD163+CD11c- macrophages)54. The presence of
elevated IFN-a levels in the mucosa of patients with CD may be a critical
factor in proinflammatory DC differentiation”, as is suggested by the onset of
CD in patients with hepatitis C treated with IFN-o”, and the predisposition
for CD observed in individuals with Down’s syndrome (chromosome 21

contains the gene that codes for the IFN-a receptor)®.

In addition to their involvement in gliadin epitope presentation in the
mesenteric lymph nodes, the HLA-DQ2 and DQ8 molecules can also present
neo-epitopes and TG2-gluten-peptide complexes to CD4+ T-cells in the LP
mucosa’”. These activated lymphocytes trigger a pro-inflammatory response

characterised by the secretion of Thl cytokines with a predominance of IFN-y,
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as well as TNF-q, IL-18 and IL-21, together with a decrease in regulatory
cytokines IL-10 and TGF-8%%%. This cytokine profile and the production of
metalloproteinases that break down extracellular matrix proteins, may

contribute to the typical lesions observed in CD' (Figure 1).

In the healthy gut, the epithelium and LP mucosa express TGF-f1, but in
CD TGF-plis decreased in the epithelial surface and there is loss of crypts,
thus increasing the number of macrophages and activated T-cells in the
adjacent LP, where there is no tissue damage®. Furthermore, IFN-a may be
involved in Thl cell differentiation by enhancing IFN-y production. It has
been observed that IFN-a administration in susceptible individuals can induce
a Thl response leading to hyperplastic lesions™. Although as yet unconfirmed,
IFN-a may be secreted by activated fibroblasts and macrophages and even
DCs in the LP mucosa after an episode of intestinal infection®, and that it
could contribute to intestinal inflammation by rescuing activated T-cells from
apoptosis, maintaining memory T-cells once the stimulus has disappeared,
and increasing expression of co-stimulatory molecules in local APCs™. IL-18 is
a cytokine produced by macrophages, DCs and epithelial cells that acts on
memory cells and effector cells, enhancing expression of IL-12- or
IFN-a-dependent IFN-y. Under normal conditions, the intestine expresses
IL-18, but this expression increases in CD at the expense of its mature form,
which requires the involvement of the IL-18 converting enzyme (ICE) or local

proteinases” (Figure 1).

3.2. B-Cell Response To Gluten

CD is characterised by the presence of a variety of serum antibodies
against self and foreign molecules®. In 1997, TG2 was identified as the main
self-antigen with anti-endomysial antibody reactivity”. Anti-TG2 IgA
antibodies are produced by plasma cells that infiltrate the LP mucosa of the
duodenum®. In active phase CD, a two- to three-fold increase in these
antibodies has been observed in the lesion area. T'G2-specific IgA deposits in
the gut have also been described in all disease stages”, even before the onset

of symptoms or before the pathological intestinal lesion appears®’.
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B-cells are professional APCs that interact with the antigen through the
BCR receptor. Under normal conditions, the gut contains few virgin or
memory B-cells and the majority are plasmablasts or plasma cells in the LP
with low expression of HLA-II molecules®™. B-cells probably play a more
important role as APCs in the mesenteric lymph nodes, where they may
amplify T-cell response to gluten. Although TG2-specific T-cells have not yet
been identified, gluten-specific CD4+4 T-cells may assist in B-cell
differentiation into plasma cells that produce anti-TG2 IgA and IgG
antibodies, which disappear when gluten is removed from the diet. One
possible explanation is based on the ability of B-cells to act as APCs, as they
may present TG2-gluten-peptide complexes via HLA-DQ to gluten-specific
T-cells, which in turn would receive the necessary assistance for antibody
synthesis®™. Furthermore, anti-TG2 antibodies may amplify the inflammatory
response by increasing gluten absorption and inducing the activation of Fc

receptors on local granulocytes™ (Figure 1).

In CD, other serum auto-antibodies have also been described that present
specifically, for example, to actin, different types of collagen, members of the
transglutaminase family (TG3, TG6) and clotting factor XIII™. It should be
noted that IgA/TG3 complexes have been found in the skin of patients with
dermatitis herpetiformis™™ and the presence of antibodies to neuronal enzyme
TG6 has been associated with gluten ataxia™. These findings could explain

how the extraintestinal manifestations of CD develop.

4. Innate Response to Gluten

Several gliadin peptides have been described with innate response
stimulatory properties that act on IECs and DCs, although clarification is
needed regarding how they interact with the epithelium and which signalling
pathways they activate. These peptides are not recognised by gluten-specific
CD4+ T-cells in the context of HLA-DQ2/DQ8 molecules (such as a-gliadin
peptides p31-43 and p31-49), which could alter protein processing and

intracellular trafficking in IECs and/or activate a stress pathway that has yet
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to be identified”**'. Increased expression of IL-15, cyclooxygenase (COX)-2
and CD25 and CD83 activation markers in the mononuclear cells of the LP
has been described using ex vivo culture models from biopsies of patients with
CD". An increase has also been observed in the expression of the molecules
related to the MHC-class I (MIC) polypeptide in IECs™. Moreover, some of
these gliadin peptides can behave similarly to epidermal growth factor (EGF)
by delaying EGF receptor (EGFR) endocytosis and thus prolonging its

. . 75
activation

. Although it has been shown that patients with CD also express
EGFR and have an activated EGFR signalling pathway, both EGFR and its
signalling pathway are constitutively altered (through enhanced
phosphorylation of the ERK kinase), i.e., independently of gluten ingestion,
which could explain the highly specific damage that gliadin exerts in the
epithelium®. Apart from these peptides, others may activate DCs by
interacting with TLR4", as well as stabilising the non-classical MHC molecule
HLA-E in the membrane”, or they could increase gut permeability after

binding to chemokine receptor CXCR3", an effect that could also be due to

the weakening of the tight junctions between the enterocytes®.

4.1. Role of the Intraepithelial Lymphocytes

Intraepithelial lymphocytes (IELs) form a heterogeneous population
located in the basolateral zone of enterocytes, with varying distribution along
the intestine. IELs are divided into two groups, natural IELs (T TCRaf and
T TCRyS) and induced IELs (T TCRaB CD44 and T TCReaf CD8afS+),
defined by their activation mechanisms and the antigens that they recognisel’
78 (Table 1). The functions of IELs are to defend against infectious agents,
memory acquisition and to control responses to innocuous factors, as well as
to maintain epithelial integrity™ (Table 1).

Despite their tolerogenic and protective role, IELs can exacerbate the
severity of pathologies such as CD and inflammatory bowel disease™®’. In CD,
a correlation has been described between the number of TCRaf T-cells and
villous atrophy®'. It has also been observed that IELs undergo transformation,

acquiring a cytotoxic phenotype®’. There is also an increased proportion of
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IELs with TCRy6+, which is maintained even with a gluten-free diet, and this
is one of the most characteristic changes of CD*®. Natural IELs share some
of the preactivation characteristics of CD4+ T-cells that are present in blood
and in the LP mucosa and, although they have a higher activation threshold
than the latter, in CD they could actually be activated in the gut in response
to proinflammatory molecules, and even become autoreactive cells™***. Under
these conditions, cytotoxic IELs interact through the innate molecules
NKG2D and CD94 with their corresponding ligands, MICA and HLA-E,
expressed in the IECs". Intraepithelial lymphocytosis occurs as a result, with
enterocyte destruction and other alterations such as villous atrophy and crypt

hyperplasia'®™ (Figure 1).

Table 1. Classification of immune system cells that may be involved in the innate or nonspecific
response to gluten in the epithelium. IELs, intraepithelial lymphocytes; NK, natural killer; NKT,
NK T-cell; TCR, T-cell receptor; MHC, major histocompatibility complex; N/A, not applicable.

TCR Restriction | Differentiation Functions

Tolerance and protection
Natural against diet and

o ) MHC Th,
IELs por 7 YRS microbiota in early life

and later protection.

Adaptation to diet and
to microbiota: defence,
Induced memory and maintenance
ap MHC Peripheral g :
IELs of integrity. Prevention of
exaggerated responses to

innocuous antigens.

Bone marrow,

NK N/A N/A lymph node.s7 Response to viruses and
cells spleen, tonsils, tumour cells.
thymus.
Semi- Protection against
NKT i iant t 11 d
invarian CD1d Peripheral umo.ur cells a1.1
cells (va24p11 autoimmune diseases.

and others) Oral tolerance.
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Other cell populations that might be involved in the pathogenesis of CD
are natural killer (NK) cells and NKT cells®. NK cells are involved in
responses to virally infected cells and tumours, independently of MHC and
antibody formation®. A reduction in the number of NK cells has been
observed in patients with active CD compared with a control group or
patients on a gluten-free diet®. Unlike NK cells, NKT cells are a
heterogeneous group that have the TCR complex in the membrane, as well as
CD3 and Ig receptors and, in some subsets, they also express a semi-invariant
TCR receptor (including TCR va24p11)”. They can be activated through
TCRs, but independently of MHC”, and they induce epithelial IL-10
production’. However, the role of NKT cells in CD and other diseases is still
not fully understood, since these cells can produce cytokines of any pattern,

including regulatory ones”.

4.2. Role of Interleukin (IL)-15 and IL-21

IL-15 is the main mediator in the gluten-induced innate immune response
in the gut. This pleiotropic cytokine binds to its specific receptor, related to
the IL-2 receptor, by a high-affinity «chain (IL-15Rea). Binding between IL-15
and IL-15Ra, which is necessary for cytokine function, takes place before
IL-15 expression in the membrane®™, and is one of the many processes involved
in the complex regulation of IL-15". In CD, IL-15 is produced in large
quantities by the IECs in response to gluten, but also by mononuclear cells,
macrophages and DCs in the LP mucosa”. In this context, IL-15 induces IEL
reprogramming'’, as well as increasing the expression of MICA stress

97,98

molecules in enterocytes”, DC activation and positive modulation of IL-21,

a cytokine that also plays an important role in the pathogenesis of CD"'"
(Figure 1). It has been observed that gliadin peptides increase the release of
IL-15 in the gut mucosa not only in patients with CD, but also in non-celiac
individuals. However, only the mucosa of patients with CD shows increased
expression of the IL-15Ra receptor, which could confer these patients a lower

threshold of response to IL-15"".
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The finding of an association between the IL2/IL21 gene region and
susceptibility to CD has focused interest on IL-21, a cytokine that is a key
determinant in the onset and persistence of CD gut lesions'”. Furthermore, an
increase in IL-21 expression has been observed in biopsies of patients with
active CD®. IL-21 production is located in lymphocytes in both LP mucosa
and the epithelium alike and it is sometimes co-expressed with IFN-y. Part of

102

this production is also attributed to NKT cells . As mentioned earlier, I1L-21
expression is induced by IL-15" and both appear to be responsible for
blocking the regulatory mechanisms in CD'"'®. Although this cytokine is
produced by Thl7 cells, others that follow this pattern are not found to be

increased in CD (except in a small group of adults with CD)"**'"",

The two cytokines, IL-15 and IL-21, can act together through different
signalling pathways to enhance CD4-+ T-cell resistance to regulatory T cells
(Treg) in gut mucosa in patients with CD. It is known that IL-15 can interfere
with the TGF-1/Smad3'” and PI3K'” anti-inflammatory signals, but the
mechanisms of action of IL-21 has yet to be clarified'”. Finally, IL-15 may
also play an important role in the development of refractory CD (RCD) and
enteropathy-associated T-cell lymphoma (EATL), by inducing proliferation

and resistance to apoptosis of cytotoxic IELs”.
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Abstract

Intestinal microbiota is constituted by a particular assembly of
bacteria that develop symbiotic relationships with their host,
contributing to diverse physiological functions and determining
resilience to disease. Diverse environmental and intrinsic factors can
upset this symbiotic relationship, shifting the ecosystem from a state
of eubiosis to one of dysbiosis, which causes functional modifications
and promotes disease. Indeed, immune dysfunction frequently coincides
with intestinal dysbiosis and one can occur as a result of the other,
creating a vicious circle. On this basis, hypotheses suggest that a
dysbiotic gut microbiota could influence the onset and progression of
celiac disease (CD). Epidemiological studies indicate that common
perinatal and early postnatal factors influencing CD risk also affect the
intestinal microbiota structure. A recent prospective study of healthy
infants at family risk of developing CD has also revealed that the
HLA-DQ genotype influences the microbiota composition. Several
studies have also shown imbalances in the intestinal microbiota of CD
patients, which are not fully normalized despite their adherence to a
gluten-free diet, thus suggesting that such imbalances are not just a
secondary consequence of CD. Furthermore, two small intervention
studies have recently reported potential interest in the use of specific
bifidobacteria to improve CD treatment, although larger human trials
are required to confirm the benefits. Altogether, findings indicate that
gut microbiota composition and function may be one of the missing
pieces in the CD puzzle that could help to fully explain disease

pathogenesis and risk. Thus, it is interesting to investigate new
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strategies for CD management that target gut microbiota within this

research field.
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1. Introduction

Celiac disease (CD) is a chronic enteropathy triggered by cereal gluten
proteins in genetically predisposed individuals. CD onset usually occurs in
early childhood after the first exposure to dietary gluten; however, recent
decades have witnessed an increase in the number of subjects experiencing
gluten intolerance in their late adulthood'. This phenomenon is not fully
explained by improvements in diagnosis and suggests changes in exposure to

environmental factors that contribute to disease development.

The etiology of the disease is strongly associated with the genes of the
human leukocyte antigen (HLA) that encode the HLA-DQ2 (HLA-DQ2.5 and
HLA-DQ2.2) and HLA-DQ8 heterodimers expressed by antigen-presenting
cells (APC). Gluten peptides bond to HLA heterodimers and are presented to
T cells that trigger a complex immune response involving the innate and
adaptive system. Most patients are carriers of the HLA-DQ2/DQ8 genes but
this genotype is also present in about 40% of the general population and only
a small percentage (2-5%) develops CD?®. This indicates that the HLA-DQ
genotype is necessary but not solely responsible for development of the
disease. Gluten is the main environmental trigger of CD but its intake neither
fully explains the onset nor its clinical manifestations. In recent years, other
environmental factors that influence the early gut microbiota composition
such as type of delivery at birth and milk-feeding, intestinal infections and

antibiotic intake, have also been associated with the risk of developing CD*".

Observational studies of children and adult patients with CD (untreated
and treated with a gluten-free diet (GFD)) revealed imbalances in their
intestinal microbiota as compared to control subjects, which could contribute
to the pathogenesis of the disease®. This evidence suggests that the
imbalances in gut microbiota are not only a secondary consequence of the
inflammatory milieu characteristic of the active phase of CD but that they
could also be a predisposing factor for disease development. However, the
GFD per se also induced changes in gut microbiota composition of healthy

adult subjects and could be partly responsible for the alterations detected in
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treated CD patients'. Therefore, to understand whether gut microbiota
imbalances could play a role in CD onset, a prospective study is underway to
investigate the early features of the intestinal microbiome in infants at family

risk of CD development.

Currently, CD is among the most prevalent chronic digestive disorders but
the only treatment is life-long adherence to a GFD. However, compliance with
this dietary restriction is complicated due to the presence of gluten in most
processed foods and patients are continuously exposed to gluten. Therefore,
the identification of modifiable environmental factors that contribute to CD
onset is critical for the development of strategies that lead to a reduction in
disease incidence. This may be the case for components of the intestinal
microbiota, whose acquisition could be modulated by environmental and

dietary factors.

Here, we summarize the current understanding of the role played by
intestinal microbiota in the etiopathogenesis of CD. We also discuss the
possibilities of contributing to disease prevention and treatment by

modulating gut microbiota composition and function.

2. Gut Microbiota Acquisition in Infants and CD Risk

The primary colonization of the intestinal microbiota begins at birth with
the acquisition of microbes from the environment, mainly from the maternal
vagina and the skin. It is a dynamic process that involves interactions of
co-occurrence and exclusion between intestinal bacteria, reflecting life events
of the newborn and undergoing changes until the first two-three years of age
when the microbiome starts to converge toward a generic adult-like profile'"".
The intestinal colonization process leads to the acquisition and establishment
of a protective microbiota that could modulate the risk of developing
immune-mediated diseases in adulthood'. This influence is mediated by early
gut microbiota and immune system interactions that are crucial for the

development of tolerance towards harmless antigens from the diet and the

microbiota.
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2.1. Type of Delivery and Breast Feeding Practices

Perinatal and early postnatal environmental factors influencing the
microbiota composition have been associated with CD susceptibility'*. The
greater risk of children born by caesarean section developing CD'’ might be
attributed to the delay in intestinal colonization by bifidobacteria and the
reduced bacterial diversity observed in caesarean-born compared to naturally-
delivered infants'®. Longer breast-feeding and particularly maintenance of
breast-feeding when gluten is introduced seems to reduce the risk of
developing CD or, at least, delays its onset in most case-control retrospective
studies included in the meta-analysis by Akobeng et al.(2006)'". Also, feeding
practices involving the gradual introduction of gluten simultaneous to
breastfeeding were proposed as the protective agent responsible for reducing
CD prevalence in one birth cohort compared to the “Swedish CD epidemic"
cohort'. However, other prospective epidemiological and intervention studies
failed to find a protective effect of breast-feeding in either CD autoimmunity
or biopsy proven CD'?. These inconsistencies could be due to the implication
of non-controlled variables (type of delivery, incidence of infections, amount of
gluten in the diet, etc.) that confound the statistical analysis on breastfeeding
effects. Duration of breast-feeding could be associated with a reduced or
delayed exposure of the newborn to dietary gluten, which might contribute to
the protective effect of breast milk. Plausibly bioactive breast milk
components may also be involved in the potential protective effect of
breast-feeding on CD development. For the infant’s gut, breast milk is a
source of bacteria’® and of human milk oligosaccharides (HMOs), which
promote gut colonization by Bifidobacterium spp., possibly explaining the
differences observed between the intestinal microbiota of breast-fed and

?25  The beneficial properties of bifidobacteria on infants'

formula-fed infants
health is widely accepted®, and scarcity of these bacteria have been associated
with the onset of inflammatory bowel disease (IBD)*, type 1 diabetes (T1D)*
and infant allergies®. Besides human milk provides many bioactive substances

involved in passive immune protection and in immunological development of

the neonate®™. A complex network of chemo-attractants and cytokines in
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human milk are thought to play a role in compensating the developmental
delay of the neonate immune system and in preventing the development of
immune-mediated diseases”. Recent research has analyzed differences between
breast-milk composition of healthy mothers and mothers with CD on a GFD¥.
Mothers with CD presented a decrease in several immune markers (interleukin
(IL)-12p70, transforming growth factor (TGF)-S1 and secretory IgA (sIgA)
and in numbers of Bifidobacterium spp. in breast-milk*. Likewise, these
differences in the breast milk of CD mothers might influence the protective
effects of breast-feeding on infant health, partly explaining the controversy
across studies®. Similarly imbalances characterized by a lower content of
immune mediators (interferon (IFN)-y, TGF-£2, IL-10 and sIgA) have been
described and interpreted as a health risk factor for infants of allergic

33,34

mothers™”". Furthermore, wheat gliadins and other gluten peptides have been

35,36
% and

detected in breast milk using specific IgA-antibodies against gliadin
the presence of gluten in breast milk has been suggested to play a role in the
induction of oral tolerance of the breastfed infants. Thus, breast milk of
mothers with CD following a GFD will lack this stimulus, and this might
influence the future gluten tolerance of their offspring. However, as yet there

is no evidence to support this hypothesis.

A number of epidemiological studies indicate that several perinatal factors
participate in conjunction to modulate CD risk. However, there are no
prospective studies revealing how differences in breast milk composition and
in intestinal microbiota acquisition early in life might ultimately protect or

contribute to CD onset.

