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Preface

Celiac disease is a common autoimmune disorder triggered by eating gluten, a
protein found in wheat, rye, and barley. At least 1% of the current world population
is affected by this disease. Despite many years of effort, the pathogenesis of celiac
disease is still not understood completely. We do know that all celiac disease patients
have either the DQ2 or DQ8 gene, but only 1%-3% of these individuals develop the
disease. Obviously, other factors must be involved. Over the years, many factors
have been investigated for their possible contributions to the onset of celiac disease,
including some unusual ones like age, socioeconomic status, education level, and so
on; however, none of these is sufficient to solve the puzzle.

This book contains five chapters, each of which covers an important aspect of
celiac disease. Following the Introductory chapter which is Chapter 1, in the second
chapter Gualandris et al. analyze the primary contributor to celiac, the DQ2 gene.
They examine its role in celiac disease as well as its connections with other abnor-
malities, such as diabetes, irritable bowel syndrome (IBS), inflammatory bowel
disease (IBD), HIV, autism, and multiple sclerosis. In Chapter 3, Torres et al. discuss
the immune checkpoints of IDO, HLA-G, CTLA, and PD1, providing directions
for new therapeutic options. In Chapter 4, Ciclitira and Forbes present a focused
review on refractory celiac disease, including how it occurs, its clinical features,
how it is diagnosed and treated, and possible complications. In Chapter 5, Olawoye
et al. discuss the current status of the gluten-free diet, the only recognized solution
for celiac disease thus far.

Celiac disease is not just a health issue. It is also an economic one that has placed a
tremendous burden on the economies of many countries. For instance, the United
States spent $2.3 billion in 2019 on gluten-free food products. This budget could
reach $4.5 billion by 2027. The United Kingdom invested £426 million in this market
in 2018 and plans to increase this investment by 40% by 2030. If we can discover
other ways to eliminate celiac disease, it would be a big lift to the world economy.
This book is our effort towards this goal.

Jianyuan Chai

Inner Mongolia Institute of Digestive Diseases,
Baotou Medical College,

Inner Mongolia University of Science and Technology,
Baotou, China






Chapter1

Introductory Chapter: Celiac
Disease - Now and Then

Jianyuan Chai

1. Introduction

Celiac disease, in one sentence, can probably be defined as a complex autoimmune
disorder triggered by gluten ingestion in people carrying the HLA-DQ2 or HLA-DQ8
gene. The most common symptom associated with the disease is diarrhea after eating
gluten-containing food, such as wheat, rye, or barley products. The earliest docu-
mentation about the celiac disease can be traced back to the 2nd century AD and it
was written by a Greek physician named Aretaeus the Cappadocian [1]. He used the
Greek word “koiliakos” or “coeliacs” to call it, meaning abdomen discomfort. He said
in English translation: “If the stomach be irretentive of food and if it passes through
undigested and crude, and nothing ascends into the body, we call such persons
coeliacs”. He also identified the connection between the illness and eating bread and
learned that fasting was helpful to reduce the symptoms. This knowledge was elabo-
rated 1700 years later by a British doctor, Samuel Jones Gee, in his lecture entitled
“On the Celiac Affection” [2]. He revealed the fact that celiac disease could affect
not only children but also adults, but mostly children under 5 years old. If the patient
must eat bread, he suggested, “Bread cut thin and well toasted on both sides ... But if
the patient can be cured at all, it must be by means of diet”. This is consistent with our
knowledge today. A more interesting description about the celiac disease was found in
the three lectures given by Professor George F. Still at the Royal College of Physicians
of London [3], who vividly pictured his observation of the sick children: “What
appears to be an infant little more than 12 months old ... it is at least a year or two
older, perhaps three or four years older, than its appearance would suggest”. Now we
know that this is due to malnutrition associated with such eating disorders. Another
important discovery was made by Dicke, a Dutch pediatrician, who noticed that celiac
disease almost vanished in the Netherlands during World War II when bread was
on a serious scarcity, but it came back quickly when the Swedish airplanes dropped
bread to the region. Later, he figured out that it was gluten that made people sick [4].
Starting from the mid-20th century, people have been developing various endoscopic
tools to reach into the duodenum or even further down into the small intestine to
obtain tissue samples for pathological analysis. This technology significantly acceler-
ated our understanding of the pathogenesis of the celiac disease [5]. Later on, gluten
antibodies were discovered in patients with celiac disease and their diagnostic value
was soon recognized in the medical community [6]. This work built the founda-
tion for serological detection of celiac disease today. From the 70s, people started to
look for the possible genetic reasons for celiac disease, and soon a connection with
HLA-DQ2 and HLA-DQS8 expression was found [7, 8]. After the 90s, our current
concept of celiac disease was gradually formed: this is an autoimmune disorder that
can be triggered by gluten ingestion in people with a DQ2 or DQ8 genetic background.
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Looking back the history, our understanding of celiac disease has experienced
such path: presentations of the disease (ancient time till 19th century) - identifi-
cation of gluten as the cause (mid-20th century) — pathology of the disease (the
50-the 60s) — immunology of the disease (the 60-70s) — genetics of the disease (the
70-80s) — current concept of the disease (after the 90s).