2.2. Genotype and Intestinal Microbiota

Murine models using diverse mice strains congenic for major
histocompatibility complex (MHC) genes indicate that MHC influences the
composition of the faecal microbiota®. Recently a fish model using
Gasterosteus aculeatus (threespine stickleback) has shown that the presence
of certain MHC polymorphism is associated with altered abundance of some

microbial families™.
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Over 30 years ago, Van de Merwe et al.”’ described that the faecal
microbiota of monozygotic human twins was much more similar than that of
dizygotic twins. Later a similar observation was reported for adults with
varying degrees of relatedness” and identical twins, fraternal twins and
unrelated controls’’ . The most recent study compared microbiota of 416 twin
pairs and identified many microbial taxa whose abundances were influenced by
host genetics. The family Christensenellaceae showed the highest heritability,
which formed a co-occurrence network with other heritable bacteria and
Archaea in lean individuals®. This evidence suggests that host genetics
influence the composition of the human gut and that this influences the
phenotype®. In the case of CD, a prospective study in a cohort of 164 infants
with a family history of the disease reported associations between genetic risk
(HLA-DQ genotype) and alterations in intestinal microbiota composition™™.
The HLA-DQ2/8 genotype and the type of feeding (maternal or formula)
influenced in conjunction the intestinal colonization analyzed by fluorescence in
situ  hybridization (FISH), real time PCR and denaturing gradient gel
electrophoresis (DGGE) techniques™®. In addition, specific decreases in
Bifidobacterium spp. and B. longum and increases in Staphylococcus spp. were
associated with higher genetic risk of developing CD irrespective of milk-feeding
type'’. The recent pyrosequencing analysis of the microbiota of a sub-cohort of
22 infants, all breast-fed and naturally delivered, confirmed that the HLA-DQ
genotype influences per se the intestinal microbiota composition®. The high
risk (HLA-DQ2 genotype) infant group showed an increase in the proportions
of Firmicutes (Clostridium sensu stricto and unclassified Clostridiaceace and
Gemella) and Protebacteria (Raoultella and unclassified Enterobacteriacea)
and a reduction in Actinobacteria (Bifidobacterium). Associations have also
been made between some Clostridium species, such as C. difficile, in ileal
samples of human subjects and the NOD2 genotype and the phenotype of
inflammatory bowel diseases'’. A prospective study also reported that a
reduction in the ratio of Bifidobacterium to Clostridium counts was associated
with subsequent development of atopic dermatitis®. Another small study
characterized the longitudinal changes in the microbial communities of

genetically predisposed infants (HLA-DQ2/8)° and compared the results with
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the data from another study on non-genotyped healthy infants”. The
microbiota of HLA-DQ2/8 carriers was characterized by higher abundance of
Firmicutes and lower abundance of Bacteroidetes (1% to undetectable)
compared to that of healthy infants. However, the differences attributed by the
authors to the HLA-DQ genotype could be due to their use of different
methodologies for sampling, storage and processing of stool samples and for the
taxonomic analyses (small subunit (SSU) rDNA microarray wvs 454

pyrosequencing). This makes indeed the data incomparable.

The mechanisms by which the HLA-DQ genotype could selectively
influence colonization and composition of gut microbiota remain unknown.
However, we can speculate that MHC II presents phagocytized antigens of
intestinal bacteria, which may then be presented to T cells. Depending on the
antigen presented, effector T-cell activation could contribute to regulating the
gut microbes colonizing the gut by activating B-cells to secrete protective
antibodies directly into the gut mucosa and lumen®. Bacterial antigens
presented via MHC II molecules, could also lead to T cell maturation into
effector cells (Th1l, Th2 or Th17) or Foxp3 ™ Treg cells with immunosuppressive
activity, which could contribute to developing tolerance towards the intestinal
microbiota. In this context, studies in rodents indicate that the repertoire of
thymus-derived Treg cells, which constitute most Treg cells in all lymphoid
and intestinal organs including the colon, is heavily influenced by microbiota

composition, thus supporting this hypothesis™.

Regarding possible pathogenicity of the microbiota alterations found in the
CD genotype, the increase in Staphylococcus spp. described by De Palma et
al." is of particular interest. Some staphylococcal superantigens preferentially
interact with HLA-DQ molecules, activating an inflammatory response that
could increase the risk of developing CD®'. This cohort of infants is being
followed-up to monitor whether the intestinal microbiota alterations detected in
early life are ultimately associated with CD onset. There is a strong association
between CD and the expression of HLA-DQ2/DQ8 molecules compared to
other HLA-linked diseases™, but several non-HLA genes also contribute to the

disease™ and their influence on the intestinal microbiota composition should not
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be discarded. For instance, non expression of the FUTZ2 gene coding for
fucosyltransferase 2, leading to a non-secretor phenotype, has been associated
with an increased susceptibility of developing CD™. Fucosyltranferase 2 is
responsible for synthesising ABH antigens in the mucus and other secretions
and its expression has also been associated with reduced diversity, richness and
abundance of bifidobacteria in the human intestinal tract®. Therefore, both
HLA-DQ2/8 molecules and the non-secretor phenotype due to FUTZ2 gene
dysfunction have been linked with CD onset and also with reduced intestinal
numbers of Bifidobacterium spp. This evidence, together with the reduced
bifidobacteria levels detected in CD patients (described below; 9, 10), indicate

this bacterial genus plays a role in CD risk.

3. Influence of Intestinal Microbiota in CD Pathogenesis

Several observational studies in children and adults with CD have shown
alterations in the intestinal microbiota composition compared to control
subjects. Our studies using molecular quantitative methods, such as FISH and
quantitative PCR, found reduced numbers of Bifidobacterium spp. and
B. longum and increased numbers of Bacteroides spp. in stools and duodenal
biopsies of CD patients untreated and treated with a GFD compared to
control subjects®’. Also enterobacteria and staphylococci numbers were higher
in untreated CD patients than in controls, but these differences were almost
restored in CD subjects on a long-term GFD®. Likewise, other studies in
children reported increased prevalence of Bacteroides vulgatus and E. coli in
CD biopsies before and after the GFD by temporal temperature gradient gel
electrophoresis (TTGE) compared to controls” and lower numbers of
Lactobacillus and Bifidobacterium and higher numbers of Bacteroides,
Staphylococcus and enterobacteria in stools of children with CD compared to
healthy controls®. Other studies performed by DGGE of the microbiota of
adults with CD clustered the dominant microbial communities of healthy
individuals together and separate from those of untreated CD patients™.

However, the above study reported an increased prevalence in
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Bifidobacterium bifidum in patients with active CD as opposed to the lower
bifidobacteria numbers detected in CD patients in our studies™*”* or the
absence of differences reported in another study®. The analysis of metabolites
derived from intestinal microbiota activity has also revealed significant
differences between treated CD patients and healthy controls and suggests

%5 One of the most

there is a metabolic signature for the CD microbiome
recent studies has also reported that CD patients with gastrointestinal
symptoms had different microbiota composition when compared with controls
and patients with dermatitis herpetiformis, suggesting that the microbiota
may play a role in the manifestation of the disease®™. In Sweden, an early
study with samples collected between 1985-1996 revealed that rod-shaped
bacteria were frequently associated with the mucosa of CD patients, both in
the active phase and treated with a GFD, as detected by scanning electron
microscopy (SEM)®. Later, these SEM analyses were complemented with 16S
rDNA sequencing to identify the bacterial communities detected in the
samples of the Swedish epidemic (1985-1996) and in a new cohort of patients
(2004-2007)%. Only one CD biopsy collected during 2004-2007 contained rod-
shaped bacteria in contrast to the frequency described in the samples of the
Swedish epidemic, invalidating the initial theory that these bacteria were
causative factors of the CD epidemic®. The characterization of the microbiota
from biopsies of CD patients from the Swedish celiac epidemic showed that
SEM positive biopsies were significantly enriched in Clostridium, Prevotella
spp. and Actinomyces compared to the SEM negative biopsies also from CD
patients®. We also carried out a deeper characterization of the CD microbiota
by isolating bacterial strains and analyzing their pathogenic features® .
Specifically, E. coli clones belonging to virulent phylogenetic groups (B2 and
D) isolated from untreated and treated CD patients presented a higher
number of virulence genes encoding P fimbriae, capsule K5 and hemolysin
than those isolated from healthy controls®. Furthermore, the abundance of the
species Bacteroides fragilis coding for metalloproteases was increased in both
untreated and treated CD patients, and thus could presumably play a
pathogenic role in CD®. In fact, Bacteroides fragilis and the strains

producing metalloproteases are frequently involved in opportunistic infections
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and aggravate colitis in animal models®™. The isolation and identification of
clones belonging to the genus Staphylococcus also revealed that the species S.
epidermidis carrying the mecA gene (methicillin resistant gene) was more

abundant in the CD patients (treated and untreated) than in controls®.

4. Potential Mechanism of Action of Intestinal Microbiota
in CD

The microbiota and its alteration could contribute to the etiopathogenesis
of CD by providing proteolytic activities that influence the generation of toxic

and immunogenic peptides from gluten®”®; and by mediating-host-microbe

0

interactions, which could influence the intestinal barrier” and the immune

function™ (Figure 1).
g

Some gluten peptides (gliadin) withstand gastrointestinal digestion and
disturb the intestinal integrity by altering tight junction proteins, increasing
epithelial intestinal permeability”. These may facilitate the access of gliadin
peptides to the lamina propria and its interaction with infiltrated lymphocytes
and APCs responsible for triggering the immune response. B. fragilis clones
isolated from the intestinal microbiota of CD patients showed gliadin-
hydrolyzing activity, and some of them generated peptides that maintain their
immunogenicity, eliciting inflammatory cytokine production by Caco-2 cell
cultures, and showing a greater ability to permeate the Caco-2 cell monolayer®™.
In contrast, different bifidobacteria and, particularly, B. longum CECT 7347
(also named B. longum IATA-ES1) reduced the cytotoxic and inflammatory
effects of gliadin peptides generated during gastrointestinal digestion®. Thus, in
vitro studies indicate that the proteolytic activity of the intestinal microbiota
may modify gliadin peptides differently, increasing or reducing their toxicity.
Similarly, Fernandez-Feo et al.” and Caminero et al.” isolated species from the
oral cavity and faeces able to hydrolyse gluten peptides; however, their

physiological effects have not been evaluated.
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Figure 1. Schematic representation of CD pathogenesis and the potential role of
intestinal dysbiosis. Some gluten peptides cross the intestinal epithelium and can be
deamidated by the tissue transglutaminase (tTG), which increases their ability to bind
the HLA-DQ2/8 molecules of antigen-presenting cells and to trigger an adaptive
immune response, involving Th1, Th2 and Th17 cells that lead to the release of pro-
inflammatory cytokines (IFN-y, interleukin (IL)-21, etc.) and the production of CD
antibodies; other gluten peptides activate the innate immune response by interacting
with eptithelial cells and APCs and, thus, trigerring the activation of inflammatory
pathways (NFxkB) and the production of inflammatory cytokines such as IL-15. In
particular, IL-15 increases the expression of the MICA molecule at epithelial cell
surface and triggers activation of intraepithelial lymphocytes through engagement of
NKG2D, leading to an innate-like cytotoxicity toward epithelial cells and enhanced
CD8 T cell-mediated adaptive response, contributing to wvillous atrophy”™.The
microbiota could contribute to the etiopathogenesis of CD by (2) providing proteolytic
activities that influence the generation of toxic and immunogenic peptides from

66,69

gluten and by mediating host-microbe interactions which could influence (1) the

. . . 70 . - 71
intestinal barrier” and (8) immune function”.
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Regarding the mechanism of action related to the intestinal barrier
function, CD-triggers (gliadin and IFN-y) decreased the goblet cell numbers in
intestinal loops of inbred Wistar-AVN rats, and research shows the presence of
enterobacteria isolated from CD patients, such as Escherichia coli CBL2 and
Shigella CBDS8, aggravate this effect”’. Furthermore, exposure to these
enterobacteria causes increased mucin secretion and greater disruption of tight
junctions. By contrast, Bifidobacterium bifidum CECT 7365 (also named B.
bifidum IATA-ES2) increased the number of goblet cells and the production of
inhibitors of metalloproteinases, and also reduces gliadin translocation to the
lamina propria, which could contribute to gut mucosal protection”. Other
probiotic bacteria such as Lactobacillus rhamnosus GG have been shown to
contribute in wvitro to the maintenance of normal intestinal permeability in

Caco-2 cell cultures exposed to gliadin™.

The composition of the gut microbiota could also influence the release of
pro-inflammatory cytokines triggered by gluten peptides. For instance, a
mixture of isolated bacteria from CD patients (Prevotella sp.,
Lachnoanaerobaculum umeaense and Actinomyces graevenitzii) induced
IL-17A mRNA expression in ex wivo biopsies of intestinal mucosa of CD
patients”. Thus it was hypothesized that those bacteria could modulate the
IL-17 response by helping to breakdown gluten tolerance™. By contrast, in
gliadin-sensitized HLA-DQS8 transgenic mice, a strain of Lactobacillus casei
reduced the TNF-¢ levels in jejunal tissue sections™. In a model of newborn
rats sensitized with IFN-y and orally administered gliadin, B. longum CECT
7347 reduced TNF-o and increased IL-10 concentration in intestinal tissue

79
samples".

On the one hand, B. longum CECT 7347 and B. bifidum CECT 7365
reduced the inflammatory cytokines (IFN-y and TNF-a) produced by the
microbiota of CD patients, and, on the other, they increased IL-10
production, with anti-inflammatory effects in peripheral blood mononuclear
cell (PBMC) cultures®™. Escherichia coli CBL2 and Shigella CBDS isolated
from CD patients, boosted the production of IL-12 and IFN-y, and the

expression of HLA-DR and CD40 in co-cultures of monocyte-derived dendritic
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cells (MDDCs) and Caco-2 cells compared to B. longum CECT 7347 or B.
bifidum CECT 7365%. These responses could be mediated by the activation of
toll-like receptors (TLRs), which play an important role in the recognition of
microbial components, driving different transcription pathways involved in the
immune response. So far it has been reported that biopsies from CD patients
display increased TLR2 expression, which is a receptor responding to bacterial
lipopeptides, and of TLR9, which is a receptor responding to bacterial DNA®.
We could hypothesize that this increased TLR expression in biopsies of CD
patients may intensify gut microbiota signalling and host response to

intestinal dysbiosis although direct evidence is not available.

5. Gluten Intake and Intestinal Microbiota

The only treatment for CD is adherence to a life-long GFD, which implies
important dietary changes. Specifically, women on a GFD have a reduced

dietary protein and fibre intake and an increased fat intake®

. These dietary
differences also seem to cause changes in the intestinal microbiota
composition and in the immune response to the altered microbiota in wvitro.
After three months of adherence to the GFD, children with CD showed
increases in the B. fragilis group and FEnterobacteriaceae numbers and in
sIgA levels in stools®™. In healthy adults the GFD caused shifts in gut
microbiota composition, characterized by reduced numbers of Bifidobacterium
spp., B. longum and the Lactobacillus group, and increased numbers of
Enterobacteriaceae and E. coli'’. This led to the proposal that GFD should

be considered as an environmental factor that may contribute to shaping the

microbiota composition in treated CD patients'™.

In animal models, gut microbiota changes have also been related to the
GFD but the data are not comparable to humans. For example, GFD-induced
changes in the microbiota of NOD mice are characterized by higher numbers
in  Bacteroides and  Akkermansia and a  higher percentage of
CD4"CD25%Foxp3 regulatory cells, and reduced T1D incidence®. By contrast,
NOD mice fed a diet containing gluten had higher numbers of
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Bifidobacterium, Tannerella and Barnesiella and increased T1D incidence®.
Harsen et al., (2014)85 also proposed that GFD-induced increases in
Akkermansia, Protebacteria and TM7 abundance protected the offspring of
NOD mice and reduced the incidence of diabetes®; however, direct evidence is

lacking.

6. Role of Probiotics in CD: Human Studies

There are proposals to use of some probiotic bacteria in CD management
based on the associations between CD and intestinal microbiota imbalances,
and the role attributed to some bacterial strains in maintaining gut barrier
function and regulating the immune response in certain chronic inflammatory
diseases. To our knowledge, only two intervention trials have been conducted
with probiotics in CD patients to date. Both were randomized, double-blind
placebo-controlled trials, but differed in the aim, species and strain of
bifidobacteria tested. In one of the interventions, B. infantis NLS was
administered to untreated CD patients consuming gluten to evaluate the
effect of the probiotic independently of the GFD®. The beneficial properties
of B. infantis NLS included the reduction of some gastrointestinal symptoms,
specifically indigestion, constipation and reflux with borderline significance.
However, it did not improve diarrhoea or abdominal pain, nor modify
intestinal permeability or the pro-inflammatory status, as reflected by the
analysis of serum cytokines and chemokines®. Another study evaluated the
influence of administering B. longum CECT 7347 to children with newly
diagnosed CD following a GFD to assess whether it improved the efficacy of
the GFD™. Inter-group comparisons revealed a decrease in peripheral CD3* T
lymphocytes and TNF-a levels in the bifidobacterial group. The
administration of B. longum CECT 7347 also reduced Bacteroides fragilis
group numbers and sIgA in stools when compared to the placebo®, which
could presumably contribute to better recovery from the inflammatory status
associated with the active phase of the disease. Despite the experimental

differences, presumably the mechanism behind the effects of B. infantis NLS
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differ from those of B. longum CECT 7347, as the latter influences
inflammatory markers, gut microbiota and host-related defence mechanisms.
Both studies suggest the potential interest of these probiotic bacterial strains
for improving CD treatment, although larger human trials are required to

confirm and strength of this evidence.

7. Conclusions

Most studies demonstrate associations between CD and shifts in the
composition of intestinal microbiota. These alterations are not only
consequence of the inflammatory status characteristic of the active phase of
the disease because the ecological perturbations are not completely restored
after adherence to a GFD, even though the GFD per se also influences the
microbiota composition. In healthy infants at family risk of CD, prospective
studies also indicate that alterations in gut microbiota composition are
associated with the HLA-DQ genotype and could influence CD onset. The
influence of gut microbiota composition on the etiopathogenesis of CD could
be related to its proteolytic activity and ability to generate toxigenic and
immunogenic peptides and, particularly, to its ability to regulate gut barrier
function and the immune response to gluten. Further and larger studies are,
however, necessary to confirm that gut microbiota modulation by the
administration of specific bacterial strains could contribute to improving the

health status of CD subjects, and to reducing the risk of CD development.
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Abstract

Celiac disease (CD) is a chronic enteropathy triggered by exposure
to dietary gluten in genetically susceptible individuals. The only
currently accepted therapy for CD is a lifetime gluten-free diet (GFD).
Although a GFD has proven to be a safe and effective in most celiac
patients, there are limitations that warrant new adjuvant therapies for
the treatment of CD. The therapies in development for CD fall into
the following categories 1) Gluten detoxification 2) Luminal therapies
3) Intestinal barrier enhancing therapies 4) Immune targeted therapies
and 5) Experimental therapies. Gluten detoxification includes altering
gluten proteins in foods before commercialization. Luminal therapies
aim at neutralizing gluten in the lumen of the small intestine. These
include enzymatic digestion therapy, probiotics and gluten binders.
Barrier enhancing therapies decrease the leaky intestinal condition
associated with the disease, which could enhance translocation of
gluten peptides, or of other harmful antigens, into the lamina propria.
Immune targeted therapies include T G2 blockers, HLA blockers, T cell
targeted therapies, alteration of inflammatory mediators and vaccine
therapy. Finally, experimental therapies comprise compounds or
biological strategies in discovery phase. Of these, Elafin was recently
proposed to play a role in CD and have potential therapeutic
applications in an animal model. To date, none of the discussed
therapies have been approved for clinical use and are at different
stages of development. However, adjuvant therapies to the GFD will
likely become a reality to the coming years and will increase the

quality of life of patients living with gluten-related disorders.