2. Pathogenesis of celiac disease

Gluten is a common name for the viscoelastic proteins present in various grains,
such as gliadin from wheat, hordein from barley, and secaline from rye. The main
amino acids of these proteins are glutamine and proline (or collectively called
prolamine), which makes them resistant to proteolytic enzymes of the human gut.
Using gliadin as an example, gliadin contains 35% glutamine and 15% proline and
can only be broken down to oligopeptides of 20-50 amino acids in the human intes-
tine. For the majority of people, these peptides remain in the lumen of the intestine
and eventually are expelled out from the body, but for those individuals who carry
HLA-DQ2/DQ8 genes, they can bind to the chemokine receptor CXCR3 on the
intestinal epithelial cells to induce zonulin overexpression. Zonulin in structure is
similar to the zona occludens toxin from Vibrio cholera and has the function to dis-
assemble the tight junctions between epithelial cells via protease activated receptor
2/EGFR pathway. This allows the half-digested gluten peptides to pass through the
mucosal barrier and reach the lamina propria [9]. Gluten peptides can also reach the
lamina propria through the epithelial cells using IgA/CD71 channels. Once getting
into the lamina propria, these peptides are deamidated by tissue transglutaminase 2
(tTG2), converting glutamine to glutamate, which makes them easier to be taken up
by HLA-DQ2 and -DQ8 bearing antigen-presenting cells. This triggers the genera-
tion of gluten-specific CD4+ T lymphocytes [10]. Upon gluten stimulation, these
gluten-specific T cells start to produce a lot of pro-inflammatory cytokines, includ-
ing interleukin (IL)-15, IL-21, and interferon-y. IL-15 stimulates CD8+ T cells to
migrate to the epithelial layer to attack the epithelial cells, causing villous atrophy, a
hallmark of celiac disease [11]. Gluten-specific T cells also promote the activation of
B cells, which develop into plasma cells, producing the autoantibodies against tTG2,
which is used nowadays as the biomarker in serological tests for celiac disease [12].

Although all of the celiac disease patients are either DQ2 or DQ8 positive, only
1-3% of the people with such genetic background develop the disease [13, 14], indi-
cating that other factors must be involved. Microbial infection in the duodenum has
been postulated to play a role. For instance, Pseudomonas aeruginosa, a bacteria that
is commonly found in the duodenum of celiac disease patients, produces elastases
that can degrade the gluten into highly immunogenic peptides [15]. Other factors
that have been investigated for their possible contributions to the onset of celiac
disease include (1) time and amount of gluten consumption in infants [16-18],

(2) virus infection [19, 20], (3) H. pylori eradication [21, 22], (4) maternal gluten
consumption [23], (5) maternal C-section [24-26], (6) maternal iron deficiency
[27, 28], (7) summer birth [29-31], (8) maternal high education [32], (9) maternal
non-smoking [33], (10) high socio-economic status [34, 35], (11) geographic
locations [36-38], (12) Vitamin D deficiency [39], (13) antibiotic use in childhood
[40], and (14) PPI use [41]. However, none of these factors are sufficient to solve
the puzzle completely. It seems that each one of these factors plays a part but they
(at least some of them) must work together to trigger the intestinal allergy to gluten
and the subsequent clinical manifestations of celiac disease.

While many years of effort has been made, the pathogenesis of celiac disease still
remains as a mystery today.
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3. Current therapeutic strategies for celiac disease

Since celiac disease is troubling at least 1% of the world population, people have
been actively searching for therapeutic solutions to control the disease. The effort
has been focusing on each key component in the entire pathogenic process, which
can be classified into the following five categories.

3.1 Reduction of gluten immunogenicity

The simplest way that one can think of to cure celiac disease is to stop eating all
gluten-containing food. Without the trigger, the disease of course will never occur.
Believe it or not, this is the most effective method thus far to treat celiac disease — a
gluten-free diet. However, wheat products have been the main component of our
daily meals for thousands of years, not only for the Western world but also for the
Orientals. The only difference between the western bread and the eastern bread is
that the former is baked and the latter is steamed. Quitting such a lifestyle for most
people is hard to do. For this reason, scientists have been trying to engineer wheat
genetically so that it will produce flour containing less or not all gluten without los-
ing much of the original gastronomic properties. Unfortunately, this has not been
very successful so far [42, 43].

3.2 Prevention of gluten degradation

The idea is to use synthetic polymers or specific antibodies to sequester gluten
in the gut so that it would not be degraded into an immunogen. BL-7010 is such a
polymer. In vitro analyses as well as animal studies all showed promising results,
including no toxicity [44], gluten selectivity [45], and villous protection [46]. Now
its clinical trials are underway. Using antibodies to seize gluten in the intestine has
also gained encouraging results. AGY is an IgY antibody generated from chicken
eggs against gluten. Taking AGY capsules has been shown capable to reduce gliadin
absorption from 42.8% to 0.7% in an animal study [47]. A clinical trial with AGY
also obtained effectiveness [48].

3.3 Prevention of gluten peptides entering intestinal mucosa

The next target is intestinal epithelial integrity. The majority of gluten peptides
get to the lamina propria through para-cellular space, which is sealed by tight
junctions in healthy individuals. Overexpression of zonulin triggered by gluten
stimulation in DQ2/DQ8 carriers causes a collapse of the tight junctions. Therefore,
if mucosal permeability is restricted, gluten peptides will largely remain in the
intestinal lumen. Larazotide acetate is an octa-peptide developed against zonulin.
Phase I and II clinical trials all showed substantial improvement in clinical symp-
toms, although some patients had some minor side-effect, such as headache and
urinary infections [49-52].

3.4 Inhibition of tissue transglutaminase

As mentioned above, the immunogenicity of gluten peptides in celiac disease
patients is largely dependent on their deamidation by tTG-2. Therefore, inhibi-
tion of tTG-2 activity would reduce the amount of immunogen production.
Because tTG-2 activation also contributes to several other diseases, such as
Parkinson’s, Alzheimer’s, Huntington’s, and even some cancers, a great effort
has been put in to develop tTG-2 inhibitors. An animal study has shown some
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encouraging results using this strategy in the treatment of celiac disease. A phase
IT clinical trial has been initiated.