Keywords
Therapies for CD, gluten free alternatives, celiac therapies, gluten

detoxification, gluten proteolysis.
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1. Introduction

Celiac disease (CD) is a chronic autoimmune enteropathy triggered by
exposure to dietary gluten in genetically susceptible individuals. Patients with
a diagnosis of CD need to adopt a strict gluten-free diet (GFD) for life'. A
GFD leads to significant clinical and histological improvement in CD patients,
although it often results in social burden. This diet is expensive, not readily
available in many countries, and if not properly supervised, may lead to
nutritional deficiencies, which can affect the patient’s quality of life. A
gluten-containing diet based on consumption of cereals such as wheat, rye and
barley is an important source of iron, dietary fibre and vitamin B*'. A major
problem underlying compliance with the GFD resides in the difficulty of
complete avoidance of gluten® since its presence in processed foods, as well as
its use in cosmetics and pharmaceutical industries, is ubiquitous. Gluten may
be present in non-starchy foodstuff such as soy sauce and beer, and thus CD
patients can be exposed inadvertently to small amounts of gluten that
generate inflammation’. Furthermore, studies have shown that mucosal
recovery is not immediate upon the start of a GFD, and that a substantial
proportion of CD patients exhibit long-lasting low-grade inflammatory
changes in the small intestinal mucosa’'’. Therefore, although a GFD has
proven to be a safe and effective therapy, the limitations described above
warrant that new adjuvant therapies are needed in the treatment of CD.
Based on the current understanding of the pathogenesis of CD, several
potential therapeutic targets are being explored and many reviews have

11-13

recently been written on this topic The aim of this chapter is to
summarize the current approaches and discuss the recent progress in the

development of potential adjuvant treatments for CD.

2. Gluten Detoxification

Wheat gluten and related proteins in barley and rye trigger CD in
genetically susceptible people. The complete elimination of gluten proteins

contained in cereals from the diet is key to CD management'’. Currently,
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novel techniques are being developed to generate cereal varieties with lower
immunogenic or toxic capacity for CD patients. Selective breeding and genetic
manipulation of the disease-activating grains have been proposed to reach this

1", The use of genetic engineering to down-regulate gene expression by

goa
RNA interference is an attractive opportunity for reducing the immunotoxic
components of gluten. This technology has been applied to down-regulate the
expression of gliadins and low molecular weight glutenins in bread wheat.
Results have shown the usefulness of RNAi to silence specific genes
corresponding to gluten proteins, which are the known sources of

22 Flour from these lines may be an important

immunogenic peptides
breakthrough in the development of new products for the celiac community.
However, additional studies, such as clinical trials in patients with
gluten-related disorders are needed in order to determine whether or not the

product can be consumed by the general celiac population'® *.

An alternative approach to detoxify gluten is the digestion of immunogenic
gluten peptides with peptidases during food processing and before
administration to CD patients®. Unlike mammalian digestive proteases,
proteolytic enzymes from plants, fungi and microorganisms can hydrolyze
toxic peptides in foods to amino acids or non-toxic peptides®. Di cagno et al.
(2010) have isolated Lactobacillus strains from sourdough bread that showed
considerable hydrolysis of gliadin during wheat sourdough fermentation and
investigated a mnovel bread making method for the production of safe
sourdoughs®. Similarly, Rizello et al. (2007) showed that fermentation with a
complex formula of sourdough Lactobacillus and fungal proteases decreased
the concentration of gluten considerably. This wheat flour hydrolyzed during
food processing was shown to be safe for consumption by CD patients in a

7 2 Although results with RNA interference and proteases in

clinical study
sourdough fermentation are promising, one important question is how baking
quality will be affected and whether widespread consumption of these foods

14, 15, 23

by CD patients will be safe
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3. Luminal Therapies

3.1. Enzymatic Therapy

Gluten proteins are poorly digested in the human intestine because they
are relatively resistant to human proteolytic enzymes. As a consequence, the
gastrointestinal digestion of gluten leads to the generation of toxic peptides
which trigger inflammation in genetically susceptible individuals®. Thus, oral
enzymatic therapy is focused on inactivating immunogenic gluten peptides in

%3 The most commonly studied enzymes

the human gastrointestinal tract
with the ability to carry out this process are proteases from the prolyl
endopeptidase family (PEPs) which are not present in humans. PEPs from
Flavobacterium meningosepticum, Sphingomonas capsulata and Myzococcus
zanthus are able to cleave immunodominant proline-rich regions present in

gluten proteins®™™.

For these enzymes to be effective, they must be resistant to both the acidic
environment and digestive proteases of the stomach. Also, the majority of the
epitope hydrolysis should occur in the stomach, to avoid toxic peptides
entering the small intestine and triggering immune responses. Although
encapsulation of PEPs was proposed in order to protect them from gastric
secretions, recent studies have shown that only high doses of PEPs are
capable of eliminating immunogenic peptides in a daily gluten load®>®.
AN-PEP is an enzyme derived from Aspergillus niger that is being developed
by an alimentary company (DSM)37. In witro studies have shown that
AN-PEP is active at acidic pH, resists digestion by pepsin and degrades all
tested gluten peptides with a half-life ranging between 2 and 6 minutes®™.
Based on these in vitro findings, a number of in vivo studies are underway in
CD patients. Although AN-PEP appears to be well tolerated in CD patients,
clinical improvements in these patients are not clear”. (ClinicalTrials.gov
Identifier: NCTO01335503). Another drug candidate, ALV003, is being
developed as an orally administered mixture of two glutenases (ALV001 and

ALV002)". ALV001 is a glutamine-specific cysteine endoprotease derived from
germinating barley seeds (EP-B2) and ALV002 is a PEP from Sphingomonas
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33,41 . . c . .
. Both enzymes are active in the acidic environment of the

capsulata
stomach, and a 1:1 (w/w) formulation (ALV003) maximizes their glutenasic
activity®. Phase 1 and Phase 2a clinical trials have been performed in CD
patients receiving ALV003. These studies demonstrated that ALVO003 can
attenuate gluten-induced small intestinal mucosal injury and decrease the
immune response to gluten in CD patients, but ALV003 did not improve the
clinical response (NCT00959114 and NCT01255696)"*. A Phase 2b,
randomized, double-blind, placebo-controlled dose-ranging study of the
efficacy and safety of ALV003 treatment in symptomatic CD patients
maintained on a GFD is currently underway (ClinicalTrials.gov Identifier:
NCT01917630). A third protease mixture (STAN 1) has been tested in a
Phase 2 clinical trial (ClinicalTrials.gov Identifier: NCT00962182). STAN1 is a
cocktail of microbial enzymes commonly used in food supplements that
showed modest gluten detoxification capacity’*. The study evaluated the
effect of STAN1 in CD patients ingesting 1 g of gluten per day for 12 weeks.
No differences were found in serology between the placebo group and the
patients treated with STAN1**. A common setback with oral enzyme therapy
seems to be the need for sufficiently active enzyme delivery to allow
interaction with immunogenic gluten peptides present in a daily gluten load.
However, although these enzymes may not eliminate the need for a GFD, they
may provide substantial flexibility and prevention of detrimental side effects
from lower gluten exposures, reducing long term complications of delayed
mucosal healing'”. A live commensal or beneficial bacterium that produces
gluten-specific proteolytic molecules in situ would be an attractive

alternative.

3.2. Probiotic Therapy

“Probiotics are defined as live microorganisms that when administered in
adequate amounts confer health benefits to the host”®. Probiotics show a
variety of immuno-modulatory, barrier enhancing and even mood-modulating
effects that may be attractive to CD patients’ . The probiotic preparation
VSL#3 has been shown to hydrolyze gliadin proteins in vitro and may
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produce pre-digested gliadins during food processing™. Other studies with cell
cultures and mouse models of gluten sensitivity have demonstrated that
“particular probiotic bacteria such as Bifidobacterium lactis or Lactobacillus
casei could be of potential use in CD”’". Administration of a specific
Bifidobacterium infantis strain to patients with active CD (ClinicalTrials.gov
identifier: NCT01257620) led to improvement in CD-associated symptoms
accompanied by immunogenic changes, without a significant change in

intestinal permeability™.

Another suggested alternative to facilitate gluten degradation and immune
modulation includes the use of whole cultured bacteria from the human
gastrointestinal tract. A number of studies from different groups have
described substantial differences in the intestinal microbiota of patients with
CD*™. Bifidobacterium longum CECT7347 is a probiotic bacterial strain
isolated from a healthy breastfed child with anti-inflammatory effects and
proteolytic activity toward gliadin peptides in wvitro™®. To date, a
double-bind, randomized, placebo-controlled intervention trial to evaluate the
effects of Bifidobacterium longum CECT7347 in children with newly
diagnosed CD has been completed. The findings suggest that B. longum
CECT 7347 could help improve the health status of CD patients who tend to
show alterations in gut microbiota composition and a biased immune response
even on a GFD®. Moreover, several studies have isolated commensal bacteria
strains from the human oral cavity and large intestine with the ability to
hydrolyze peptides rich in proline including immunogenic peptides from
gliadin such as the 33-mer and 26-mer peptide. These bacteria are candidate
probiotics of interest in the treatment of CD®®. For example, some
Lactobacillus and Bifidobacterium strains have shown beneficial effects in
vitro due to immunomodulation and restoration of the gliadin-induced

60,64

epithelial barrier disruption’ . Additional pre-clinical and clinical data are

necessary to support the use of specific probiotics in CD patients.

Due to the ability of PEPs to hydrolyze gluten, Alvarez-Sieiro et al. (2014)
have engineered two food-grade Lactobacillus casei strains to deliver PEP in

a small intestinal in wvitro model. One strain secretes PEP into the
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surrounding environment, whereas the other retains PEP intracellularly. The
extracellular secreting strain is the most effective at degrading the 33-mer and
is resistant to simulated gastrointestinal stress. Results suggest that in the
future, a genetically engineered (GMO) food-grade lactic acid bacterium may
be useful as a vector for in situ production of PEP in the upper small
intestine of CD patients”. This may raise discussions on the public
acceptability of GMQO’s, despite the fact these have been shown to be safe for

. . . . 66, 67
administration to mice and humans .

3.3. Gluten Binding Polymer: BL-7010

The gluten binding polymer, BL-7010 or copolymer poly(hydroxythyl
methacrylate-co-styrene sulfonate (P(HEMA-co-SS) is a non-absorbable
polymer that binds with high specificity to gliadin or gluten, intraluminally.
Upon binding of the polymer to gliadin, digestive enzymes are unable to
access cleavage sites on the protein, thereby avoiding the production of
immunogenic peptides®™. Further, these peptides are not absorbed by the small
intestine and therefore do not seem to induce immune responses in the host.
BL-7010 has shown preclinical in vitro” and in vivo beneficial effects using a
humanized mouse model of gluten sensitivity (HLA-HCD4/DQ8 mice),
BL-7010 decreased gluten associated pathology, including intraepithelial
lymphocytosis, reduced villus-to-crypt ratios, and normalized altered barrier
function®. This therapy has a high safety profile in animal models and Phase

1 clinical trials are currently underway (ClinicalTrials.gov Identifier:

NTC01990885).

4. Barrier Enhancing Therapies

CD is associated with altered barrier” and disrupted tight junction (TJ)

. T1,72
function "

The mechanisms for gluten peptide translocation in CD are
controversial, and several pathways have been proposed”™"™. One is related to
increases in paracellular uptake and increases in the release of zonulin, an

endogenous modulator of TJs™. Zonulin has been reported to be regulated by
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the direct binding of gliadin to CXCR3 in intestinal epithelial cells, increasing
its release and subsequent decrease in barrier function™. Larazotide acetate, or
AT-1001, is being developed as a TJ modulator by Alba Therapeutics. This
molecule is an octapeptide derived from cholera toxin, secreted by Vibrio
cholerae™. In witro, larazotide acetate was shown to promote actin
rearrangement and prevent disassembly of tight junctions due to external
stimuli”, including gliadin™, in cell culture. Additionally, this small peptide
inhibited translocation of gliadin constituents (13-mer) across cell culture
monolayers, in wvitro”. In an in wvivo animal model using HLA-HCD4/DQ8
mice, administration of larazotide acetate normalized TJ proteins and

inhibited macrophage recruitment in the intestine induced by gliadin™.

In
human trials, AT-1001 tended to improve increased intestinal permeability in
CD patients upon gluten challenge compared to CD individuals who received
placebo, but this did not achieve statistical significance™. However, larazotide
acetate decreased gluten-induced gastrointestinal symptoms™, and decreased
gluten-induced INF-y levels™. A follow up study demonstrated that CD
patients, when on a GFD receiving a daily challenge of 2.7 grams of gluten
and larazotide acetate had lower TG2 IgA levels in comparison to patients on
placebo receiving the same challenge®. Phase 2b trial results have recently
been released by ALBA Therapeutics, GI and non-GI symptoms were reduced
in individuals on a GFD for more than 12 months, while taking larazotide
acetate in comparison to placebo. Larazotide acetate will now enter phase 3

. 81
trials™.

5. Immune Targeted Therapies

There are several immune therapies under development for chronic
gastrointestinal inflammation that could be applied to CD. Some target CD
specific pathways, other target inflammatory mediators common in
gastrointestinal inflammation. For instance, drugs for the treatment of
inflammatory bowel disease (IBD) could be useful in CD*. On the other hand,

immune specific therapies for CD include transglutaminase-2 (TG2) blockers,
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human leukocyte antigen (HLA) blockers, anti-IL-15 monoclonal antibodies

. 25
and vaccine approaches™.

5.1. TG2 Blockers

TG2 plays a critical role in CD pathogenesis by unmasking gluten-derived
T cell epitopes via demidation®. Therefore it is of great interest as a
therapeutic target. There have been many TG2 blockers developed, as TG2 is
associated with other diseases, such as Huntington’s disease and certain
cancers™. The different subsets of TG2 inhibitors include, competitive amine
inhibitors, reversible inhibitors and irreversible inhibitors®. The blocking of
TG2 4n vivo in humans has not been demonstrated and in vivo models are
scarce. Therefore most studies have concentrated on in wvitro and in situ
models. TG2 inhibitors are capable of reducing certain gliadin-induced effects
in wvitro®. Further, in organ culture from CD patient biopsies, blockers are
capable of reducing CD25" and IL-15" cells induced by gluten® and it has
been shown that CD biopsies incubated with gliadin and the TG2 inhibitor
cystamine, led to a reduction in the proliferation of gliadin-specific T cells®
Similarly, it has been demonstrated that 2-[(2-oxopropyl)thio]imidazolium
inhibitor L682777 is effective at blocking T cell activation in small intestinal
CD biopsies when incubated with non-deamindated gliadin®. ERW1041E is
the only TG2 inhibitor to date, that has been shown in vivo to be effective at
blocking TG2%. TG2 inhibitors may not be capable of treating innate immune
responses, as shortening of villus-to-crypt ratios induced by poly (I:C) is
unaffected by inhibiting TG2*. The biological significance of TG2 inhibitors is
unknown, as TG2s exact physiological function is still unclear, however, in in
situ and in vitro, no side effects have been observed®. However this will need
to be defined before clinical trials are planned. Gianfrani et al. (2007) have
proposed an enzyme strategy to inactivate immunogenic peptides and, at the
same time, preserve the integrity of the protein structure using
transamidation of wheat flour with a food-grade enzyme and an appropriate

amine donor. The authors treated wheat flour with one microbial
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transglutaminase and lysine methyl ester generating modified gliadin peptides

which decreased their affinity to HLA-DQ®'.

5.2. HL A Blockers

The genetic component of CD, the HLA-DQ2/8 molecules, are required for
the development the disease, making them a desirable target for therapies.
HLA blockers have been attempted as a therapy in other diseases, such as
multiple sclerosis and rheumatoid arthritis®. The major drawback of these
therapies was the inability of the HLA blocker to reach the diseased site.
However, the rationale for treating CD with HLA blockers is the ease of
accessibility to the site of disease (small intestine)®. Therefore, researchers are
developing molecules with similar structure to gliadin that do not elicit an
immune response because they are not recognized by gluten-specific T cells.
Kaporerchan et al. (2013) developed a strategy in which the proline residues
of gluten were replaced with azidoprolines. This molecule binds to HLA-DQ2
decreasing immune responses in T cells isolated from individuals with CD®,
Similarly, Xia et al. (2007) developed cyclic and dimeric peptides with the
capacity to bind DQ2, partially blocking T cell proliferation and antigen

presentation®. However, these molecules do not fully block T cell activation®.

5.3. T cell Targeted Therapies

T cells play a critical role in the pathology of CD, being responsible for the
proinflammatory immune response and villus atrophy®. There are no current
T cell mediated therapies that are being developed specifically for CD. Anti-
CD3 monoclonal antibodies could potentially block pathogenic gluten-specific
T cells and are currently undergoing clinical trials for diabetes and
ulcerative colitis. CCR9 is a chemokine receptor on T cells and antagonists of
this receptor are currently being tested in clinical trials for CD* and Crohn’s
disease”™. The drug CCX282-B, Vercirnon, or Traficet-EN could be effective in
CD, by blocking the recruitment of T cells to the intestine. Traficet-EN is
currently being investigated in a phase 2a clinical trial (ClinicalTrials.gov
Identifier: NCT00540657)".
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5.4. Alteration of Inflammatory Mediators

A proportion of patients with CD have increased levels of IL-15. IL-15
plays a critical role in IEL cell activation and is an important cytokine linking

. Therefore, blocking the

. . . . 91,92
the innate and adaptive immune response in CD

actions of IL-15 in individuals with IL-15 driven CD is an attractive target. It
has been shown that destruction of the small intestine can be reversed when
blocking IL-15 with a monoclonal antibody in mice in vivo®™. The humanized
version of this antibody has been tested in humans for T cell large granular
lymphocytic leukemia with success (ClinicalTrials.gov Identifier:
NCT00076180)". The antibody, Hu-Mik-$-1, targets IL-2/IL-15Rp, blocking
IL-15 transpresentation”. Recruitment for clinical trials for Hu-Mik-f-1 in CD
is underway (ClinicalTrials.gov  Identifier: NCT01893775). Similarly,
tofacitnib, a Jak2/3 inhibitor that blocks IL-15 signaling, reversed CD-related

damage in an IL-15 transgenic mouse model™.

5.5. Vaccine Therapy

Vaccine therapy for CD is based on the concept that immune tolerance to
an antigen can be induced by repetitive exposure to that same antigen. In the
case of CD, immunization with gluten epitopes would induce the expansion of
regulatory T cells”’, thereby restoring oral tolerance to gluten. NEXVAX2 is
being developed by ImmunsanT for the treatment of CD, and comprises the
use of three gluten epitopes. These peptides were chosen based on a study by
Tye-Din et al. (2010), wherein they screened a library of 16,000 peptides
within wheat, barley and rye for their ability to induce and stimulate T cells
isolated from the serum of CD patients on a gluten containing diet. They
identified three peptides responsible for the majority of the immune responses
by isolated T cells, which have been incorporated into the vaccine”™. The
vaccine requires repetitive intradermal injections and is currently in phase 1b
(ClinicalTrials.gov Identifier: NCT00879749)*". NEXVAX2 is only specific to
HLA-DQ2 individuals (90% of the CD population)*®. Of the therapies
currently in development, the vaccine approach would be curative if proven

efficacious.
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6. Experimental Therapies

6.1 Necator americanus

The parasite Necator americanus is a human gastrointestinal nematode or

100

hookworm believed to infect over 500 million people worldwide . Infection

with this hookworm has no major side effects, and is associated with normal

1

mucosal appearance in duodenal biopsies™'. However, the development of

anemia may be of concern, as the parasite feeds on host blood (0.03-0.08 mL

100

per day) . Administration of N. americanus infective larvae to individuals

with CD has shown to suppress increased CD4"CD25"Foxp3* cells in serum,

102

which are associated with CD"°. Duodenal biopsies from individuals with CD,

infected with N. americanus and exposed to the gliadin constituent QE65'"
had decreased ability to produce IL-2, IFN-y and IL-17A'”. In a separate
study, Necator americanus was shown to resist changes in villus-to-crypt
ratios, increases in IELs, IgA production towards TG2, decrease
IFNy-producing IELs and lamina propria cells, as well as increase
CD3*CD4"Foxp3® cells in IEL compartments in CD patients after gluten
challenge'”. N. americanus is currently in clinical trials phase 2a
(ClinicalTrials.gov Identifier: NCT00671138)44, however compared to other
developing therapies, some side effects associated with this therapy may be
anticipated'”. Patient acceptance may also be an issue. It is unclear how the
decrease in serum CD4'CD25"Foxp3" could be of advantage in CD, as these

could include T regulatory cells important for inflammatory T cell

suppression.