3.5 Prevention of immune reaction

Celiac disease is an autoimmune disorder. The therapeutic strategies discussed
above all intend to stop gluten from becoming an immunogen. The last approach
is targeting the immune reaction assuming the four strategies above all failed.
This includes using chemical blockers to mask the active sites of DQ2, using
immunodominant gluten peptides to vaccinate DQ2/DQ8 carriers, transplanting
special bacteria that are capable to produce nontoxic gluten in the human gut, using
steroids, etc. Many such products will be out soon.
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Chapter2

The Association of HLA-DQ2 with
Celiac Disease
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Abstract

DQ2 is a surface receptor of class I MHC exposed on APC immune-competent
cells. Its function is to recognize non-self-antigens and present them to CD4+
T-helper lymphocytes, which activate cytokine <21> production and control
antibody production and cell response. The activation of T lymphocytes by peptides
derived from gluten proteins and the production of antibodies directed against tTG
in tissues where it is localized is the basis of the etiopathogenesis of celiac disease
(CD). CD is frequently associated with the presence of specific HLA system genes
encoding heterodimers DQ2 and DQ8, identifiable by the DQA1*0501/DQB1*0201
or DQA1*0501/DQB1*0202 and DQB1*0302 alleles. DQ2 is also associated with
genetic, endocrinological and neurological diseases such as: type 1 diabetes,
thyroiditis, pancreatitis and multiple sclerosis. Interactions between DQ2 and T
lymphoma have also been demonstrated. The correlation between autoimmune
diseases in patients with CD and therefore DQ2 is much more frequent than in
healthy subjects.

Keywords: HLA-DQ2, DQ2 isoforms, DQ2 and celiac disease, DQ2 and diseases,
T helper lymphocytes

1. Introduction to HLA-DQ2 structure and localization

HLA-DQ2 antigen is a surface receptor of antigen-presenting cells (APC), it is
composed of two polypeptide subunits: the o chain (of 32-34 kD) and the B chain
(of 29-32 kD) [1]. Each one presents a peptide-binding domain, an Ig-like domain,
and a transmembrane region with a cytoplasmic tail (Figure 1). These structures
are bind by non-covalent association leadings. Unlike Major Histocompatibility
Complex (MHC) class I molecules, both polypeptide chains are encoded by genes in
the HLA-DQ regions strictly located on chromosome 6 (Figure 2). The pocket for
the bond with the peptide is constituted for half by one chain and half by the other;
each one contributes with an a-helix and 4 filaments of the B sheet.

In the extracellular portion, each chain has an Ig domain (a2 and B2) of which,
B2 contains the binding site for lymphocyte helper CD4+. In HLA-DQ2 both the
a-chains and the B-chains are polymorphic, as a result, unique DQ molecules can be
formed, with a- and B-chains encoded on the same chromosome (encoded in cis) or
on opposite chromosomes (encoded in trans). However, evidence suggests that not
every o- and p-chain pairing will form a stable heterodimer. It is generally consid-
ered that alleles of DQo- and DQp-chains pair up predominantly in cis rather than
in trans. However, the occurrence of trans-encoded HLA class II molecules is well
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Label: The structure of the MHC-II molecule [2].
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Figure 2.
Label: Chromosomal origin of HLA class I and class II [3].

documented in the literature, such as in the case of type 1 diabetes (T1D), where the

trans encoded HLA molecules may play a role in pathogenesis [4].

Each MHC molecule has only one antigen pocket that can bind one peptide at
once, but different peptides at different times. Peptides that can bind to MHC-II

molecules reach 30 or more, while class I MHC molecules can accommodate
peptides with 8-11 amino acids. The peptide-MHC binding is created during its
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assembly and is used to stabilize the complex to allow its expression on the cell
surface and for this reason, the dissociation rate is very slow. This naturally provides
a very long half-life that allows T lymphocytes to meet the antigen. Between MHC
and peptide, a non-covalent connection is formed among the residues in the pocket.
Once the binding has occurred, the peptide and the water molecules that solubilize
it fill the pocket, making contact with the walls and the floor that make it up.

T cells activated by class Il molecules are CD4+ helper cells that: activate cyto-
kine production, control antibody synthesis, and regulate cellular response. DQ is
also involved in the common recognition of auto-antigens; the presentation of these
antigens to the immune system provides tolerance at a young age. When this toler-
ance is lost DQ can be involved in autoimmune diseases such as celiac disease (CD),
type 1 diabetes, and many others as we will see more details afterward [5].

2. HLA-DQ2 isoforms

As mentioned before, there are many potential DQ isoforms, as a result of the
combination of cis- and trans haplotypes and those with cis-pairing are more
common. Typically individuals can produce 4 isoforms, but only HLA-DQ2.5 and
HLA-DQ2.2 tend to be predominantly represented.

HLA-DQ2.5 is composed of the allele HLA-DQA1*0501 (or DQA1*0505) encod-
ing the alpha chain and the allele HLA-DQB1*0201 (or DQB1*0202) encoding the
beta chain. HLA-DQ2.2 consists of the HLA-DQA1*02 alpha chain allele and the
HLA-DQB1*0202 beta chain allele [6].