6.2. Elafin

Elafin, an anti-inflammatory serine protease inhibitor, is decreased in the
colon of patients with inflammatory bowel disease, and delivery of elafin to

mice alleviated chemical-induced colitis'®.

Recently, the decreased mucosal
expression of elafin in the small intestine of patients with active CD was
described”. Also, delivery of elafin to the small intestine via the food grade
bacterium Lactobacillus lactis, ameliorated immune and pathological

235



J.L. McCarville, A. Caminero, E.F. Verdu

responses to gluten in a mouse model (NOD-DQS8) that develops decreased
villus-to-crypt ratios, anit-gliadin and anti-tissue TG2 antibodies upon
sensitization'”’. Future research will need to determine the optimal delivery

mode of this molecule to humans and its clinical efficacy.

7. Discussion and Conclusion

In summary, there are many therapies being developed for CD, which
target different mechanisms of the disease process. Many of these therapies
are already being tested in clinical trials, others are at discovery level of
development. At the time this chapter was written, the most advanced
therapy in clinical trial testing was the barrier enhancing therapy, AT-1001.
However, it cannot be predicted that this will be the first drug to be approved
for clinical use. Even when one or more drugs for CD are approved in the
future years, further testing will be required to investigate whether
combination therapies are more efficacious than single therapies. For example,
the enzymatic therapy ALV003 or the gluten binder BL-7010 could be used in
conjunction with most other therapies currently in the pipeline. However
combinations of ALV003 and BL-7010 would not be advisable, since both
therapies have opposite mechanisms of action. While ALV003 increases
proteolytic digestion of gluten, BL-7010 reduces the action of the digestive
enzymes on the gluten molecule, and the production of immunogenic peptides.
Other possible combinations may include elafin therapy if further developed,
with immunomodulatory or barrier enhancing probiotics. Finally, an issue of
concern is whether availability of these therapies could encourage patients to
abandon the gluten-free diet. Guidelines for the “adjunctive” use of these
therapies with the GFD will need to be clearly established. These drugs may
also prove effective in other gluten-related disorders, and this will require
further research. We are approaching exciting years in the pharmacological
management of gluten-related disorders. Availability of one or more of the
described therapies will increase the quality of life of patients living with

gluten-related disorders.
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Table 1. Summary of current therapies in development for CD.
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. Stage in
Therapy Product Mode of Action Reference
Development
Luminal Therapies
Transgenic . Raw material for
Bread wheat with X
reduced- . developing food products . —~—
R low expression of Preclinical -
gliadin lines Lo that can be safely
. harmful gliadins .
of Triticum tolerated by CD patients
Sourdough
lactobacilli-derived Preclinical 26
peptidases
Gluten-free Digestion of immunogenic
sourdough Sourdough gluten peptides during
wheat lactobacilli-derived food processing
peptidases in 2a 28
combination with
fungal proteases
Inactivates immunogenic
wheat flour epitopes via the
Transamidati treated with TG transamidation of wheat . &
g . . Preclinical
on of gliadin and lysine methyl flour with a food-grade
ester enzyme and an
appropriate amino donor
PEP from
S.capsulata, F. . .
. . Preclinical oo
meningosepticum, Hydrolysis of proline-rich
Oral . mEe peptides of gliadin in the
enzymatic upper gastrointestinal 20
Y AN-PEP PPer 8 2a 37,39
therapy tract
ALV003 2b e
STAN-1 2a
VSL#3 Preclinical o0
Bifidobacterium . . . %
L K i Live microorganisms that 2a ’
Probiotic infantis .
X confer health benefits on
bacteria e oot
Bifidobacterium ¢ hos
longum 2a SR
CECT7347

237



J.L. McCarville, A. Caminero, E.F. Verdu

Therapy

Product

Mode of Action

Development

Stage in

Reference

Gluten
binding
therapy

p(HEMA-co-SS) or

BL-7010

Binds to gluten in the
intestinal lumen, avoiding
gluten’s translocation and

immune induction

Preclinical

Barrier Enhancing Therapies

Zonulin
inhibitor

AT-1001

Lazazotide acetate
inhibits zonulin
activation, increasing
associations between tight
junctions and therefore
decreases intestinal
permeability

2b

80,81

Immune Targeted Therapies

HLA blockers

Azidoprolines/cycl

ic and dimeric

peptides

Binders of HLA-DQ2 that
block T cell proliferation
and activation towards
natural gluten peptides

preclinical

84,88

IL-15
signaling
blockers

Hu-Mik-g-1

Monoclonal antibody that
targets IL-2/IL-15Rf3,
blocking IL-15

transpresentation

93,94

Tofacitinib

Jak2/3 inhibitor that
blocks IL-15 signaling

3 for treatment

of ulcerative

colitis

96

CCR9
antagonist

Traficet-EN

Antagonizes CCR9 on T
cells, blocking their
recruitment and
localization to the small

intestine

2a

90

Vaccine

NEXVAX2

Intradermal injection of 3

gluten peptides to induce
tolerance in individuals
harboring HLA-DQ2

1b

44
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Therapy

Product

Mode of Action

Stage in
Development

Reference

Other Therapies

Parasitic
infection

Necator

americanus

Suppresses induction of
CD4*'CD25"Foxp3" T
cells in serum, increases
CD3"CD4"Foxp3™ cells in
IEL compartments,
decreases IL-2, IFN-y and
IL-17a from small
intestinal biopsies

2a

101,104

Elafin

L. lactis secreting
elafin

Decreases severity of
gluten-induced
pathologies

Discovery

107
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Santos Santolaria, Fernando Fernandez Banares.

14. Wheat as an allergen: Baker's asthma, food and wheat
polen allergy. Alicia Armentia, Eduardo Arranz, José A. Garrote,

Javier Santos.

The scope of Section II is to provide a comprehensive review
about both diagnostic and clinical aspects of celiac disease, with

particular emphasis on new aspects have appeared in recent years.

Chapter 7 describes new tools for diagnosing celiac disease, which
may be of help in at least three frequent clinical situations: 1) HLA-
DQ2/8+ individuals on a self-prescribed gluten-free diet; 2) Patients
with seronegative villous atrophy; and 3) HLA-DQ2/8+ patients with
lymphocytic enteritis and either positive (often with low/borderline
titers increasing the risk of false positives) or negative celiac serology.
In this sense, the role of Yo+ IEL count, the detection of subepithelial
tissue transglutaminase antibodies, the whole blood cytokine release

assays (ELISPOT), and the tetramer test are discussed.

Chapter 8 reviews how important is and what role the biopsy of
the small bowel plays in the diagnosis of celiac disease. The
histological differential diagnosis of the abnormal small bowel and the

work-up of suspected refractory sprue are reviewed.

Chapter 9 discusses the clinical manifestations of celiac disease
with specific emphasis in the differences between child and adult celiac
disease. The present diagnostic criteria of celiac disease in children and

adult are discussed. Likewise, present rules for clinical practice of how
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to diagnose celiac disease are provided. The diagnosis of celiac disease

in special situations is also discussed.

Chapter 10 extensively reviews the extraintestinal manifestations
and associated disorders of celiac disease. First, extraintestinal
manifestations such as oral manifestations, hematological disorders,
and osteoporosis. Second, gluten-related associated diseases with
genetic links, such as dermatitis herpetiformis and gluten ataxia.
Finally, associated diseases such as type-1 diabetes mellitus, thyroid

diseases, and malignancy.

Chapter 11 deals with the follow-up of the celiac disease patient
and discusses on the basis of present acknowledge if mucosal recovery
is a goal of therapy. The importance of a strict gluten-free diet

compliance and how monitoring the diet adherence are reviewed.

Chapter 12 reviews health-related quality of life measurements in
celiac disease and their usefulness for healthcare providers and
patients. The effect of gluten-free diet on quality of life is also

evaluated.

Chapter 13 deals with non-celiac gluten sensitivity. This chapter
updates evidence on epidemiology, pathophysiology, diagnosis and
dietary interventions in NCGS, stressing the need of thorough
screening for celiac disease before a diagnosis of NCGS is given,
considering that natural history and dietary restriction for both

entities are radically different.

Chapter 14 reviews the allergenic power among wheat proteins
and the relationship between cereals in diet and allergic digestive
symptoms. Also the changes in allergenic properties of wheat induced
by heat and industrial processing and the allergenic cross-reactivity

between cereals, pollens and other vegetal foods are discussed.
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F. Ferndndez-Batiares, C. Farré, A. Carrasco, M. Mariné, M. Esteve

Abstract

New tools for celiac disease (CD) diagnosis may be of help in at
least three frequent clinical situations: 1) HLA-DQ2/8+ individuals on
a self-prescribed gluten-free diet; 2) Patients with seronegative villous
atrophy; and 3) HLA-DQ2/8+ patients with lymphocytic enteritis and
either positive (often with low/borderline titers increasing the risk of

false positives) or negative celiac serology.

The ypo+ IEL count, assessed by either immunohistochemistry or
flow cytometry, may help to identify CD patients when serology and
clinical data are not conclusive, or when the histological diagnosis
remains equivocal. The detection of  subepithelial tissue
transglutaminase antibodies seems to be very sensitive and specific in
diagnosing CD in patients with potential CD or seronegative villous
atrophy. The presence of these autoantibodies reinforces the CD
diagnosis in borderline cases. EmA or anti-tTG2 assay of the culture
medium of intestinal biopsy specimens in patients with negative
serology, but with symptoms suggestive of CD and the HLA-DQ2
and/or HLA-DQ8+, seems to be a good option to help confirm the
diagnosis of CD. It also may be useful in suspected cases showing
conflicting laboratory and histological data. The whole blood cytokine
release assays (ELISPOT) seems to be both sensitive and specific for
detection of gluten-reactive T cells in CD; further clinical studies
addressing the utility of these tests in patients with an uncertain
diagnosis of CD is warranted. The tetramer test may be of help to
confirm the diagnosis of CD after a short 3-days gluten challenge.
However, the results seem comparable to the ELISPOT test; for that
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reason, and also taking into account that the tetramer test is

technically difficult, widespread use of the test is almost not expected.

Keywords
Celiac disease, ‘celiac-lite’ disease, potential celiac disease, yo+ cells,
subepithelial tissue transglutaminase antibodies, tTG2 in culture of intestinal

biopsy, ELISPOT test, tetramer test.
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1. Introduction

Celiac disease (CD) is an enteropathy caused by an immune reaction
triggered by dietary gluten, a protein found in wheat, rye, barley, and some
varieties of oats, which manifests in genetically predisposed individuals. Since
the first morphological lesion description by John Paulley in 1954, CD
diagnosis was based precisely on the demonstration of the characteristic,
gluten-dependent small intestinal lesion. This basic general concept is still
valid. However, in recent decades, the discovery of accurate diagnostic
methods (serological and genetic), through mass screening techniques or
evaluating at-risk groups, has allowed the identification of large numbers of
patients with silent or paucisymptomatic forms. This has afforded the
knowledge that CD is not a rare disease, that its spectrum of clinical
manifestations, both in type and severity, is very wide, and that there is not
always a correlation between the severity of the histological lesion and
intensity of the clinical manifestations. In this regard, an important change in
CD diagnostic criteria has been the gradual acceptance that histological mild
enteropathy forms (type 1 Marsh lesions, also called lymphocytic enteritis,
lymphocytic enteropathy or lymphocytic duodenosis) are also part of the CD
spectrum and must to be treated as such, when they produce clinically

. 1
relevant symptoms or signs .

Tissue transglutaminase IgA class autoantibodies (anti-tTG2) are the
serological markers of choice for the detection of CD as recommended by the
ESPGHAN. The anti-tTG2 are equivalent to the classic endomysial IgA
autoantibodies (EmA). After the identification of transglutaminase as the
autoantigen by itself, anti-tTG2 are determined by a quantitative and
automated immunoassay, overcoming the technical drawbacks of indirect
immunofluorescence used to determine EmA. This remains a manual,
subjective and qualitative technique. The recommendations on how, when and

to whom perform serum anti-tTG2 have been recently reviewed®.

It is well known that celiac serology may be negative in the milder forms of

CD?. In this context, gluten challenge has been performed in order to
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determine if it worsens the histological lesion or if antibodies become positive,
which would lead to CD diagnosis®. Though, this requires repeated
endoscopies, before and after gluten challenge, that together with symptom
relapse are often intolerable for patients, precluding achieving a definite
diagnosis.

In addition, the overlap between patients with non-celiac gluten sensitivity
and celiac disease patients with type I Marsh lesion becomes evident and
differential diagnosis quite difficult often clinicians are confronted with the
challenge of patients who choose to live without gluten, even without a proper
diagnosis of CD. This is particularly so as both the serology and small
intestine histology normalize in CD patients on a gluten-free diet. In those
circumstances, HLA genotyping is of value, since CD is extremely improbable
in those patients who are HLA-DQ2/8 negative, but it is not enough in
HLA-DQ2/8 positive patients, since 30-40% of the healthy population are also

positive.

Thus, new tools for CD diagnosis may be of help in at least three frequent
clinical situations: 1) HLA-DQ2/8+ individuals on a self-prescribed
gluten-free diet; 2) Patients with seronegative villous atrophy; and 3)
HLA-DQ2/8+ patients with lymphocytic enteritis and either positive (often
with low/borderline titers increasing the risk of false positives) or negative
celiac serology. Also it would be interesting for monitoring gluten reactivity in
latent or potential CD, as well as in first-degree relatives with the highest risk

of developing the disease.

2. When Does Celiac Serology Fail in the Diagnosis of

Celiac Disease?

It is well known that celiac serology is often negative in the milder forms of
CD: in 30% of the patients with partial villous atrophy and up to 80% of
those with Marsh 1 lesions’. Since histological damage is worse at clinical
presentation in children than in adults’, seronegative CD is more frequent in

adult patients.
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Prospective studies have shown that the diagnostic accuracy of serology is
not as high as described, since there is around 10-20% seronegative CD
patients”®. We agree with the opinion of Catassi and Fasano who affirmed
that ‘Seronegative CD is likely to be underestimated due to the tendency to
perform small-intestinal biopsy only in patients with positive-CD serum

markers (so-called self-fulfilling prophecy)®.

Although there are other etiologies of villous atrophy, it is important to
take in mind that the most frequent etiology of villous atrophy in a patient
with negative CD serology is CD'. Finally, we should not misinterpret as
negative the IgA serology results obtained in patients with IgA deficiency, in
children under two years of age, in patients on immunosuppressive treatment,
or in patients on a gluten-poor or gluten-free diet since a few weeks without

gluten can give a negative serological result.

False positive anti-tTG results have been described in adult patients with

. . 11 . 12 . 1 . - 13

autoimmune diseases , acute coronary disease ”, primary biliary cirrhosis™,
. . 14 . . . 15 . .

psoriasis ©, chronic inflamed ileal pouches”, and children with common
. . 16 . . .

infections . Low titers or borderline values are more often associated to false

positive results.

3. Usefulness of Intraepithelial 9+ Determination

The TCRys+ intraepithelial lymphocyte (IEL) determination is considered
useful in doubtful or difficult CD cases’. In CD patients these yo+ T cells are
increased in all stages of the disease, both in untreated CD and under the
gluten-free diet'’. It has also been observed that they are increased both in
potential and latent CD'". The y§ IEL increase is not totally specific to CD,
since it has occasionally been found in other conditions such as cow’s milk
intolerance, food allergy, cryptosporidiosis, giardiasis, Sjogren syndrome, and
IgA deficiency'”. However, the increase in 8 IEL in a minority of patients with
these conditions tends to be mild and transient'’. It has been stated that CD
is the only disease in which yd IEL, are increased systematically, permanently,

. 17,20-22
and intensely .
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Assessment of the density of 5 IEL is in general performed with
immunohistochemistry techniques. Noteworthy, Jarvinen et al. reported that
y5+ T cells had a positive predictive value of 95% and a negative predictive
value of 85%, in the detection of CD*. An increase in this type of cells has
also been detected in most patients with CD mild enteropathy®. Identification
and count of y5+ T cells are usually performed on cryosectioned snap-frozen
biopsy, which have limited its use to the research setting and has rarely been
adopted for routine clinical practice. Recently, a new anti-TCRy antibody,
suitable on formalin-fixed paraffin-embedded samples, has been described, and
its feasibility to count yo6+ T cells together with CD3 cells in patients with

lymphocytic enteritis has been demonstrated®.

Lymphogram on IEL isolated by flow cytometry has been proposed, as an
initial screening for CD. Using this technique, an IEL pattern typical of CD
(CD IEL cytometric pattern) was defined, consisting of both an increase in
y5+ IEL and a decrease in CD3- IEL (reviewed by Leon F)'". The concomitant
decrease in CD3- IEL provides increased specificity for the diagnosis of CD?.
A description of this CD3- IEL population has been made, showing a CD3-
CD7+ CD103+ CD45+ phenotype18’26’27.

Flow cytometry is a powerful analytical tool for the study of IEL,
compared to immunohistochemistry. It allows the analysis of a greater number
of cells and yields a computerized record of the results. It gives fast, sensitive,
reproducible and objective semi-quantitative results. Since an increase of
CD3+TCRy5+ and a decrease in CD3- IEL has been previously described as a
characteristic flow cytometric pattern of CD with atrophy'™'®*, a recent
study® assessed the usefulness of this technique for diagnosing lymphocytic
enteritis due to CD. In this study, 205 patients who underwent duodenal
biopsy for clinical suspicion of CD and positive HLA-DQ2 and/or HLA-DQ8
were evaluated. Fifty patients had villous atrophy, 70 patients lymphocytic
enteritis, and 85 had normal histology. Duodenal biopsies were obtained to
assess two typical flow cytometric patterns: complete CD flow cytometric

pattern was defined when TCRyd64+ was increased and CD3- decreased, and
incomplete CD flow cytometric pattern was defined when an isolated TCRy5+
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increase was detected. Anti-TG2 IgA subepithelial deposits were also assessed.
Sensitivity of anti-TG2 intestinal deposits, and complete and incomplete
cytometric patterns for CD diagnosis in patients with positive serology
(Marsh 143) was 92%, 85% and 97% respectively, but only the complete
cytometric pattern had 100% specificity. Taking into account these definitions
and the response to a gluten-free diet, we studied HLA-DQ2/8+ patients with
lymphocytic enteritis and negative serology to either confirm or ruled out CD.
CD cytometric pattern showed a better diagnostic performance than anti-TG2
intestinal deposits to detect CD in the initial diagnostic biopsy of these
patients. This methodology allowed to establish the diagnosis of CD in more
than twice the number of patients with lymphocytic enteritis diagnosed on the

basis of serological results alone.

In conclusion, the yo6+ IEL count, assessed by either immunohistochemistry
or flow cytometry, may help to identify CD patients when serology and
clinical data are not conclusive, or when the histological diagnosis remains

equivocal.

4. Diagnostic Utility of Tissue IgA Transglutaminase
Subepithelial Deposits

It has been shown that the production of CD autoantibodies, takes place
locally in the small intestinal mucosa, and subsequently circulate into to the
bloodstream. However, besides being detectable in the bloodstream, these
autoantibodies remain sequestered in the place where they have been
produced. In untreated CD it is possible to detect IgA tTG deposits in the
intestinal mucosa subepithelially and around blood vessels of the lamina
propria®. Interestingly, these deposits can be detected in patients with

24, 30-32

positive EmA and without villous atrophy and even in patients with

33-35
°. In a recent study on

negative serology and Marsh type 1 to 3 lesions
untreated CD patients, it was demonstrated that 100% of 261 patients with
villous atrophy had subepithelial IgA tTG deposits (9% had negative serum

EmA), 90% had moderate to strong intensity. In contrast, 18% of the controls

266



New Tools for the Diagnosis of Celiac Disease

had deposits of minor intensity. After a gluten-free diet, there was a gradual
decrease in the intensity of these deposits, which remained positive, in the
long term, in 56% of the patients. The sensitivity and specificity of these
deposits for CD diagnosis was of 100% and 82%; however, serology sensitivity
and specificity were of 91% and 100%, respectively®. In a study on children
with positive EmA or tTG and positive genetics (HLA-DQ2 or DQ8) but
without villous atrophy, IgA tTG deposits were detected in 85% of 39
patients. Similarly, a study on another group of children revealed negative
serology and Marsh type I lesions, with increased TCRyd+ intraepithelial
lymphocytes, allowing the detection of IgA tTG deposits in 66% of 18
patients. These deposits were detected in 9% of 34 children with normal
intestinal mucosa and absence of gluten sensitivity markers®. Another recent
study showed that IgA tTG deposits were detected in 12 of 20 (60%) adult
patients with Marsh type I lesions diagnosed with CD on the basis of the “4
of 5” rule by Catassi and Fasano’; four of these 12 positive patients were

. 29
seronegative™ .

In conclusion, the detection of subepithelial tissue transglutaminase
antibodies seems to be very sensitive and specific in diagnosing CD in
patients with potential CD or seronegative villous atrophy. The presence of

these autoantibodies reinforces the CD diagnosis in borderline cases.

5. Anti-tTG2 and EmA Assays in the Culture Medium of
Biopsy Samples

The assay of the culture medium of intestinal biopsy specimens for EmA or
anti-tTG2 antibodies can help to identify as CD either the
infiltrative/hyperplastic (Marsh 1-2) or the partial villous atrophy (Marsh 3a)
lesions often associated with negative serology®**¥. In a study”, EmA and
anti-t TG assayed in the culture medium had 98% sensitivity, 100% specificity,
and 98% diagnostic accuracy. These assays were positive in 24 out of 29
seronegative CD patients (77% with partial villous atrophy, and 23% with
lymphocytic enteritis). In another study by the same group®, EmA assay in
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the culture medium had a higher sensitivity (98 vs. 80%) and specificity (99
vs. 95%) than serum EmA and/or anti-tTG assay. In that study, 32 adults
and 39 children had a seronegative CD (17% of 418 CD patients).

In addition, combined serum and supernatants of cultured intestinal
duodenal biopsy anti-tTG assessment increased CD serological sensitivity
from 19% to 30% in Marsh I patients carrying the risk haplotypes HLA-DQ2
and/or HLA-DQ8%. It was concluded that supernatants of duodenal biopsies
anti-t TG detection improves serological determination sensitivity in Marsh I

patients, providing diagnostic value and therapeutic impact.

The diagnostic yield of the anti-tTG2 assay of the culture medium of
biopsy seems to be similar, or perhaps better, that the diagnostic accuracy of
IgA tTG subepithelial deposits. However, a recent study comparing the two
techniques suggests that the measurement of antibodies secreted into culture

supernatant is the best method for detecting intestinal anti-tTG2 antibodies™.

In conclusion, EmA or anti-tTG2 assay of the culture medium of intestinal
biopsy specimens in patients with negative serology, but with symptoms
suggestive of CD and the HLA-DQ2 and/or HLA-DQ8+, seems to be a good
option to help confirm the diagnosis of CD. It also may be useful in suspected

cases showing conflicting laboratory and histological data.

6. IFN-y ELISPOT

The histological features of the small intestine of celiac disease probably
result from an increased Thl-deviated immune response. Gluten appears to
induce a non-proliferative activation of CD44 lamina propria T-cells,
especially activated Thil-like cells secreting IFN-gamma'’. However, one year
after the introduction of a gluten-free diet, the transcription of IFN-gamma is
downregulated™'.

Enzyme Linked Immuno-spot (ELISPOT) is a technique by which immune
markers, e.g., cytokine and chemokine secretion, can be detected at the

single-cell level, since secreted cytokines are captured and accumulated in the

ELISPOT plate®.
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In children with untreated CD, the number of IFN-gamma-producing cells,
detected by ELISPOT, is shown to be increased and actually, after gluten

challenge, the numbers of IFN-gamma-producing cells still remain high*.

It has also been shown that an in vivo gluten challenge is a simple and safe
method that allows gliadin-specific T-cells to be analyzed and quantified in
peripheral blood by ELISPOT™. This technique could differentiate patients
with CD from other patients who have adopted a gluten-free diet. No T cell
assay could distinguish between CD patients and controls prior to gluten
challenge, but after gluten challenge the IFN-y ELISPOT was 85% sensitive
and 100% specific for CD patients™.

As an added benefit over current diagnostic tests being performed on
patients already following a gluten-free diet, the mobilization of gluten-
reactive T cells specific for CD into the bloodstream requires oral gluten
challenge for only 3 days, instead of the weeks or months required for
diagnosis based on abnormal small bowel histology. Oral gluten challenge
consists of four slices (4 x 50 g) of white bread daily for three days*. Blood
for cytokine release assays is drawn immediately before and on day 6 after
starting with the gluten challenge, or prior to begin a gluten-free diet in

untreated CD patients.

In conclusion, the whole blood cytokine release assays seems to be both
sensitive and specific for detection of gluten-reactive T cells in CD; further
clinical studies addressing the wutility of these tests in patients with an

uncertain diagnosis of CD is warranted.

7. HLA-DQ2-Gliadin Tetramer Assay

Brottveit et al. recently assessed the potential of a fluorescence-activated
cell sorter (FACS)-based assay utilizing MHC class Il-peptide tetramers
detecting DQ2 - 5-glia-ala and DQ2 - 5-glia-a2 epitope-specific T cells in
blood, after 3-days gluten challenge, for the diagnosis of CD in patients

following a gluten-free diet’. This tetramer assay was 85% sensitive and 100%
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specific for HLA-DQ2.5+ CD™. Recently, these findings using MHC tetramers

have also been replicated in CD patients from the United States®.

This test, as the ELISPOT assay, may be a superior method to diagnose
CD in individuals currently on a gluten-free diet. Available tests, including
antibody levels and intestinal biopsy results, can be completely normal in CD
patients on a gluten-free diet. These individuals are often asked to reintroduce
gluten-containing foods for 2-4 weeks prior re-testing for an accurate
diagnosis. This clinical practice may be intolerable in some patients
precluding the definite diagnosis. In contrast, a short-term gluten exposure is,

in general, well tolerated.

In conclusion, the tetramer test may be of help to confirm the diagnosis of
CD after a short 3-days gluten challenge. However, the results seem
comparable to the ELISPOT test; for that reason, and also taking into
account that the tetramer test is technically difficult, quite laborious and the
tetramer reagents have limited stability, widespread use of the test is almost

not expected.
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Abstract

Pathology plays a crucial role in the diagnosis of celiac disease
(CD). The pathologist’s role is to confirm the diagnosis of CD; to
exclude other diseases that share morphologic features with CD and to
diagnose complications in patients with CD. Therefore, the significance
of the small bowel biopsy includes confirming the diagnosis but also
reassuring the clinician that other etiologies are excluded. Some of
these diseases share many similarities with CD, such as villous atrophy
and intraepithelial lymphocytosis, and the small bowel biopsy helps

with this distinction.

The wuse of standarized pathology reporting including the
appropriate classification system is highly recommended in order to
facilitate the interpretation of the pathology report and the
communication between pathologists and clinicians. Despite the need
for a small bowel biopsy in the initial work up of CD, some patients
and particularly children, may be spared a small bowel biopsy if
certain clinical and laboratory findings are present in order to confirm
the diagnosis without a biopsy. It is important to emphasize that the
pathologic findings need to be correlated with the clinical, endoscopic

and serologic findings in all the patients suspected of CD.

Keywords

Celiac disease, pathology, differential diagnosis, villous atrophy.
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1. Introduction

Celiac disease is known to affect people of all ages with an increasing
recognition in older individuals as well as children. The increased awareness
has led to more individuals being suspected of having celiac disease (CD) and
as such pathologists have encountered in their practice an increasing number
of small bowel biopsies. The diagnosis of CD includes clinical, laboratory,
endoscopic and pathologic features'”. The question that has emerged in recent
years is how important and what role the biopsy of the small bowel plays in
the diagnosis of CD*°. Should all the patients suspected of having CD be
biopsied? Also, the endoscopic procedure to biopsy the small bowel is not

exempt of risk, can be expensive and time consuming.

The role of the pathologist in the study of patients with celiac disease is
three fold. If the biopsy is done initially to confirm the diagnosis, the
pathologist will be able to identify the changes seen in CD such as villous
blunting, intraepithelial lymphocytosis (IELs) and crypt hyperplasia®™®. If the
biopsy is normal, the possibility of CD cannot be excluded. In order to
increase the possibility of finding abnormal features multiple small bowel
biopsies are recommended including from the duodenal bulb. When the
patient carries the diagnosis of CD and is rebiobsied, the pathologist can
evaluate the response to therapy and render a report regarding the changes
seen in the small bowel compared to the initial biopsy. The third situation is
when the patient has either an atypical presentation or a suspected
complication of CD"’. In these cases, the pathologist plays a key role in
confirming the diagnosis of CD, excluding other diseases that may show
similar changes to CD, or diagnosing a complication of CD such as lymphoma,
adenocarcinoma or collagenous sprue.

According to recent guidelines published by the FEuropean Society of
Pediatric Gastroenterology, Hepatology and Nutrition (ESPHGAN) children
and adolescents can be spared a small bowel biopsy as long as the classic

symptoms of celiac disease are present and the antibody titers are high

(TTG-IgA levels >10 times ULN) and positive HLA-DQ2 or DQ8 subtyping®.
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These patients are thought to have enough evidence to support the diagnosis
of CD, without histologic confirmation, so that they can be treated without
biopsy confirmation®. Additional data with follow ups and comparison with
patients who have small bowel biopsies in the workup are necessary to confirm

the current recommendations advanced by ESPHGAN.

In the adult population suspected of having CD, most authors agree that
small bowel biopsies should be an integral part of the work up of all
patients®”. Even in patients with negative serology but clinical findings
suspicious of CD, a biopsy is frequently recommended®. A problem that could
potentially arise if no small bowel biopsy is done in the initial work up of CD
is that follow-up biopsies performed for lack of improvement, doubts about
the diagnosis or a complication may not be easy to interpret to confirm or
exclude the diagnosis of CD. The lack of improvement of the pathologic
features of the small bowel biopsy has been associated with progression to
refractory sprue'. Therefore, the lack of a baseline biopsy from the small
bowel can potentially hampered the interpretation after the patient has been

on a diet and treatment.

In CD, an early microscopic finding may include only IELs with or without
evidence of villous blunting™®. Both of these changes are non-specific and
other conditions may show these features, only villous blunting or IELs. This
is one of the main reasons proponents of performing a small bowel biopsy in

all patients suspected of CD is justified in order to confirm the diagnosis.

The classic findings in small bowel biopsies in CD include: villous blunting
that can range from minimal to severe flat mucosa, IELs and crypt
hyperplasia (Figure 1). The villous: crypt ratio is variable and ranges from 1:1
to 3:1. In addition to these changes, there is an increased number of
intraepithelial lymphocytes of over 25 lymphocytes per 100 enterocytes. The
typical distribution in celiac disease is for the lymphocytes to be seen along
the entire length of the villi. The presence of increased lymphocytes at the tip
is more common in CD than in other conditions but it is not a specific
finding”®. The use of immunohistochemistry in the evaluation of intraepithelial

lymphocytes is not recommended for routine use, however, there are
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pathology laboratories that used the markers in all small bowel biopsies.
These markers of T lymphocytes, CD3 and CDS8, can be useful when there is
doubts as to whether the intraepithelial lymphocytes are increased and in
cases suspected of refractory sprue (RS). When they are used, the
immuhistochemical stains should be interpreted with caution in order not to
diagnose IELs and then consider that the patient may have CD. The number
of IEL’s should be increased to 30 per 100 enterocytes.

Figure 1. Small bowel mucosa showing severe villous blunting in a
patient with untreated celiac disease.

In order to standardize reporting the interpretation of small bowel biopsies
in patients with CD, two classification systems have been proposed”’. They
are the Marsh modified Oberhuber and the Corazza classifications™’. The
Marsh/Oberhuber system takes into consideration increased intraepithelial
lymphocytes, crypt hyperplasia and the degree of villous atrophy. The Marsh
classification uses a five tier system ranging from type 0 (normal) to type 3c
(where the three parameters are abnormal with severe villous blunting). The
Corazza/Villanacci system is a simplified version with only three categories:
Grade A, that shows only increased intraepithelial lymphocytes, B1, with
partial villous atrophy and B2 with total villous atrophy in addition to
intraepithelial lymphocytes and crypt hyperplasia. Currently, the most widely
used classification is the Marsh/Oberhuber system, however, the
Corazza/Villanacci system includes only three groups and it is easier to apply
and helps decreased the interobserver variability in the reporting of CD. The
use of one of these systems is encouraged to facilitate the interpretation of the

biopsy and the communication between gastroenterologist and pathologist.
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2. The Differential Diagnosis of the Abnormal Small
Bowel Biopsy

In addition to confirming the diagnosis of CD, the importance of the
microscopic examination of the small bowel lies in identifying possible

mimickers of CD which otherwise are difficult to recognize clinically.

The technical handling of the biopsy for a correct orientation of the tissue
is crucial for the accurate interpretation. Whether there is villous atrophy or
IELs or both, a biopsy that is not properly oriented will make the
interpretation of the changes more difficult and may lead to the incorrect
diagnosis. The right orientation will avoid artifact and misinterpretation of
the biopsy as representing CD and this fact needs to be emphasize when

handling small bowel biopsies.

The finding of villous blunting in small bowel biopsies is a non-specific
finding and there are other conditions that show abnormal villi and do not
represent CD""'"'*. Recognizing the possibility of other conditions and their
microscopic features is one of the primary roles of pathologists when
interpreting small bowel biopsies. No single pathologic feature of the small

bowel biopsy is considered specific for the diagnosis of CD.

The conditions in the small bowel that can show villous atrophy excluding

celiac disease are summarized in Table 1.

Table 1. Non-celiac causes of villous atrophy in the duodenum.

Tropical sprue
Small-bowel bacterial overgrowth
Autoimmune enteropathy
Drug-associated enteropathy
Whipple disease
Collagenous sprue
Crohn’s disease
Infectious enteritis (tuberculosis; giardiasis)
Graft versus host disease
Malnutrition
Peptic duodenitis
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These conditions include the following: tropical sprue, Crohn’s disease,
collagenous sprue, intestinal lymphoma, medications, infections, bacterial
overgrowth, autoimmune enteropathy and common variable immunodeficiency
(CVID). In addition to abnormal villi, these conditions can show IELs making

the differential diagnosis with CD even more challenging.

The serologies in all of them are negative and before diagnosing CD the
above entities should be excluded. For the pathologist, the presence of
abnormal villi in patients that do not have other features of CD poses a
significant challenge and is important to be aware of these mimmickers. A
brief description of these conditions and their most important pathologic

findings are presented below.

Medications that have been associated with villous blunting are
olmesartan, mycophenolate mofetil, methotrexate and azathioprine'"'*'°. For
patients suspected of medication effect, the discontinuation of the medication
leads to clinical and pathological improvements. An example of a small bowel
biopsy showing villous blunting and a thickened basement membrane

secondary to Olmesartan is illustrated in Figure 2.

Figure 2. Small bowel mucosa of a 74 male with nausea,

vomiting, abdominal pain, diarrhea and weight loss. The patient
was taken Olmesartan. There is severe wvillous blunting and a
thickened basement membrane.
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CVID shows small bowel mucosa with decreased or absent plasma cells in

the lamina propria and decreased serum levels of immunoglobulins.

Collagenous sprue is characterized microscopically by a diffusely thickened
basement membrane and villous blunting. Collagenous sprue can be seen as an
independent disease unrelated to CD or as a complication of CD*". Tropical
sprue is seen in patients with a history of travel and who respond to antibiotic

therapy.

Bacterial overgrowth develops in patients with motility disorders or anatomic
abnormalities of the small bowel that promote colonization by gram negative
flora from the colon. These patients have a positive breath test and they respond
to antibiotic therapy. The small bowel biopsy can show mild to moderate villous

blunting (in up to 25% of the patients) and less commonly IELs'®.

The SB biopsies may show abnormal villous architecture and acute
inflammation involving the lamina propria and the crypts. CD can show mucosal
acute inflammation in up to 50% of cases, and its presence should not preclude
the diagnosis of CD. However, crypt abscesses and mucosal erosions are
uncommon in CD’. When the biopsy shows acute inflammation, the possibility of
other etiologies should be excluded"’. Peptic duodenitis (injury) is a common
diagnostic pitfall and represents the damage seen in the small bowel mucosa,
frequently more prominent in the duodenal bulb, secondary to medication effect
or gastric acid. Peptic injury shows acute inflammation in the lamina propria and
foveolar metaplasia. Upper gastrointestinal Crohn’s disease also shows acute
inflammation, crypt abscesses and occasionally granulomas which are more
common to see in the stomach than in the duodenum (Figure 3). Autoimmune
enteropathy can affect children and adults. In the affected patients, the small
bowel biopsy shows acute inflammation in the form of acute cryptitis absent

goblet and parietal cells, apoptosis with villous blunting'.

The SB biopsies that show only IELs with preserved villous architecture
are a frequent pathologic finding in daily pathology practice. The minority of
these patients have CD and it is estimated that between 5 to 15% of patients

20,21

with IELs have celiac disease™~". Other conditions that can be associated with

IELs are medications (anti-inflammatory drugs), food allergies, H. pylori
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gastritis, diabetes, inflammatory bowel disease, morbid obesity and

. . 20-22
autoimmune disorders .

Figure 8. Small bowel biopsy from a patient with Crohn’s

disease showing acute inflammation involving the lamina

propria and crypts.

Interestingly, some patients may have biopsies from either the stomach or
large bowel that show increased IELs or a thickened basement membrane
(collagenous gastritis and colitis), preceding the lymphocytosis of the small
bowel®. If a small bowel biopsy is not available for review, the clinician needs
to be alerted as to the possibility of celiac disease in these cases that show

1,23

diffuse lymphocytosis throughout the gastrointestinal tract

2.1. Refractory Sprue

The role of the pathologist is not confined to the initial diagnosis of CD
and to the differential diagnosis with other conditions, but also in the workup

of patients suspected of having refractory sprue (RS).
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Refractory sprue is a complication of CD that develops in 1-2% of

>92 Patients are suspected to have RS when despite being in a gluten

patients
free diet their malabsorption symptoms persist. RS is an important diagnosis to
make since the progression rates to T cell lymphoma and mortality secondary
to infections are considerably higher in patients with RF type II. The

lymphocytic phenotype of RS type I is similar to that seen in untreated CD*.

The first step the pathologist should do when ask to evaluate a biopsy of a
patient suspected of RS is to review the previous small bowel biopsy to
confirm the diagnosis of CD. In the process of reviewing the biopsies the
pathologist can exclude other diseases that present with increased
intraepithelial lymphocytes or villous atrophy and that can simulate CD. If
other diagnostic possibilities are excluded the use of immunohistochemical
stains to characterize the presence of an aberrant clonal lymphocytic
population can be done. Specifically, CD3 and CD8 are T cell markers that
are analyzed in paraffin embedded material. If both of these markers are
positive the differential diagnosis includes untreated CD or refractory sprue
type I assuming that the patient has CD and other conditions have been
excluded. If the biopsy shows an abnormal phenotype (lack of CD8
immunohistochemical staining) the possibility of refractory sprue type II
should be considered. Type II refractory sprue is a more aggressive disease
with a larger number of cases progressing to ulcerative jejunitis and small
bowel lymphoma (Figure 4). The presence of an abnormal lymphocytic
phenotype is a predictive factor but not a precondition to develop overt
lymphoma®. In order to confirm the diagnosis of lymphoma of the small
bowel, the use of molecular techniques to search for T cell receptor gamma
gene rearrangement can be useful. Molecular analysis may reveal a

monoclonal T-cell expansion of the lymphocytes in the small bowel mucosa.
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Figure 4. T-cell lymphoma of the small bowel in a patient with long standing celiac

disease. Notice the atypical lymphocytes expanding the lamina propria and infiltrating
crypts.

3. Conclusion

Pathology plays a crucial role in the diagnosis of celiac disease and in the
interpretation of small bowel biopsies to confirm or exclude CD. The
spectrum of changes in the biopsies of patients suspected of CD has
broadened and the diagnosis can be subtle with minimal histopathologic
changes. In order to confirm the diagnosis of CD, the pathologic features
should be correlated with the clinical, endoscopic, serological findings and

HLA haplotypes.