Very important concerning isoforms is that different subunit matches can cause
the binding of different foreign or self-antigens. Generally, MHC molecules have
slots at the pocket level that can interact with specific amino acids or be comple-
mentary to certain amino acid side chains. The importance of polymorphism is
detected here: only the ability of MHC to bind specifically to a peptide permits it to
be recognized by lymphocytes and to trigger the immune response to it.

The molecule HLA-DQ2 has a peculiar ligation system with three binding sites,
preferably for negatively charged residues and different peptide-binding motifs.
The binding motifs associated with HLA-DQ2 consist of truncated variants of eight
different peptides with a length of 9-19 amino acids.

Data from the pooled sequencing and the biochemical binding analyses of
synthetic variants of a ligand indicate that the side chains of amino acid residues at
relative position P1 (bulky hydrophobic), P4 (negatively charged or aliphatic), P6
(Pro or negatively charged), P7 (negatively charged) and P9 (bulky hydrophobic)
are important for binding of peptides to DQ2 (Figure 3).

Computer modeling of the DQ2 with variants of the ligand in the groove sug-
gests that peptides bind to DQ2 through the primary anchors P1, P7, and P9 and
making additional advantageous interactions using the P4 and P6 positions [8].

2.1HLA-DQ2.5

DQ2.5 refers to both a protein isoform and a genetic haplotype. DQ2.5 isoform or
heterodimer is shorthand for the cell surface receptor HLA-DQ 052 (Figure 4).

DQ2.5 and the linked DR3 are associated with probably the greatest frequency
of autoimmune occurrence relative to any other haplotypes. A genome-wide survey
of markers linked to celiac disease, reveals that the highest linkage is for a marker
within the DQA1*0501 allele of the DQ2.5 haplotype. The association of DQB1*0201
is almost as high. Greatly elevating risk is the ability of the DQ2.5 haplotype
encoded isoforms to increase abundance on the cell surface in DQ2.5 double
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Figure 3.
Label: Analysis of the HLA-DQ2 protein: (A) the 3D structure; (B) the binding sites; (C) the amino acids
residues and the o helix and the B sheet domains [7].

homozygote. While the frequency of DQ2.5 haplotype is only 4 times higher than
the general population, the number of DQ2.5 homozygotes is 10 to 20 times higher
than the general population. Of the approximately 90% of celiacs that bear the
DQ2.5 isoform, only 4% produce DQ2.5trans and differs slightly, one amino acid,
from DQ2.5cis.

Multiple copies of the DQ2.5 haplotype do not cause apparent increases of
severity in celiac disease, but the 25% of celiac patients homozygous DQ2 (DQ2.5/
DQ2) tend to show increases risk of life-threatening complications and more
severe histological findings. The HLA-DQ2.5 molecule preferentially binds pep-
tides with negatively charged amino acids at anchor positions [10, 11]. Whereas
gluten peptides contain few negative charges, these charges can be introduced by
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Figure 4.
Label: The crystal structure of HLA-DQ2.5-CLIP1 [9].

the enzyme tissue transglutaminase (tTG) that selectively deamidates glutamine
residues in gluten peptides [12-14]. DQ2.5cis is the major factor in adaptive immu-
nity by frequency and efficiency in alpha-gliadin presentation and its responses
can be differentiated from other DQ isoforms. Specifically, this DQ2 heterodimer
is responsible for presenting the 02-gliadin that most effectively stimulates patho-
genic T-cells.

As mentioned before, the DQ2.5 haplotype is linked to DR3, which is not linked
to DQ2.2. Using either serotyping or genotyping DQ2.5 can be distinguished from
DQ2.2 or DQ2.3 [5].

2.2HLA-DQ2.2

HLA-DQ2.2 is shorthand for the DQ 022 heterodimeric isoform (Figure 5). DQ2.2
homozygotes represent about 1.1% of the celiac population. While HLA-DQ2.5 is
strongly associated with the disease, HLA-DQ2.2 is not [5].

Whereas the molecular surfaces of the antigen-binding clefts of HLA-DQ2.5
and HLA-DQ2.2 are very similar, there are important differences in the
nature of the peptides presented. These peculiarities in peptide motif binding
cause differences in responding to T cell repertoires and in the disease pen-
etrance [16].

DQ2.2 individuals can mount an antigluten response but bear a lower risk of
celiac disease. The reason is fewer gluten peptides would bind stably to this HLA
molecule. The results give insight into processes important for the establishment of
T-cell responses to antigen in HLA-associated diseases. Patients with celiac disease
with DQ2.2 have gluten-reactive T cells in their small intestine [17].
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Figures.
Label: The crystal structure of HLA-DQ2.2 [15].

2.3HLA-DQ2.3

DQ2.3 is the shorthand for the heterodimeric DQ 032 isoform and is encoded
by the DQA1*03:DQB1*02 haplotype (Figure 6). The receptor coded for the hap-
lotype is a DQ2.3cis isoform, which is genetically linked to DR7 [5]. The gluten
epitope, which is the only known HLA-DQ2.3-restricted epitope, is preferentially
recognized in the context of the DQ2.3 molecule by the T-cell clones of a DQ8/
DQ2.5 heterozygous celiac patient.

The DQ2.3 molecule combines the peptide binding signatures of the DQ2.5 and
DQ8 molecules. This results in a binding motif with a preference for negatively
charged anchor residues at both the P1 and the P4 positions. In this way, some
epitopes can be presented even more effectively in the context of the trans-encoded
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Figure 6.
Label: The crystal structure of HLA-DQ2.3 [18].

DQ2.3 molecule. This has relevance for understanding how the trans-encoded
DQ2.3 molecule is predisposing to type 1 diabetes [4].

The analysis of the structure of DQ2.3 together with all other available DQ crys-
tals shows that the P1 pocket in DQ2.3 is significantly different from that of DQ2.5
due to the polymorphic MHC residues found in this region. Additionally, DQ2.3
presents a gluten epitope to T-cells much more efficiently than DQ2.5 [4].

3. Other isoforms

DQ2 beta chains can combine with trans chains to other alpha chains. However,
there is no preference in cis isoforms for DQ2 alpha chains, 4, 7, 8, or 9 bindings
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to DQ1 alpha chains (DQA1*01). The DQA1*03, *05 chains process nearly identi-
cal alpha chains. The *04 chain can potentially combine with DQ2 to form DQ2.4.
There is the possibility of DQ2.6 resulting from coupling with DQA1*0601 [5].

4. HLA-DQ2 and celiac disease

Celiac disease is a genetically determined immune-mediated disorder in which
individuals carrying HLA DQ2 and/or DQ8 haplotypes develop an immuno-
logic response to gluten ingestion that leads to a wide range of clinical signs and
symptoms.

The Humoral nature, the hereditary and the polygenic CD have great influ-
ence in triggering the disease. The assessment of HLA-DQ2/DQ8 is relevant from
a diagnostic aspect to detect celiac disease; in fact, about 95% of patients with CD
present the HLA-DQ2 genotype [19].

In celiac patient inflammatory T cell responses to HLA-DQ2-bound gluten pep-
tides are thought to cause disease. Gluten-reactive T cells can be isolated from small
intestinal biopsies of celiac patients. T cells derived from the lesion mainly recog-
nize gluten deamidate peptides. There are several distinct T cell epitopes within
gluten. DQ2 and DQ8 bind the epitopes so that the glutamic acid residues created
by deamidification are placed in compartments that have a preference for negatively
charged side chains. Evidence indicates that in vivo deamidation is mediated by the
enzyme tissue transglutaminase (tTG) that can also cross-link glutamine residues of
peptides with lysine residues in other proteins, including tTG itself. This can lead to
the formation of gluten-tTG complexes. These complexes may allow gluten-reactive
T-cells to provide aid to tTG-specific B-cells through an intramolecular aid mecha-
nism, thus explaining the presence of gluten-dependent tTG autoantibodies which
is a characteristic feature of active CDs.

5.HLA-DQ2 and celiac disease class risk

Ideally, all patients with CD carry alleles encoding for the DQ2 and/or DQ8
molecules or at least one chain of the DQ2 heterodimer. The presence of CD in
the absence of these DQ risk factors is extremely rare. The presence of these
molecules does not accurately predict that CD will develop, as they are present in
25-50% of the general population, although the fact that the vast majority of these
individuals will never develop the disease. About 90% of individuals with CD
carry HLA-DQ2.5, while individuals with CD who do not express these haplotype
usually express either HLA-DQ2.2 or HLA-DQ8; very few coding for HLA DQ7.5
(DQA1*05:05-DQB1*03:01), DQ2.3 or DQ8.5 (DQA1*05-DQB1*03:02).

Differences in CD risk between haplotypes are related to gluten peptide binding
and subsequent T-cell response. The effect of gene dose is related to the level of
peptide binding to homozygous and heterozygous HLA-DQ2 and its subsequent
presentation to T cells. Individuals homozygous for DQ2.5 and DQ8 have an
increased risk of the disease. Gluten presentation by HLA-DQ2 homozygous was
superior to HLA-DQ2/non-DQ2 in terms of T cell proliferation and cytokine secre-
tion (Figure 7).

HLA-DQ2.5 predisposes to celiac disease respect to DQ2.2, because the first
one presents a large repertoire of gluten peptides, whereas the second one presents
only a subset of these. HLA-DQ2.2 does not predispose to CD unless it is expressed
in combination with HLA-DQ2.5. Gluten presentation by HLA-DQ2.5/2.2 induces
intermediate T-cell stimulation. However, individuals homozygous for HLA-DQ2.5
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or heterozygous HLA-DQ2.2/2.5 have the highest risk of developing CD. In
HLA-DQ2.5/2.2 heterozygous individuals have properties identical with HLA-DQ2.5
dimers. In contrast, HLA-DQ2.5/non-DQ2.2 heterozygous individuals have an only
slightly increased risk (Figure 8).

Considering even more in detail, it has been demonstrated that differences in
conferred risk associated with CD are the result of the polymorphism in the a chain
between HLA-DQ2.5 and HLA-DQ2.2.

HLA-DQ2.2 is virtually identical to the peptide-binding properties of HLA-
DQ2.5. Both are highly homologous except for a single polymorphic residue
(HLA-DQ2.5-Tyr22a. and HLA-DQ2.2-Phe22a). The role of the Phe220 variant in
HLA-DQ2.2 is to influence peptide binding preferences and to decide how DQ2.2
TCRs engage the DQ2.2-gluten complex.

Crystal structure studies revealed a docking strategy, where the TCR
HLA-DQ2.5 gliadin epitopes complexes were notably distinct from the HLA-DQ2.2-
glut TCR complex [22].

HLA-DQ2.5 and HLA-DQ2.2 binds and presents gluten peptides with glutamate
residues at anchor positions P4, P6, or P7). Three HLA-DQ2.2 epitopes (DQ2.2-
glut-L1, DQ2.2-glia-a1, and DQ2.2-glia-02) have sequences similar to HLADQ2.5
binding peptides, with the exception that they all carry serine at P3. As seen for
HLA-DQ2.5 epitopes, the HLA-DQ2.2 ones display a hierarchy with DQ2.2-glut-L1
being the epitopes recognized by most T cells [23].