The small bowel biopsy should be considered an important diagnostic
component in the workup for the diagnosis in all the patients suspected of
having CD. It is crucial to be aware that other conditions share similar
pathologic features with celiac disease. The clinician will decide in each
individual case how important it is to biopsy the small bowel in order to

confirm or exclude the possibility of celiac disease.
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Clinical Manifestations of Celiac Disease and Diagnostic Criteria:
Differences Among Children, Adolescents and Adults

Abstract

Celiac disease (CD) was originally considered a pediatric disorder
characterized by malabsorption and steathorrhea. Subsequently it was
recognized that CD could affect adults at any age. Currently, in some
centers, the greatest number of diagnosis of CD is performed in adults
between 30 and 50 years. An overall decrease in the prevalence of
diarrheal presentations over the past 2 decades, accompanied by an
increase in “non-classical” manifestations of the disease, has been well
described in both children and adults. Among children, clinical
presentation is affected especially by the age. Very young children (< 3
years old) present more often with diarrhea, abdominal distension, and
failure to thrive, whereas older children and adolescents are more likely
to present with other gastrointestinal symptoms (recurrent abdominal
pain, vomiting, or constipation) or extraintestinal symptoms. In adults,
the major mode of presentation is diarrhea, although this presentation
occurs in fewer than 50% of patients, and non-specific gastrointestinal
symptoms, which bear a large degree of overlap with functional
dyspepsia, irritable bowel syndrome or functional diarrhea.
Extraintestinal symptoms such as iron-deficiency anemia, osteoporosis,
dermatitis herpetiformis, recurrent apthous stomatitis,
hipertransaminasemia, or neuropsychiatric manifestations are not
infrequent. With the objective of improve the recognition and diagnosis
of CD several guides to clinical practice have been published in both
children and adults. In general, these guidelines recommend offering
serologic testing for CD in patients with symptoms or conditions
associated with CD. The confirmation of a diagnosis of CD should be
based on a combination of findings from the clinical presentation, CD-
specific antibodies, duodenal biopsies, HLA-DQ2/DQ8 genotyping, and
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the response to a gluten free diet. Duodenal biopsies may not be
mandatory for CD diagnosis in HLA-DQ2 and/or -DQ8 symptomatic
patients with anti-transglutaminase antibodies over 10 times the upper

limit of normal and positive endomysial antibodies.

Keywords
Celiac disease, diarrhea, gastrointestinal symptoms, extraintestinal
symptoms, anti-transglutaminase antibodies, HLA-DQ2/DQ8, duodenal

biopsies, gluten free diet.
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1. Introduction

Celiac disease (CD) is an immune-mediated systemic disorder elicited by
gluten and related prolamines in genetically susceptible individuals and
characterized by the presence of a variable combination of gluten-dependent
clinical manifestations, CD-specific antibodies, HLA-DQ2 or -DQ8 haplotypes,
and enteropathy'. In genetically predisposed individuals, CD is precipitated
by the ingestion of gluten, which are storage proteins in wheat (gliadin), rye
(secalin) and barley (hordein). CD is a chronic, multi-organ disease in which
small intestinal mucosal damage may lead to malabsorption of nutrients. The
treatment of CD, adherence to a gluten free diet, was discovered by the Dutch

pediatrician Willem-Karel Dicke (1905-1962)°.

Genetic, immunology and environmental factors are important in the
development of CD. The disease has a strong genetic component and the
principal determinants are the class II HLA-DQ2 and -DQS8 genes®’. CD is
primarily a T cell-mediated immune disorder and in the small intestinal
mucosa of individuals with CD, CD4+ T cells recognize gluten peptides
selectively in the context of HLA-DQ2 or -DQ8 molecules’. The enzyme
transglutaminase 2 (TG2) deaminates the positive charged gluten peptides,
enhancing their binding to HLA-DQ2 and -DQ8 molecules. Both
gluten-specific CD4+ T cells and cytotoxic intraepithelial T lymphocytes
(IELs) play a key role in the development of CD, as defined by the presence of
anti-TG2 antibodies and villous atrophy. The most important environmental
factor related to CD is gluten, but other factors, such as infections, dysbiosis

and drug exposure have been implicated™’.

CD is a common but frequently unrecognized disease, in part because of its
variable clinical presentation and symptoms’. Screening studies have shown
that CD is severely underdiagnosed, with of about 1%-3% among the

8-11
. Because CD can be

European population, both in adults as in children
very effectively treated with a gluten-free diet (GFD) it is important to
identify people with the undiagnosed disease so as to provide satisfactory

individual treatment. To improve the recognition of CD and to increase the
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number of people diagnosed with the condition, a significant number of

diagnosis clinical guidelines has been published over the last years™

1,12-15

Besides, the Oslo and London Consensuses recommendations tried to reached

agreement on the definition of terms related to CD and/or gluten sensitivity

to improve communication among researchers, clinicians and the general

public (Table 1)'%'".

Table 1.

Classification of the main modes of clinical presentation according to the Oslo

definitions for CD and related terms'” and to ESPGHAN guideline’.

OSLO Consensus

ESPGHAN guideline

Asymptomatic CD

Absence of symptoms even in response
to direct questioning at initial diagnosis.
These
through testing of populations enrolled

patients are often diagnosed

in screening programmes

Silent CD

Presence of positive CD-specific
antibodies, HLA, and small-bowel biopsy
findings that are compatible with CD but
without sufficient symptoms and signs to

warrant clinical suspicion of CD.

Classical CD
Presents with signs and symptoms of
malabsorption.

steathorrhea,

Diarrhea, weight loss or

growth failure is required

Gastrointestinal symptoms and signs

Because atypical symptoms may be
considerably more common than classic
symptoms, the ESPGHAN working group
decided the

nomenclature: gastrointestinal symptoms

to use following

and signs (eg, chronic diarrhea)

Non-classical CD

Presents without signs and symptoms of
malabsorption.

Patients with monosymptomatic disease
(other than diarrhea or steathorrhea)
usually have non-classical CD

Extraintestinal symptoms and signs
eg, anemia, neuropathy, decreased bone
density, increased risk of fractures

Subclinical CD
Disease that is below the threshold of
without

to

testing in routine practice.

clinical detection signs  or

symptoms sufficient trigger CD

Not used. See Silent
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OSLO Consensus

ESPGHAN guideline

Symptomatic CD
by
and/or

Characterized clinically  evident

gastrointestinal extraintestinal

symptoms attributable to gluten intake

See above gastrointestinal and

extraintestinal symptoms

Potential CD

Relates to people with a normal small
intestinal mucosa who are at increased
risk of developing CD as indicated by

Presence of CD-specific antibodies and
compatible HLA but without histological
abnormalities in duodenal biopsies.

The
symptoms and signs and may or may not

positive CD serology patient may or may not have

develop a gluten-dependent enteropathy

later.
Latent CD

Not used Presence of compatible HLA but without
enteropathy in a patient who has had a
gluten-dependent enteropathy at some
point in his or her life.
The patient may or may not have

symptoms and may or may not have CD-

specific antibodies.

Refractory CD
Persistent or recurrent malabsorptive symptoms and signs with villous atrophy
despite a strict GFD for more than 12 months

CD autoimmunity

Relates to increased anti-T'G2 or EMA on at least two occasions when status of the
biopsy is not known.

If the biopsy is positive, then this is CD, if the biopsy is negative than this is
potential CD

Genetically at risk of CD
Family members of patients with CD that test positive for HLA-DQ2/DQ8

Non-celiac gluten sensitivity

Relates to one or more of a variety of immunological, morphological or symptomatic
manifestations that are precipitated by the ingestion of gluten in people in whom CD
has been excluded
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OSLO Consensus ESPGHAN guideline

Gluten ataxia
Idiopathic sporadic ataxia and positive serum antigliadin antibodies even in the
absence of duodenal enteropathy

Dermatitis herpetiformis

Cutaneous manifestation of small intestinal immune-mediated enteropathy
precipitated by exposure to dietary gluten. It is characterized by herpetiform clusters
of pruritic urticated papules and vesicles on the skin, especially on the elbows,
buttocks and knees, and IgA deposits in the dermal papillae. DH responds to a GFD

Terms to avoid
Typical CD; Atypical CD; Silent CD; | Typical CD; Atypical CD; Classical CD;
Overt CD; Latent CD non-classical CD

2. Clinical Manifestations

CD was originally considered a pediatric disorder characterized by
malabsorption and steathorrhea. Subsequently it was recognized that CD
could affect adults at any age. Currently, in some centers, the greatest number
of diagnoses of CD is performed in adults between 30 and 50 years'. Most
children and adults with CD diagnosed before 1980 presented with diarrhea.
With the advent of serologic tests in the 1980s, the wide spectrum of clinical
manifestations became apparent. An overall decrease in the prevalence of
diarrheal presentations over the past 2 decades, accompanied by an increase
in “non-classical” manifestations of the disease, has been well described in
both children and adults™'”®. Table 2 summarizes clinical signs, symptoms
and types of presentation or conditions associated with CD in both children

and adults.
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Table 2. Signs, symptoms, and associated conditions, that should prompt consideration of celiac

disease in children and adults, according to the NICE guideline”.

Signs and symptoms

Chronic or intermittent diarrhea

Persistent or unexplained gastrointestinal symptoms including nausea and
vomiting

Recurrent abdominal pain, cramping or distension

Growth failure or short stature

Prolonged fatigue (“tired all the time”)

Sudden or unexpected weight loss

Unexplained iron-deficiency anemia, or other unspecified anemia
Premature reduced bone mineral density

Elevated serum aminotransferase levels when no other etiology is found
Oral apthous ulcers or dental enamel defects

Conditions

Dermatitis herpetiformis

Irritable bowel syndrome

Autoimmune thyroid disease

Type 1 diabetes

Autoimmune liver conditions

Ataxia

Peripheral neuropathy

Down’s, William’s and Turner’s syndromes.

First-degree relatives (parents, siblings or children) with celiac disease

Other

signs, symptoms and conditions to consider offering serological
testing

Other gastrointestinal disorders:

— Persistent or unexplained constipation
- Microscopic colitis

- Lymphocytic gastritis
Neuropsychiatric manifestations:

— Depression or bipolar disorder; irritability; dysthymia
- Headache

- Epilepsy

Gynecological:

- Amenorrhea

- Recurrent miscarriage

— Unexplained infertility
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* Immunological/autoimmune disease:
- IgA deficiency
- IgA nepropathy
- Addison’s disease
—  Chronic thrombocytopenia purpura
- Autoinmune myocarditis
- Sarcoidosis
- Sjogren syndrome
- Rheumatoid arthritis
- Systemic lupus erythematosus
* Malignancy
- Lymphoma
- Small bowel adenocarcinoma

2.1. Children

Among children, CD has a varied clinical presentation, and is affected
especially by the age at presentation. Very young children (< 3 years old)
present more often with “classic” CD, characterized by diarrhea, abdominal
distension, and failure to thrive, whereas older children and adolescents are
more likely to present with other gastrointestinal symptoms such as recurrent
abdominal pain, vomiting, or constipation. In addition, extraintestinal
symptoms such as arthritis, neurologic symptoms and anemia are not

. . 21
infrequent, as are asymptomatic cases” .

A Canadian study® evaluated the
incidence and clinical presentation of CD in patients <18 years and compared
the results according to the time of diagnosis, before (pretesting group) or
after (testing group) the introduction of serological testing. The frequency of
classic CD presentations decreased from 67% (pretesting group) to 19%
(testing group). The frequency of Marsh 3c lesions decreased from 64%
(pretesting group) to 44% (testing group). In the testing group, classic CD
remained predominant (67%) in young children (<3 years), whereas atypical
gastrointestinal and silent presentations predominated in older children. The

primary symptoms, signs or associated conditions that led to intestinal biopsy

are presented in Table 3.
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Table 3. Age and primary symptoms, signs, or indication leading to intestinal biopsy to diagnose
CD in children, according to the time of diagnosis before (pretesting) or after (testing) the

introduction of serological testing”.

Pretesting Testing
(n = 36) (%) | (n = 199) (%) o)

Age at diagnosis, median (95% CI) 2 (2-4) 9 (8-10) <0.01
Classic presentation 24 (67) 39 (19) <0.01
Gastrointestinal symptoms 7 (19) 76 (38) 0.048

Abdominal pain plus other symptoms 5 (14) 34 (17)

Abdominal pain only 0 18 (9)

Endoscopy for other reason 0 8 (4)

Chronic diarrhea 1(2.7) 7 (3.5)

Constipation 0 5 (2.5)

Vomiting 1(2.7) 2 (1)

Food allergy 0 1 (0.5)

Abdominal distention 0 1 (0.5)
Extraintestinal symptoms 5 (14) 29 (15) 0.9

Failure to thrive

Iron deficiency, with or without 2 (5.5) 13 (6.5)

anemia 2/ (5.5) 6 (3)

Short stature 0 6 (3)

Dermatitis herpetiformis 0 2 (1)

Elevated transaminase levels 0 1 (0.5)

Dental enamel defects 0 1 (0.5)

Hypoalbuminemia 1(2.7) 0
Silent 0 55 (28) <0.01

Family history 0 35 (17.6)

Type 1 diabetes mellitus 0 14 (7)

Trisomy 21 0 5 (2.5)

Hypothyroidism 0 1 (0.5)
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A recent study from the Netherlands revealed that CD was more frequently
represented in a cohort of children with chronic constipation fulfilling Rome
III criteria for irritable bowel syndrome (IBS)*. Overweight and obese
children and adolescents with CD are now frequently identified. A North
American study in children showed that nearly 19% of patients had an
elevated body mass index at diagnosis (12.6% overweight, 6% obese) and
74.5% presented with a normal body mass index®. Conditions associated with
CD apart from type 1 diabetes mellitus are autoimmune liver disease (13.5%),
Williams syndrome (9.5%), Turner syndrome (6.5%), Down syndrome (5.5%),
immunoglobulin A (IgA) nephropathy (4%), IgA deficiency (3%), autoimmune
thyroid disease (3%) and juvenile chronic arthritis (2.5%)(Table 2)".

In the last years, several studies have suggested a protective role of breast
feeding and/or the timing and quantity of gluten introduction in the
subsequent development of CD in children®. Especially, the data from the
Swedish epidemic of symptomatic CD during the mid-1980s suggested that
prolonged breast feeding during the introduction of gluten-containing feeding
was associated with a reduced risk of developing CD in infancy®. However,
recently two multicenter, randomized, double-blind, placebo-controlled
dietary-intervention studies have reported that neither the delayed
introduction of gluten nor breast-feeding modified the risk of celiac disease

. . 26,27
among at-risk infants™'.

2.2. Adults

In adults, the mean age of CD presentation is 44 years (range 1-81 years),
with a clear female predominance (1: 3), that has also been shown in young
children®. Approximately 15-25% of cases are diagnosed at an age equal to or
greater than 65 years'. In some cases, a history of growth failure or other
symptoms suggestive of unrecognized childhood CD is discovered. The classic
presentation of the disease with malabsorption, diarrhea, weight loss and
abdominal distension is less common than in children”. The major mode of
presentation is diarrhea, although this presentation occurs in fewer than 50%

of patients, and non-specific gastrointestinal symptoms, which bear a large
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degree of overlap with functional dyspepsia, irritable bowel syndrome (IBS) or

. . 28,29
functional diarrhea™"".

Dyspepsia is a common symptom in CD patients, which may be present in

40-60% of the cases at the time of diagnosis

30,31

. The prevalence of CD in
patients with dyspepsia is also increased. A meta-analysis and systematic
review of these studies also shows a higher frequency of positive celiac
serology (7.9% vs 3.9%) as well as of CD diagnosed by duodenal biopsy (3.2%
vs 1.3%) in dyspepsia patients compared to the control population, although
these differences were not statistically significant®. If we consider the whole
spectrum of histological CD lesions, including forms of mild enteropathy, this
prevalence could be even higher. A retrospective study in Spain in patients
with dysmotility-like dyspepsia (postprandial distress) and normal upper
endoscopy showed that 19.7% of these patients had enteropathy and gluten-

dependent symptoms™.

CD can frequently present with symptoms that are also characteristic of
IBS, including abdominal pain (77%), bloating (73%), diarrhea (52%),
constipation (7%) and/or an alternating bowel pattern (24%)*"*. This means
that IBS often constitutes the initial diagnosis in many patients before the
discovery of CD many years later. A systematic review and meta-analysis
including 2278 patients with IBS diagnostic criteria, showed in these patients
a higher prevalence of IgA anti-gliadin antibodies (AGA) (4%; CI 95%
1.7-7.2), endomysial antibodies (EMA) or anti-TG2 antibodies (1.6%, CI 95%
0.7-3) as well as CD demonstrated by duodenal biopsy (4.1%, CI 95% 1.9-7).
A prospective Spanish study in patients with chronic watery diarrhea and
Rome II criteria for functional diarrhea or IBS-diarrhea diagnosis showed that

16.1% of these patients had enteropathy and gluten-sensitive diarrhea®™.

The presence of gastroesophageal reflux disease-related symptoms
(GERD-rs) refractory to antisecretory drugs should encourage considering CD
in the differential diagnosis. An Argentinean study which evaluated GERD-rs
at diagnosis of CD in adults’ patients found a significantly higher reflux
symptom mean score than healthy controls. At baseline, 30.1% of CD patients

had moderate to severe GERD-rs compared with 5.7% of controls”. A case
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control study in patients with CD and GERD-rs showed that gluten free diet
improved symptoms and it was a useful approach in the prevention of

recurrence™.

The prevalence of extraintestinal manifestations is very high among adult
patients, especially if a specific search is performed. Anemia, mainly caused
by iron deficiency, osteoporosis, dermatitis herpetiformis, recurrent apthous
stomatitis, hipertransaminasemia, as well as a variety of neuropsychiatric
conditions, can be a common mode of presentation of CD in adults (Table
2)13,39.

Finally, serologic screening of high-risk groups, especially relatives of
patients with CD, has increased detection of the disease both in children as in
adults, some of whom are asymptomatic or present with mild and unspecific

21
symptoms” .

3. Diagnostic Criteria

3.1. Children

Strict criteria for CD diagnosis in children were first established by the
European Society of Pediatric Gastroenterology and Nutrition (ESPGAN) in
1969". The so-called 3 biopsies rule recommended performing at least three
small bowel biopsies (SBB): the first one at clinical suspicion and while the
child was on a gluten containing diet, the second after a period of
gluten-free diet, and the third after gluten reintroduction, i.e. after
performing a gluten challenge (GC). Characteristic histological lesions in the
first SBB lead to CD suspicion, but a definite diagnosis of CD was finally
confirmed only after in the 3rd biopsy histological relapse related to GC was
verified. This strict diagnostic protocol aimed at demonstrating that gluten
sensitivity was a permanent condition and to avoid misdiagnosis of transient
gluten intolerance associated to other conditions especially in young

. 40
infants™.
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After 20 years experience in large series of children it was shown that GC
could probably be avoided in 95% of the cases'; accordingly diagnostic
criteria were modified in 1990 and GC was restricted to infants younger than
2 years at the first biopsy to exclude other causes of enteropathy or whenever
the initial diagnosis is uncertain; this latter covers different special
circumstances such as gluten exclusion prior to or without a biopsy or
uncharacteristic histological lesions for CD at diagnosis’. Moreover, the new
criteria had for the first time a disease marker to rely on, i.e. the antigliadin
antibodies (AGA), who had recently been found to be associated to active
CD*™; so it was considered that the presence of AGA in serum at disease
onset, followed by antibody vanishing after gluten withdrawal, added support
to the diagnosis®. However, further development of antiendomysial antibodies
(EMA) in the late 80's™*, followed by TG2 being recognized as the
autoantigen of CD in the 90°s, represented a true revolution in the field of
CD diagnosis®™. It was indeed shown that both EMA and anti-TG2 recognize
the same autoantigen and overall display a sensitivity and specificity for CD

451 A new serological tests for antibodies against

diagnosis higher than 95%
deaminated gliadin peptides (DGP)* has more recently turned out to display
a higher sensitivity and specificity than conventional AGA, thus replacing the

later ones for diagnostic purposes.