6. HLA-DQ2 and interaction with HLA-DM

HLA-DQ2 is influenced by interaction with Ag presentation cofactors, invariant
chain (Ii), HLA-DM (DM), a peptide exchange catalyst for MHC class II (Figure 9).

DM can enhance or suppress the presentation of specific MHCII peptide com-
plexes. In general, MHCII-peptide complexes with lower intrinsic stability are DM
susceptible, but not all high-stability complexes are DM resistant. HLA-DQ2 is
relatively resistant to DM because DQ2 has a natural deletion in the region involved
in the interaction with DM, compared with most other alleles.

The role of DQ2/DM concerns interaction in the DQ2-restricted gliadin epitopes,
relevant to celiac disease, or DQ2-restricted viral epitopes, relevant to host defense.
DM activity has different consequences on DQ2 presentation of epitopes to T cell
clones, with suppression of gliadin presentation and enhancement of viral peptide
presentation. These results imply key differences in DQ2 Ag presentation pathways.

DM-resistant feature of DQ2 likely contributes to the escape of gliadin peptides
from extensive DM editing. Also, DQ2 has the special ability to stably bind proline-
rich gliadin peptides that use TG2-deamidated residues as DQ2-binding anchors.
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Together, these unique features of DQ2 may allow gliadin presentation to disease-
driving CD4" T cells and contribute to the uniquely selective DQ2 presentation of
DM-sensitive gliadin epitopes.

In contrast, the presentation of DM-resistant epitopes that form more-stable
complexes with DQ2 likely relies less on the above mechanisms, as DM editing
positively affects the presentation of these epitopes. The elevation of DM expres-
sion in peripheral APC (particularly during infection) may benefit self-tolerance by
attenuating the presentation of DM-sensitive epitopes while boosting the presenta-
tion of DM-resistant pathogen-derived epitopes and aiding in host defense [25].

7.HLA-DQ2 refractory celiac disease (RCD) and enteropathy-associated
T-cell lymphoma (EATL)

Refractory celiac disease (RCD) is defined by persistent mal-absorptive symp-
toms and villous atrophy despite strict adherence to a GFD for at least 6-12 months
in the absence of other causes of non-responsive treated celiac disease.

The pathology can be classified as type 1 (normal intraepithelial lymphocyte
phenotype), or type 2 (defined by the presence of abnormal [clonal] intraepi-
thelial lymphocyte phenotype). RCD 1 usually improves after treatment with a
combination of aggressive nutritional support, adherence to GFD, and alternative
pharmacologic therapies. By contrast, clinical response to alternative therapies in
RCD 2 is less certain and the prognosis is poor. Severe complications such as ulcer-
ative jejunity and Enteropathy T-cell lymphoma (ETL) may occur in a subgroup of
patients with RCD [26].

ETL is a T-cell non-Hodgkin lymphoma arising in the gastrointestinal tract that
shows a differentiation of tumor cells toward the phenotype of intestinal intraepi-
thelial T cells. The clinical course of ETL is highly aggressive, with most patients
dying from the disease within months of diagnosis. Enteropathy T-cell lymphoma
comprises two morphologically, clinically, and genetically distinct lymphoma enti-
ties: the ETL type 1and 2.

ETL arises in individuals with the DQA1*0501, DQB1*02 CD-predisposing
genotype. The HLA typing found in these patients revealed that more than 95%
have an HLA-DQ2/-DQ8 genotype [27]. Comparing studies of HLA-DQB1 geno-
typing in celiac disease and ETL have detected that the overall HLA-DQB1 geno-
type pattern observed in type 1 ETL closely resembled those for ETL, whereas
those of type 2 ETL are not significantly different from that of normal Caucasian
controls.

ETL1 patients show significantly more frequent expression of HLA-DQB1*02
than the type 2 ones [28]. Lymphoma type 1 may arise and be pathogenetically
linked to refractory celiac disease by a stepwise acquisition of genetic alterations.
Contrary given the genetic alterations and HLA-DQB1 genotype patterns, celiac
disease may not be causal to type 2 ETL. At least 47% of patients with type 2 ETL
are very likely to never have had celiac disease [29].

The highly significant correlation between HLA-DQ2 homozygosity and the
development of RCD II and ETL, suggests that the strength of the gluten-specific
T-cell response in the laminapropria directly or indirectly influences the likeli-
hood of RCD II and lymphoma development. As already mentioned in the chapter,
also in this case, the higher T-cell proliferation and cytokine secretion induced by
HLA-DQ2 homozygous APC, than HLA-DQ2 heterozygous APC, may explain the
strongly increased risk for disease development in HLA-DQ2/DQ2 individuals [30].
This would indicate that adherence to a gluten-free diet is particularly important for
CD patients who are HLA-DQ2 homozygous.
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These observations suggest that specific tests, such as those for lymphocyte typ-
ing for T cells, should be indicated in all patients with CD who are not responding
to a gluten-free diet. The availability of a simple and reliable immune histochemical
method can make the distinction between CD and RCD feasible. HLA-DQ typing is
doable and it may be an efficient test to recognize individuals at risk for these condi-
tions with a poor prognosis, particularly now that some evidence has been given to
support the hypothesis that autologous hematopoietic stem-cell transplantation can
alter disease progression in severe [29].