Although pediatric series are shorter as compared to adults” ones,
correlation between duodenal histopathology and anti-TG2 levels in pediatric
patients with CD has been reported, higher levels being associated with

53-55

villous atrophy” ™. Thus, it has recently been suggested that strongly positive
anti-TG2 antibodies levels might be considered sufficient for CD diagnosis in

children and replace the SBB in the diagnostic work up™.

Moreover the strong association of CD with genetic markers HLA-DQ2 and
-DQ8, which combined reach a sensitivity of 96%, implies a negative result of

HLA-DQ2 and/or -DQ8 renders CD diagnosis unlikely’**.

Additionally, a very high relapse rate after GC in children younger than 2
years with positive EMA and villous atrophy at diagnosis has been
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demonstrated, supporting the view that routine GC should not be mandatory

. 59
in these cases™.

Not surprising a recent survey conducted among ESPGHAN members
revealed that about 90 % of responders requested a revision and modification
of the 1990 diagnostic criteria; 44% wanted to omit the first SBB in specific
circumstances, the majority of them declaring that no first biopsy should be
required for symptomatic cases with positive IgA anti-TG2 or EMA in
HLA-DQ2/DQ8 positive individuals. Additionally about half of the
respondents believed that GC should not be mandatory for all children
diagnosed (1st biopsy) before the age of 2%.

Thus within ESPGHAN a working group performed a revision of scientific
and technical developments in an evidence-based approach, producing a
detailed evidence report on antibody testing in CD® which served as the basis
for new guidelines for CD diagnosis recently published'. Additionally the
working group developed a new and broader definition of CD as a systemic
disorder with different degrees of mucosal lesions not restricted to villous
atrophy therefore the diagnosis cannot rely on one single parameter, but on a
combination of clinical symptoms, CD-specific antibodies, histology and
genetics'. In summary, the new guidelines state that SBB may not be
mandatory for CD diagnosis in HLA-DQ2 and/or -DQ8 symptomatic patients
with anti-TG2 over 10 times the upper limit of normal (ULN) and positive
EMA. As for GC they establish that GC is no longer obligatory in all cases
that underwent SBB before the age of 2, but only in unclear cases. These
guidelines have been validated by a recently published retrospective study®
and a prospective international multicenter one (PROCEDE,

www.procede2011.jimdo.com) is currently on-going.

3.1.1. Who to Test for CD?

According to the new 2012 ESPGHAN guidelines for CD diagnosis in
children and adolescents, beside patients with the classic clinical picture, i.e.
malabsorption syndrome with chronic diarrhea, weight loss, abdominal

distension and anorexia, children with a wide spectrum of other
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gastrointestinal and extraintestinal symptoms - most of them also reported in
adults - should be tested for CD; these are shown in Table 4. Failure to
thrive, short stature and pubertal delay are CD features specific for the
pediatric age range and should thus prompt serological testing as well. Also
asymptomatic individuals pertaining to the so called high risk groups and
specially those with a first degree relative with confirmed CD should be

screened for CD (Table 4)".

Table 4. Who should be tested for CD according to the new 2012 ESPGHAN guidelines for CD

Diagnosis in children and adolescents’.

Children and adolescents with the otherwise

unexplained symptoms and signs of:

¢ Chronic or intermittent diarrhea

e Failure to thrive, weight loss, stunted growth

¢ Delayed puberty, amenorrhea

¢ Iron-deficiency anemia

« Nausea or vomiting

¢ Chronic abdominal pain, cramping or distension

¢ Chronic constipation

*  Chronic fatigue, recurrent apthous stomatitis (mouth ulcers)
e Dermatitis herpetiformis—like rash

* Fracture with inadequate traumas/osteopenia/osteoporosis

¢ Abnormal liver biochemistry

Asymptomatic children and adolescents with

an increased risk for CD such as:

+ Type 1 diabetes mellitus (T1DM)

* Down syndrome

* Autoimmune thyroid disease

¢ Turner syndrome

«  Williams syndrome

*  Selective immunoglobulin A (IgA) deficiency
¢ Autoimmune liver disease

*  First-degree relatives with CD
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3.1.2. How to Test for CD?

CD specific antibodies detection in serum, EMA by immunofluorescence or
anti-TG2 by various immunoassays (enzyme-linked immunosorbent assay,
radioimmunoassay, or others) is the preferred initial approach to find CD".
Immunofluorescent tests such as EMA are subjected to interobserver
variability. Despite these limitations, the specificity of EMA is 98% to 100%

. . 51,63
in expert laboratories””

and is thus considered the reference standard for
CD-specific antibody.

The performance of a particular antibody test depends on patient
characteristics (age, genetic predisposition, IgA deficiency), on pretest
probability, on the used commercial kit and last but not least the expertise of

the laboratory is also relevant®'.

However in children serological tests display a much higher efficiency as
compared to adults , partially because usually more severe histological lesion
are found in the pediatric age range. So in the 2012 ESPGHAN guidelines it
is stated that in absence of CD specific antibodies (anti-TG2 and EMA) the
diagnosis of CD is unlikely’.

According to the ESPGHAN evidence report on CD serology®, EMA
display the best positive and negative likelihood ratios, followed by anti-TG2.
Furthermore, EMA results were more homogeneous than results obtained with
other CD antibody tests and had a high diagnostic odds ratio (OR = 553.6).
Thus CD is likely if the EMA test is positive. Moreover EMA positivity also is
associated with the later development of villous atrophy in the few reported

cases who initially had normal small-intestinal architecture®®.

High concentrations of anti-T'G2 in serum predict villous atrophy better

54,55,66

than low or borderline values and these studies suggest that high
anti-TG2 antibody levels can be defined as those exceeding 10 times the
upper limit of normal (ULN) depending on the cut off of each test

(concentration-dependent antibody tests based on calibration curves)” %,

Anti-DGP antibodies performed favorably and much better than antibodies

against native gliadin, however their performance is inferior compared with
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anti-TG2 or EMA assays”®'; In addition, their role in the diagnosis of

children younger than 2 to 3 years requires further assessment.

Anti-TG2 antibody detection also can be done from the blood at the

)68,69

point of contact using rapid test kits (POC test , but although they may
achieve a high accuracy for CD diagnosis (pooled sensitivity of 96.4%,
pooled specificity of 97.7%)%, performance of these tests needs to be
confirmed not only in high prevalence populations as current published
studies, but also in less selected populations and/or when handled by
laypeople or untrained medical staff. Also anti -DGP based POC have lately
been made available, although only very few studies have been reported up

to now, effectiveness seems to be similar to the previous ones (personal

observation).

3.1.3. Diagnostic Confirmation

In the last few years the leading role of histology for the diagnosis of CD
has been questioned’””*®. One of the mean reasons is that histological
findings are not specific for CD, especially low grade lesions; these can be
found in other entities, such as cow’s milk or soy protein hypersensitivity,
intractable diarrhea of infancy, infestation with Giardia lamblia,
immunodeficiencies, tropical sprue, and bacterial overgrowth (Table 5).
Another issue is that lesions may be patchy™, they can occur in the duodenal
bulb only™, but the most important matter of concern is that interpretation
depends on preparation of the mucosa sample and above all that a high

interobserver variability has been acknowledged™.

Not withstanding current evidence recommend that histological assessment
should be omitted only in very specific situation, namely in symptomatic
patients who have high IgA anti-TG2 levels 10 times above ULN, verified by
EMA positivity, and are HLA-DQ2 and/or -DQ8 heterodimer positive. In all
other circumstances histological evaluation is mandatory for a definite
diagnosis'. This is mainly due to the fact that high levels of anti-TG2 (10

times ULN) correlates better with lesion severity than low values; borderline
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or low levels may be found in non-CD conditions, specially autoimmune

diseases and are not related to histological lesion*"™,

Table 5. Other causes of enteropathy.

Villous atrophy Lymphocytic enteropathy
* Tropical sprue e H.pylori infection
+  Small-bowell bacterial overgrowth *  Small-bowell bacterial overgrowth
e Autoinmune enteropathy * Drugs (e.g., NSAIDs)
» Hypogammaglobulinemic sprue ¢ Intolerance to non-gluten
* Drug-associated enteropathy proteins (e.g., Cow’s milk, eggs)
(e.g., olmesartan) + Infectious enteritis (e.g.
«  Whipple disease giardasis)
+ Collagenous sprue * IgA deficiency
* Crohn’s disease « Common variable
* Eosinophilic enteritis immunodeficiency
e Intestinal lymphoma « Eosinophilic enteritis
* Intestinal tuberculosis *  Crohn’s disease
« Infectious enteritis (e.g.
giardasis)
*  Graft versus host disease
*  Malnutrition
* Adquired immune deficiency
syndrome enteropathy

The histological features of the small-intestine enteropathy in CD have a
variable severity. The spectrum of histological findings ranges from
lymphocytic infiltration of the epithelium (Marsh 1) to villous atrophy (Marsh
3)74. The description of the lesions according to Marsh -Obberhuber
classification are described in Table 6"". Marsh 2-3 lesions are considered
consistent with CD'. If histology is normal (Marsh 0) or only increased IELs
counts are observed (Marsh 1), the diagnosis of CD can not be firmly
established. Further work up is necessary at the mucosal level specially
immunohistochemical analysis of biopsies looking for high yydd cells count or
y8/CD3 ratio” or the presence of IgA anti-TG2 deposits in the mucosa™™.

These deposits in the mucosa seem to be specific for CD and to predict the
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evolution to more severe histological patterns®. Counting villous tip IELs also

increases the specificity for CD".

Table 6. Histological classifications used for celiac disease™.

Marsh modified Histologic criterion Corazza
(Oberhuber)
Increased Crypt Villous
IELs* hyperplasia atrophy
Type O No No No None
Type 1 Yes No No Grade A
Type 2 Yes Yes No
Type 3a Yes Yes Yes (partial) | Grade Bl
Type 3b Yes Yes Yes
(subtotal)
Type 3c Yes Yes Yes (total) Grade B2

*IELs: Intraepithelial lymphocytes per 100 enterocytes; > 40 for Marsh modified; > 25 for
Corazza.

3.1.4. Role of HLA-DQ2/DQ8 Genotyping in Celiac Disease

HLA-DQ2 and -DQ8 testing is valuable because CD is unlikely if both

haplotypes are negative"*"*

. Thus its main utility is to discard patients at risk
for CD and accordingly HLA testing is useful to select asymptomatic persons
with CD-associated conditions or pertaining to high risk groups for further
CD-specific antibody testing'. In clinical practice it is noteworthy to stress the
relevance of HLA typing of siblings or the offspring of CD patients as it will
establish those at risk in which periodic testing for CD markers may be

recommended, especially during the pediatric age range.

Moreover HLA testing should be performed when the diagnosis of CD is

unclear, for example, in patients with negative CD-specific antibodies and
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mild histological lesion. In children with a strong clinical suspicion of CD and
high specific CD antibodies, if no SBB is going to be performed
HLA-DQ2/DQ8 typing is strongly recommended to add strength to the

. .1
diagnosis’.

3.1.5. Special Situations

In subjects with humoral IgA deficiency, corresponding IgG class
CD-specific antibodies should be measured, preferably IgG anti-TG2, but
alternatively EMA-IgG, IgG anti-DGP or blended kits for both IgA and IgG

" Thus it is important to exclude IgA deficiency by measuring

antibodies
serum total IgA levels moreover considering IgA deficiency is more prevalent

in CD as compared to the general population.

Children, mainly infants, presenting with a severe malabsorption syndrome
and malnutrition, may exceptionally been started on a GFD while awaiting
the results of HLA and EMA testing'. If the findings do not allow a definite
diagnosis and due to a poor clinical condition the SBB has to be postpone,
additional workup such as looking for IgA anti-TG2 deposits in the mucosa
may be helpful. Due to persistence of anti-TG2 deposits for months after a
GFD has been initiated, the presence of deposits can be used as a high
specific test for CD whenever the patient has started dietary restrictions

470

before a definite diagnosis has been achieve Patients with associated

autoimmune conditions may display false positive anti-TG2 or fluctuating
results, usually at low levels®™; however in type 1 diabetes, especially at the
initial stages of the disease, higher levels of EMA and anti-TG2 can be

detected, decreasing to below ULN on follow up.

3.1.6. Celiac Disease Diagnostic Approach in Clinical Practice

The new 2012 ESPGHAN guidelines include 2 practical algorithms for CD
diagnosis, one to be applied to symptomatic cases (Figure 1) and another for
asymptomatic individuals pertaining to high-risk groups (Figure 2). Neither of

them are meant for mass screening or for fortuitously detected CD antibody
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positivity'. It should be stressed that initial evaluation has to be performed
while the child is on a gluten containing diet, thus before dietary restrictions

are recommended.

In children and adolescents with otherwise unexplained signs and
symptoms suggestive of CD it is recommended to start the diagnostic
approach by IgA anti-TG2, together with total serum IgA to rule out IgA
deficiency; in this situation IgG anti-TG2 testing is recommended (Figure 1).

[ Child / Adolescent with Symptoms suggestive of CD ]
¥

| Anti-TGz IgA & total IgA

Anti- TGZ Anti- TGZ i
posntwe negative aes

Transfer to Paediatric GI f Consider further diagnostic testing if:
IgA deficiency

Age: < 2 years

History: - low gluten intake

| - drug pretreatment

| - savere symptoms

\“
|
k - associated diseases j

Paed. Gl discusses with family the 2 diagnostic pathways and
consequences considering patient's history & anti-TG2titers |  fe >

/POS. Anti-TGZ>10x norma%os. Anti-TG2 < 10 x normal

v
] EMA & HLA DQ8/DQ2 |""‘ QEOD & bopsies
EMA pos. EMA pos. EMA neg. EMA neg. Marsh 0-1 Marsh 2 or 3
HLA pos. HLA neg. HLA neg. HLA pos.

CD+ Consider false Consider false ﬂ\, ) .écnade{:“ CD+
neg. HLA test. | pos anti-TG2 : false pos. serology |
i Consider biopsies | | | false neg. biopsy or | L
b J potential CD
GFD Extended evaluationof | GFD
&Flu \Hikissrologyiticnsies ) & Flu

Figure 1. Diagnostic algorithm for children or adolescents with symptoms suggestive of CD. CD:
celiac  disease; EMA: endomysial antibodies; F/u: follow-up; GFD: gluten-free diet; GI:
gastroenterologist; HLA: human leukocyte antigen; IgA: immunoglobulin A; IgG: immunoglobulin
G; OEGD: oesophagogastroduodenoscopy; TG2: transglutaminase type 2. Adapted with
permission from Lippincott Williams and Wilkins/Wolters Kluwer Health: Journal of Pediatric
Gastroenterology € Nutrition, Husby S et al, ESPGHAN Guidelines for Diagnosis of Coeliac
Disease’, 2012.
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Explain implication of positive test result(s) and get consent for testning

!
[ HLA DQ2 / DQS (+/- TG2) |

HLA posi‘llve HLA negative iy No CD,
DQ2 and!or DQs DQ2 and DQ8 no risk for CD

| TG2 & total IgA [ ‘ |L ::;mn:i:;;:?smg in intervals or if ]

! | 1 . )

/’03. Anti-TG2> 3 x n?ﬁ{ /4)5,Anl:-'f(52 <3x norpir/ TG2 negative > Not CD

[ Asymptomatic person at genetic risk for CD J

: | EMA [
QEGD & biopsies
From bulbus & 4 pars v v f Conadar:
descendens, proper +—/ EMA positive EMA negative ' False neg. Results, exclude
P gative . > g.
histological work up | IgA deficiency and history of
7 T '\ low gluaen intake or drugs
/Marsh 2or 3// Marsh 0-1 /
A\
CD+ i’ clear case _\\' .r Consider:
| Fluon normal diet. Consider: | | Transient/false pos. anti-TG2 |
v : False pos. serology, false .Fa’u on permal diet with further !
[\‘nag hlopsy or potennal cD A \_ serological testing A
GFD -
& Flu

Figure 2. Diagnostic Algorithm for asymptomatic children and adolescents at genetic risk for CD
(1st degree relatives or other at high-risk groups). See Fig. 1 for definitions. Adapted with
permission from Lippincott Williams and Wilkins/Wolters Kluwer Health: Journal of Pediatric
Gastroenterology & Nutrition, Husby S et al, ESPGHAN Guidelines for Diagnosis of Coeliac
Disease’, 2012.

In IgA sufficient patients, If IgA anti-TG2 are negative CD is unlikely.
Several conditions such as low  gluten intake, certain drugs
(immunosuppressants), age (infants younger than 2 years) may impact on
antibody results and should be taken into consideration. If symptoms and
suspicion persists a SBB may be necessary independently of antibody results.
Thus is seems reasonable that at this stage a pediatric gastroenterologist

should be involved in decision taking.

For high IgA anti-TG2 levels above 10 times ULN the pediatric

gastroenterologist should consider and discuss with the parents the option of
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omitting the biopsies but performing additional investigations; this means
that on a second (and thus different) blood sample HLA and EMA should be
tested. If positive EMA antibodies and HLA-DQ2 or -DQS8, are found then the
diagnosis of CD is confirmed and a GFD should be recommended; follow up is
mandatory to ascertain improvement of symptoms and decline of antibodies,
but no GC is further required. If any of them or both are negative, either a
false positive anti-TG2 or a false negative EMA and/or HLA has to be
considered; an extended workup including repeated testing and a SBB
together with clinical follow up is mandatory to establish a definite diagnosis
(Figure 1).

Skipping the biopsy is an option but not obligatory thus a SBB can be
preferred for diagnosis confirmation despite very high anti-TG2. It remains

mandatory if EMA or HLA-DQ2 and -DQ8 is not available.

If patients have positive anti-TG2 antibodies but levels are lower
than 10 times ULN, a SBB and histological evaluation of the mucosa is
mandatory to confirm CD diagnosis and this because low positive anti-TG2
can be related to non-CD conditions such as other autoimmune diseases,
infections, tumors, or tissue damage and do not necessarily predict villous
atrophy.

In totally asymptomatic children or adolescents who are being
investigated because of pertaining to high-risk groups or associated
conditions, the second algorithm (Figure 2) should be applied. In this group,
HLA testing as the first step is probably cost-effective as HLA-DQ2 and -DQ8
negative individuals can be excluded from further follow-up studies, because
of a minimal risk of developing CD. If HLA testing is not feasible the

screening procedure may start with CD-specific antibody testing.

In HLA-DQ2 or -DQ8 positive individuals IgA anti-TG2 and serum total
IgA determination should be performed or the corresponding IgG test in IgA
deficient cases (Figure 2). If anti-TG2 are negative, as disease may still
develop later in life, serological testing should be repeated at regular intervals.
Truly there is no evidence on how frequently the testing should be performed.

If high anti-TG2 are found, as persons belonging to this population more
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often have false-positive anti-TG2 results, they should always be diagnosed
after performing a SBB so as to have histological proof of CD diagnosis and
thus support the need for a lifelong adherence to a strict gluten free diet™. If
anti-TG2 levels are positive but low, that is <3 times ULN, a false-positive
result has to be considered. In the absence of any signs or symptoms, follow
up while still on a normal gluten-containing diet with repeated serological
testing should be advised; in these cases, anti-EMA testing may be helpful to
distinguish between false- and true-positive anti-TG2. If EMA is positive, the
likelihood for CD increases and the patient should be referred for SBB. If

EMA is negative, follow up and repeated testing is advisable.

A simple scoring system (Table 7) was also proposed by the working group
which aimed at simplifying the diagnosis in obvious cases, thus enabling CD
recognition at initial assessment, even in cases with no initial SBB and to
avoid overdiagnosis in patients presenting only with non specific findings'.
However prospectively validation in a large series of cases is required before it

can be routinely recommended in clinical practice.

Another score system proposed by Catassi et al. (Table 8) is further
discussed in section 3.2.9.; as compared to the previous one, histology

. . . . 82
evaluation is required in all cases™ .