8. HLA-DQ2 and liver/gastrointestinal (GI) disease

Liver and gastrointestinal diseases have many etiologies that are poorly under-
stood. Whether due to genetic abnormalities, psychological factors, or other
environmental variables, functional disorders can be complex and difficult cases
to resolve. A strongest evidence of an association with DQ2/8 was found in patients
with functional upper GI disorders [31]. There are several reasons why it may be
prudent to study DQ2/8 alleles in GI disease outside of celiac disease in fact, evi-
dence suggests that celiac disease may alter the risk of developing irritable bowel
syndrome (IBS), inflammatory bowel disease (IBD), eosinophilic esophagitis,
or certain liver diseases. Several studies have directly compared the prevalence
of the DQ2/8 haplotype in GI disease. These haplotypes may play a role in liver/
digestive disease through pathological mechanisms different from those of celiac
disease. DQ2/8 contains myriad genes involved in inflammatory processes, such as
tumor necrosis factor-a, causal mechanisms between these genes, and GI disease
may exist.

Known immunological associations between IBD and DR7, which is linked to
both DQ2 and DQ8 haplotype have been established. The relation between DQ2/8
and IBD/IBS was analyzed in particular in two studies from an Italian and a Danish
group and both demonstrated that the proportion of IBS was lower among HLA
DQ2/8 positive individuals. However the Italian group also found that IBD and liver
diseases were more prevalent among HLADQ2/8 subjects, but it is not confirmed
in the Danish study. Prior prevalence data though suggest that IBD, particularly
Crohn’s disease, is lower in individuals with the DQ2/8 linked celiac disease.

IBS has also been linked to HLA DQ2/8 haplotypes and intestinal transit rates
[31]. Approximately 46% of patients with diarrhea-predominant IBS (IBS-D)
have accelerated colonic transit. Some patients with IBS report an association
of symptoms with specific foods, suggesting a role for food hypersensitivity.

One such food is gluten in the absence of overt celiac disease. The spectrum of
gluten sensitivity ranges from minimal histological changes such as increased
intraepithelial lymphocytes without villous atrophy, increased immunoglobulin

A (IgA) deposits in intestinal villi, gluten-sensitive diarrhea, and immunological
mucosal response to gluten exclusion in patients with celiac disease. Typically, one
or more of these findings are seen in individuals who are positive for HLA-DQ2

or HLA-DQ8. Wahnschaffe et al. demonstrated that, among patients with IBS-D,
response of diarrhea to a gluten-free diet was influenced by HLA-DQ2 positiv-

ity and the presence of IgG tissue transglutaminase (TTG) antibody in duodenal
aspirates. Symptom response to gluten withdrawal occurred in 62% of patients
positive for both HLA-DQ2 and IgG-TTG; in contrast, only 12% of patients negative
for HLA-DQ2 and TTG-IgG responded; suggesting that symptom generation in this
subset of patients is immune-mediated. Is demonstrated that patients with IBS-D,
positive for either HLA-DQ8 or both HLA-DQ2/DQ8 genotypes that are associated
with gluten sensitivity, have an accelerated colonic transit time [32].
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The HLA DQ2 in association with HLA-DR3 is also associated with another GI
disease; in fact, this combination is linked with a more rapid progression of primary
sclerosing cholangitis (PSC) [33].

9. HLA-DQ2 and diabetes

Type 1 diabetes (T1D) is an autoimmune disease attacking pancreatic
Langerhans islets. The islets are composed of several types of cells: a, B, 3, &, and
pancreatic polypeptide (PP). Each type plays a different role in the secretory func-
tion of the pancreas and, among others, a and B cells produce glucagon and insulin,
respectively. The interplay between these two compounds provides proper glucose
level administration in blood.

It has been already shown that auto aggression in T1D starts in mutations in the
MHC system. HLA-DQ molecules have the role to bind and present beta-cell auto-
antigen derived peptides in T1D. The combinations of DR4-DQ8 and DR3-DQ2
antigens occur in 90% of people with diabetes. However, the homozygous state
for an allele does not further increase the risk. Indeed it is well established that
individuals heterozygous for HLA-DQ2 and HLA-DQ8 have almost 5 fold higher
risk than homozygous to development of T1D [1, 13, 14]. This has been linked to
the formation of trans dimers between the HLA-DQ2 o chain and the HLA-DQS8 f
chain (HLA-DQS8 trans) [19, 22, 26, 34]. In particular, the HLA DQ8 trans het-
erodimer confers the highest risk for the development of T1D. This indicates that
such HLA-DQ trans dimers can bind and present a unique autoantigen derived
peptide that leads to beta-cell destruction in the pancreas and the development of
T1D [35].

Juvenile diabetes has a high association with DQ2.5. A combination of DQ2.5
and DQ8 significantly increases the risk of type 1 onset of adult diabetes, while the
presence of DQ2 with DR3 reduces the age of onset and severity of the autoimmune
disease.

The formation of trans encoded molecules DQ8.5 (DQA1*05:01/DQB1*03:02)
and DQ2.3 (DQA1*03:01/DQB1*02:01), which could present one or a few specific
diabetogenic epitopes to CD4+ T-cells, possibly inducing an immune response that
leads to the destruction of insulin-producing pancreatic B islet cells [12]. A strong
argument for the involvement of the DQ2.3 heterodimer in type 1 diabetes comes
from trans racial gene mapping studies that have found that this heterodimer, which
is typically found in the trans configuration among Caucasian subjects, exists and is
over-represented in the cis configuration among type 1 diabetes patients of African
origin [16, 17]. The increased diabetes risk of the African DQ2.3 (DQA1*03:01/
DQB1*02) carrying DR7 haplotype is contrasted by a protecting effect of the DQ2.2
(DQA1*03:01/DQB1*02) carrying DR7 haplotype of European origin [17].