3.2. Adults

Despite evidence of increasing rates of diagnosis, CD continues being an
infradiagnosed disease in adults. It has been estimated that at least 75% of
the cases remain undiagnosed®. Furthermore, there is often a delay in the
diagnosis of the disease with a mean of 5 to 11 years from the onset of
symptoms to diagnosis'®*. These data may be explained by several facts:

1. The classic presentation of the disease is uncommon in adults. The

major mode of presentation is diarrhea and nonspecific gastrointestinal
symptoms which bear a large degree of overlap with functional

dyspepsia, irritable bowel syndrome (IBS) or functional diarrhea®.
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Table 7. Diagnostic score’. The scoring takes into account 4 items: symptoms, antibodies, HLA,

and biopsy findings, each contributing once. To make the diagnosis, a sum of 4 points is

required.

Points
Symptoms
Malabsorption syndrome 2
Other CD- relevant symptom OR having T1DM OR being a 1 st-degree
family member 1
Asymptomatic
Serum antibodies*
EMA positivity and/ or high positivity (>10 ULN) for anti-TG2
Low positivity for anti-TG2 antibodies or isolated anti-DGP positivity 1
Serology was not performed
Serology performed but all* coeliac-specific antibodies negative -1
HLA
Full HLA- DQ2 (in cis or trans) or HLA-DQS8 heterodimers present 1
No HLA performed OR half DQ2 (only HLA-DQB1* 0202) present
HLA neither DQ2 nor DQ8 -1
Histology
Marsh 3b or 3c (subtotal villous atrophy, flat lesion) 2
Marsh 2 or 3a (moderately decreased villous height/crypt depth ratio)
OR Marsh 0-1 plus intestinal TG2 antibodies 1
Marsh 0-1 OR no biopsy performed

*Refers in IgA deficiency to IgG class EMA, anti-TG2 and DGP antibodies.

Comments and Ezplanations for Use.

*Biopsy items were graded by taking into account Villanacci scoring and the clinical utility of the
results. We assumed that Marsh 0 or 1 results without any further information could be
nonspecific. In contrast, demonstration of antibodies bound to tissue TG2 in the small bowel
adds information to the diagnosis (when available). It is possible to diagnose CD as before even
without this possibility. It is not necessary to have an EMA testing facility, but it is a clear
advantage.

*Some findings that make CD improbable are resulting in negative scoring points.

*The sum of 4 points may be collected from findings registered at different time points during
follow-up if they can be assumed to be gluten dependent. For example, an infant having villous
atrophy before the introduction of gluten and normal biopsy at the age of 6 years while normally
eating gluten will receive 0 for biopsy.
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Table 8. Diagnostic criteria for Celiac Disease according to Catassi et al.”.

At least 4 out of 5, or 3 out of 4 if there are no HLA genotypes
1 Typical symptoms of celiac disease'
2 Positivity of serum celiac disease IgA class autoantibodies at high titer’
3 HLA DQ2 or DQ8 genotypes’
4 Celiac enteropathy at the small intestinal biosy”
5 Response to the gluten-free diet®

Notes: A family history of celiac disease adds evidence to the diagnosis; in symptom-free patients,
particularly young children, it is advisable to confirm antibody positivity on 2 or more blood
samples taken at least 3 months apart; in selected cases a gluten challenge after at least 2 years
of gluten-free diet might be required for diagnosis confirmation.

' Examples of typical symptoms are chronic diarrhea, growth delay (children) or weight loss
(adults) or iron deficiency anemia.

*Both IgA class anti-TG and EMA in IgA-sufficient or IgG class anti-TG and EMA in
IgA-deficient subjects. The finding of IgG class anti-deamidated gliadin peptide adds evidence to
the diagnosis.

*HLA-DQ2 positivity includes subjects with only half the heterodimer (positive HLA-DQB1*02).
*Including Marsh-Oberhuber 3 lesions, Marsh Oberhuber 1-2 lesions associated with positive
celiac at low/high titer, or Marsh-Oberhuber 1-3 lesions associated with IgA subepithelial
deposits.

® Histological in patients with sero-negative celiac disease or associated IgA deficiency.

2. Some antecedents, such as growth failure in childhood, iron-deficiency
anemia, premature reduced bone mineral density, recurrent oral
apthous, dermatological lesions or infertility may be often overlooked.
Gastroenterologist’s questions have focused exclusively on
gastrointestinal symptoms, forgetting that CD is a disorder with a

multisystemic expression.

3. Currently, active case-finding (serologic testing for CD in patients with
symptoms or conditions closely associated with CD) is the favored
strategy to increase detection of CD. However many adults with CD
has mild forms of enteropathy (Marsh 1, 2 and 3a) in which a positive
result of CD-specific serology may be lower than 30%°.
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Consequently, active case-finding may increase detection of CD among

patients with symptoms although this strategy might be insufficient to
detect all adults with CD".

With the objective of improve the recognition and diagnosis of CD several
guides to clinical practice have been published'”"”. In general, these guidelines
recommend offering serologic testing for CD in patients with symptoms or
conditions closely associated with CD (Table 2). The confirmation of a
diagnosis of CD should be based on a combination of findings from the
clinical scenario, CD-specific antibodies, upper endoscopy with duodenal
biopsies, HLA-DQ2/DQ8 genotyping, and the response to a GFD. A summary
of the specific recommendations from these guidelines to improve the

diagnosis of CD is showed below.

3.2.1. When to Test for Celiac Disease?

There is no consensus regarding which symptoms, laboratory abnormalities,
and/or associated diseases require evaluation for CD. The frequency of CD in
common clinical scenarios varies from modestly elevated, such as irritable
bowel syndrome, to substantially elevated, such as unexplained iron-deficiency

. o s . . 13,14
anemia. Clinical guidelines™

recommends to offer serological testing in
patients with conditions in which CD occurs more frequently than in the

general population and/or for whom a GFD may be beneficial (Table 2).

1. Patients with symptoms, signs, or laboratory evidence suggestive of
malabsorption, such as chronic diarrhea with weight loss, steathorrhea,

postprandial abdominal pain, and bloating.

2. Patients with unexplained gastrointestinal symptoms including
dyspepsia, nausea and vomiting or recurrent abdominal pain.

3. Patients with extraintestinal symptoms such as unexplained
iron-deficiency anemia, or other unspecified anemia, premature
reduced bone mineral density, elevated serum aminotransferase levels

when no other etiology is found or recurrent oral apthous ulcers.
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4. Patients with any of the following conditions: Dermatitis herpetiformis,
irritable bowel syndrome, autoimmune thyroid disease, type 1 diabetes,
peripheral neuropathy, growth failure, discolored teeth or
developmentally synchronous enamel loss, Down’s and Turner’s
syndromes. Considerer offering serological test in the rest of associated

conditions

5. Patients with a first-degree family member (parents, siblings or
children) who has confirmed diagnosis of CD, specially if the show

possible signs or symptoms or laboratory evidence of CD

3.2.2. How to Make the Diagnosis of Celiac Disease?

As in children, serologic testing of CD-specific antibodies is the preferred
initial approach to find CD in adults, and TG2-based assays (EMA and
anti-TG2) the most accurate tests. The sensitivity and specificity of the IgA
anti-TG2 for untreated CD is about 95%, but its sensitivity is lower in case of
mild histological lesions (no villous atrophy)®®. The higher the titer of the
test, the greater the likelihood of a true positive result. There are recognized
differences in test performance between the various commercially available
test kits, but overall there is consistency in the sensitivity and specificity of
the test”. Antibodies directed against native gliadin are not recommended for

the primary detection of CD".

IgA deficiency is more common in CD than in the general population. In
patients in whom there is a high pre-test prevalence of CD, the measurement
of IgA levels should be considered, especially if IgA-based celiac serology test
is negative. One approach is to measure total IgA at the beginning of testing
to determine whether IgA levels are sufficient and, if not, to incorporate
IgG-based testing into the serology testing cascade (DGP-IgG and/or IgG
anti-TG2)".

The antibodies directed against deaminated gliadin products as well as the
self-antigen TG2 are dependent on the ingestion of gluten. The reduction or
cessation of dietary gluten leads to a decrease in the levels of all these

celiac-associated antibodies to normal concentrations. Therefore, all diagnostic
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serologic testing should be done with patients on a gluten-containing diet.
Combining several tests for CD in lieu of IgA anti-TG2 alone may marginally
increase the sensitivity for CD but reduces specificity and therefore are not

. . . 14
recommend in low-risk populations™.

If the suspicion of CD is high, intestinal biopsy should be pursued even

when serologies are negative (Figure 3).

Low probability
(<5%)
High probability
(>5%) ¢
TTGA IgA+igA
level

|
v v v
Negative TTGA Negative TTGA
Low IgA Normal IgA

Duodenal biopsy " + ‘l’

TTGA
oA Duodenal biopsy ‘r[;gg :gg* CD unlikely

8 T

Any positive All negative

Positive TTGA

v v v

. o Biopsy/serology
Both negative Both positive disag ot

CD unlikely

+ HLA DQ2 and DQ8 genotyping
+ Measure IgA level + TTGA/DGP
IgG
* Work-up for other causes of
CcD villous atrophy (see text)

Figure 3. Celiac disease diagnostic testing algorithm according to American Journal
Gastroenterology Clinical Guideline'. DGP: deamidated gliadin peptide; HLA: human leukocyte
antigen; Ig: immunoglobulin;, TTGA: tissue transglutaminase antibody. Reprinted by permission
from Macmillan Publishers Ltd: American Journal Gastroenterology, Rubio-Tapia A et al, ACG

Clinical Guidelines: Diagnosis and Management of Celiac Disease, 2013.
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3.2.3. Confirmatory Testing in Celiac Disease

The confirmation of a diagnosis of CD should be based on a combination of
findings from the medical history, physical examination, serology, and upper

endoscopy with histological analysis of multiple biopsies of the duodenum'.

Upper endoscopy with small bowel biopsy is a critical component of the
diagnostic evaluation for persons with suspected CD and is recommend to
confirm the diagnosis. Histological changes associated with the disease can be
classified according to Marsh, Marsh modified (Oberhuber), or the more
recent, simplified Corazza classification (Table 6)*. A positive CD-specific
serology in patients with villous atrophy confirms the diagnosis of CD.
However, a negative CD-specific serology in patients with enteropathy does
not completely exclude the diagnosis of CD though it does make it much less
likely. Histological response to GFD and HLA genotyping may help to rule

out or confirm the diagnosis of CD in patients with sero-negative CD".

Histological abnormalities associated with CD can be patchy, therefore
multiple biopsies of the duodenum (one or two biopsies of the bulb and at
least four biopsies of the distal duodenum) are recommended to confirm the
diagnosis of CD* . Lymphocytic infiltration of the intestinal epithelium in
the absence of villous atrophy is not specific for CD and other causes should

be considered (Table 5)"" *.

The diagnosis may be confirmed when there is concordance between the
serologic results and the histological findings and the symptoms resolve
subsequently on a GFD. However, there are other situations in which it is
possible to establish a diagnosis of CD although the result of CD-specific

. . 82
serology is negative™.

3.2.4. Role of HLA-DQ2/DQ8 Genotyping in Celiac Disease

HLA-DQ2/DQ8 heterodimers are present in almost all patients with CD.
Testing negative for both HLA-DQ genotypes makes CD diagnosis very
unlikely. Among patients not carrying these heterodimers, the majority

encoded half of the HLA-DQ2 heterodimer. Because HLA-DQ2 is present in
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approximately 25-30% of the white population, testing for CD with either
HLA-DQ type should not be used routinely in the initial diagnosis of CD

. . oy . . 14
because the predictive positive value is very low .

HLA-DQ2/DQ8 testing has been useful for exclusion of CD in selected
clinical situations'. Examples of such clinical situations include but are not
limited to: 1) Equivocal small-bowel histological finding (Marsh 1 or 2) in
seronegative patients™; 2) Evaluation of patients on a GFD in whom no
testing for CD was done before GFD®; 3) Patients with discrepant
CD-specific serology and histology®; 4) Patients with suspicion of refractory
CD where the original diagnosis of celiac remains in question; 5) Screening of
CD in at-risk groups such as persons affected by Down’ syndrome.”. The
utility of HLA testing in other at-risk groups (such as type I diabetics or
family members) is more limited because a high proportion of these subjects

carry the CD susceptibility alleles.

3.2.5. Patients With Enteropathy But Negative CD-Specific
Serology

This is a matter of crucial importance, especially in the adult population.
In fact, the true prevalence of CD in this population has been
underestimated, because both in population screening programs, as in
symptomatic or high genetic risk people, intestinal biopsy is indicated only
for positive serology. However, there is evidence that serology sensitivity is
lower among adults with mild histological lesions (no villous atrophy;

Marsh-Oberhuber 1 and 2) .

The presence of mild histological lesions represents a difficult to interpret
"gray area". Current data suggest that patients with lymphocytic duodenosis
(>25 IELs per 100 epithelial cells), may suffer from gastrointestinal and
extraintestinal symptoms, such as osteopenia or anemia, as frequently as

97,98

patients with villous atrophy However, It should be noted that
lymphocytic duodenosis, is common in the general population (prevalence of
5.4%)99 and there are conditions other than CD in which lymphocytic

duodenosis is possible. Examples of these include H.pylori infection,

323



M.L. Mearin, M. Montoro-Huguet, I. Polanco, C. Ribes-Koninckz, S. Santolaria

medications (e.g., non-steroidal anti-inflammatory drugs), small-bowell
bacterial overgrowth, food protein intolerance or autoimmune disorders” .
Furthermore, celiac serology is positive only in 10-30% of patients with
lymphocytic duodenosis secondary to CD. Consequently, diagnosis of CD in
these patients is not easy and requires the following conditions™: First, it is
necessary to exclude other possible etiologies such as H. pylori infection,
medications or small-bowell bacterial overgrowth; Second, to prove the
presence of either HLA-DQ2 or —DQ8 heterodimers; Finally, an unequivocal
clinical and histological response to a gluten-free diet. The subset
characterization of yyo+ IELs by immunohistochemical analysis or flow
cytometry, as well as the presence of IgA anti-TG2 subepithelial deposits in
the mucosa seem to be specific for CD'""'"", However, these techniques require
frozen or fresh nonfixed biopsies, and they are not straightforward for use in

clinical practice.

3.2.6. Positive CD-Specific Serology But Absence of
Enteropathy

False positive anti-TG2 results are rare but do occur and are usually low
titer (typically less than twice the upper limit of normal). Repeating the test
using an assay that uses human TG2 as the capture antigen may resolve the
discrepancy. The duodenal biopsy should be reviewed by a pathologist

familiar with CD to look for subtle abnormalities.

If these two steps do not reconcile the results, the patient can be placed on
a high gluten diet and, after 6 to 12 weeks, it should be repeated the upper
endoscopy with multiple additional biopsies of bulb and distal duodenum.
Patients with positive serologic test and only mild histological lesions may
respond to a GFD'”. HLA-DQ2/DQ8 genotyping may also be useful for CD
diagnosis in these patients with positive celiac-specific serology and normal

duodenal histology™.
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3.2.7. Diagnosis Among Patients on a Gluten Free Diet

While standard diagnostic tests (specific serology and intestinal biopsy)
have a high positive predictive value for CD, they should not be relied upon
to exclude CD in patients already adhering to a GFD. The specific serologic
and histologic features of CD do not normalize immediately upon the
initiation of a GFD, but some patients might quickly revert to normal on a
GFD. Hence, normal serologic and histologic findings on a GFD cannot be

used to exclude CD definitively'*.

HLA-DQ2/DQ8 genotyping are not influenced by diet and can be used to
evaluate the likelihood of CD in patients either on a normal or on a GFD.
HLA-DQ2/DQ8 testing should be performed to try to exclude CD prior to
embarking on a formal GC as a negative result will obviate the need for

further workup'.

Gluten challenge remains the gold standard for CD diagnosis in HLA-DQ2
or —DQ8-positive patients who have normal serologic and histologic findings
when tested on a GFD. It must be noted that patients who develop severe
symptoms following gluten ingestion are not suitable candidates for GC.
Although gluten challenge with a diet containing at least 10 g of gluten per
day for 6-8 weeks has long been the norm, there are few data to indicate the
diagnostic efficacy of this approach or the optimum dose or duration of

challenge'®.

Despite the disadvantages of neither confirming nor excluding a diagnosis
of CD, some patients will opt to continue on a strictly GFD without
undergoing formal gluten challenge; such patients should be managed in a

similar fashion to those with known CD™.

3.2.8. Differentiation of Celiac Disease from Non-celiac Gluten
Sensitivity

Celiac disease should be differentiated from non-celiac gluten sensitivity in
order to identify the risk for nutritional deficiency states, complications of
CD, risk for CD and associated disorders in family members, and to influence

the degree and duration of adherence to the GFD. Symptoms or symptoms
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response to a GFD alone should not be used to diagnose CD, as there is often
substantial overlap in symptoms between the two conditions. A diagnosis of
non-celiac gluten sensitivity should be considered only after CD has been
excluded with appropriate testing'’. Objective tests including CD-specific
serology and small-intestinal histology (both obtained while the patient is
consuming a gluten-rich diet) and HLA-DQ2/DQ8 testing (to rule out CD if

negative) are needed to differentiate between the two disorders'*.

3.2.9. Celiac Disease Diagnostic Approach in Clinical Practice

The diagnostic approach to an adult patient with suspected CD is complex,
given the diversity of possible clinical settings. Figure 3 shows CD diagnostic
testing algorithm proposed by ACG clinical guideline'. CD-specific serology
(anti-TG2, EMA or anti-DGP) should be the initial diagnostic test to be
performed in patients with signs, symptoms and/or conditions associated to

CD.

When IgA anti-TG2 titers are higher than 10 times the upper limit of
normal, the intestinal biopsy could be excluded, since the probability of

1.° showed in adults that a

detecting villous atrophy is quite high. Hills et a
IgA anti-TG2 level > 30U/ml (>10 UNL) using the Celikey test kit is
absolutely predictive for CD (positive predictive value of 100%). Before taking
this decision it is prudent to investigate and confirm the presence of EMA
(performing the extraction at a different time of the first time) and checking
for the HLA-DQ2/DQ8 heterodimers, since a positive result reinforces the
diagnosis. In contrast, when IgA anti-TG2 level are lower than 10 UNL,
multiple biopsies of duodenum should be performed, including one or two
biopsies of the bulb (either 9- or 12-oclock position) and at least four biopsies
of post-bulbar duodenum (2 bulb biopsies and 4 duodenal 2nd portion
biopsies). If the histological results show enteropathy, a GFD should be

started.

Further assessment is needed when specific serologic tests are negative but
clinical suspicion of CD is high. In this situation, patients should undergo an

upper endoscopy with duodenal biopsies to confirm the diagnosis of CD,

326



Clinical Manifestations of Celiac Disease and Diagnostic Criteria:

Differences Among Children, Adolescents and Adults

because sensitivity of CD-specific serology is lower among adults with
non-atrophic lesions. HLA-DQ2/DQ8 genotyping might be useful to evaluate
the likelihood of CD in these patients and performed intestinal biopsy only in
HLA-DQ2 or —-DQ8-positive patients. In patients with enteropathy but
negative serologic test negative, HLA-DQ2/DQ8 genotyping might be useful
to confirm or exclude a diagnosis of CD because testing negative for both

HLA-DQ types makes diagnosis very unlikely™.

It should be considered that, in any case, serology, genetic testing or
duodenal biopsy results are pathognomonic. This means that in, certain cases,
it is extremely difficult to confirm or rule out the disease. The wide variability
of CD related findings suggests that it is difficult to conceptualize the
diagnostic process into rigid algorithms that do not always cover the whole
spectrum of clinical situations. Sometimes, it may be preferable the
application of simple rules, which, in the hands of an experienced
gastroenterologist, may be equally efficient. In this sense, Catassi and
Fasano® proposed a 5-point scoring system that incorporates: 1) symptoms of
CD; 2) positive CD serologies at high titer; 3) the presence of a HLA-DQ2 or
-DQ8 haplotype; 4) characteristic histopathologic findings; and 5) a serologic
or histologic response to the GFD. The presence of 4 out of the 5 criteria (or
3 out of 4, if HLA-DQ2/DQS8 testing is not performed) would meet diagnostic
criteria for CD according to this proposed system, which has not yet been

validated prospectively (Table 8).
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