Patients with homozygous type 1 DQ2 diabetes have a marked prevalence of IgA
anti-transglutaminase autoantibodies. The great excess of positive transglutaminase
autoantibodies among homozygous DQ2 diabetics is related to both the presence
of DQ2 and its addition to all genetic or environmental factors associated with type
1 diabetes. These additional factors may be related to abnormalities in mucosal
immunity that increases the risk of both type 1 diabetes and celiac disease.

Type 1 diabetes is an autoimmune disease attacking pancreatic Langerhan’s islet.
The islet is composed of several types of cells: a, B, 3, €, and pancreatic polypeptide
(PP). Each type plays a different role in the secretory function of the pancreas and,
among others, o and B cells produce glucagon ad insulin, respectively [36]. Interplay
between these two compounds provides proper glucose level administration

in blood.

23



Celiac Disease

It has been already shown that auto aggression in T1D starts in mutation in the
MHC system. HLA-DQ molecules have the role to bind and present beta cell auto-
antigens derived peptides in T1D. The combinations of DR4-DQ8 and DR3-DQ2
antigens occur in 90% of people with diabetes. However, the homozygous state for
an allele does not further increase the risk. It is well established that individuals het-
erozygous for HLA-DQ2 and HLA-DQ8 have an almost 5 fold higher risk than those
who are homozygous for either of the DQ variants for the development of T1D, and
this has been linked to the formation of trans dimers between the HLA-DQ2 a chain
and the HLA-DQ8 B chain (HLA-DQ8 trans). This indicates that such HLA-DQ
trans dimers can bind and present a unique auto antigen-derived peptide that leads
to beta-cell destruction in the pancreas and the development of T1D. In particular,
HLA DQS8 trans heterodimer confers the highest risk for the development of T1D.

Indeed diabetes has a high association with DQ2.5. A combination of DQ 2.5
and DQ8 significantly increases the risk of type 1 onset of adult diabetes, while the
presence of DQ2 with DR3 reduces the age of onset and severity of the autoimmune
disease.

The formation of trans encoded molecules DQ8.5 (DQA1*05:01/ DQB1*03:02)
and DQ2.3 (DQA1*03:01/DQB1*02:01), which could present one or a few specific
diabetogenic epitopes to CD4+ T cells, possibly inducing an immune response that
leads to the destruction of insulin-producing pancreatic p islet cells. Moreover,

a strong argument for the involvement of DQ2.3 heterodimer in type 1 diabetes
comes from transracial gene mapping studies that have found that this heterodimer,
which is typically found in the trans-configuration among Caucasian subject, exists
and is over-represented in the cis configuration among type 1 diabetes patients of
African origin. The increased diabetes risk of the Africans DQ2.3 carrying DR7
haplotype is contrasted by a protecting effect of the DQ2.2 carrying DR7 haplotype
of European origin, speaking to the functional importance of o chain in the DQ2.3
molecule.

Patients with homozygous type 1 DQ2 diabetes have a marked prevalence of IgA
anti-transglutaminase autoantibodies. The great excess of positive transglutaminase
autoantibodies among homozygous DQ2 diabetics is related to both the presence
of DQ2 and its addition to all genetic or environmental factors associated with type
1 diabetes. These additional factors may be related to abnormalities in mucosal
immunity that increases the risk of both type 1 diabetes and celiac disease. In T1D
the risk associates with the HLA-DQ2/8 heterozygous haplotype was found to be
increased compared with homozygous HLA-DQ2 or HLA-DQ8 individuals, suggest-
ing an epistatic or synergic effect [37].

10. HLA-DQ2 and thyroid disease

The term autoimmune thyroid disease (AITDs) encompasses several different
entities characterized by varying degrees of thyroid dysfunction and the presence
of serum auto-antibodies against thyroid tissue-specific components, such as
thyroglobulin (TG) and thyroid peroxidase (TPO) [34].

Hashimoto’s thyroiditis (HT) and Graves’ disease (GD) are AITDs with differ-
ent physiopathology, being traditionally regarded as two different disease entities.
More recent views, in contrast, have considered the hypothesis that there might be a
continuum between HT and GD.

Genes of, or closely associated with, the HLA complex are assumed to contribute
to the genetic predisposition to AITDs. Genetics plays a prominent role in both
the determination of thyroid hormone and thyrotropin (TSH) concentrations and
susceptibility to autoimmune thyroid disease. Heritability studies have suggested
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that up to 67% of circulating thyroid hormone and TSH concentrations are geneti-
cally determined, suggesting a genetic basis for narrow intra-individual variation in
levels [34]. Until today the mechanisms leading to thyroid autoimmunity are largely
unknown.

In 30%-40% of healthy individuals, DQ2, and DQ8 are associated with diseases
such as Hashimoto’s Thyroiditis. In patients with a CD instead, autoimmune thyroid
disease was observed in 14% and 30.3% in adults, while thyroid abnormalities were
described in 37.6% and 41.1% in pediatric age.

Noteworthy was the presence of high titers of serum TPO antibodies [11] and
serum TG antibodies [12] in the celiac pediatric patients without a gluten-free diet
(GFD), these values were reported to return to normal after 2 or 3 years on a GFD.
This finding suggests that these antibodies are gluten dependent.

Furthermore has been analyzed the association between Hashimoto’s thyroiditis
and celiac disease in the Dutch population and it has been demonstrated that HLA
DQ2.5 was associated with higher TSH levels. This correlation is not been found
for the other thyroid markers (TPO, FT4). A reason could be that TSH is a more
sensitive marker for hypothyroidism, as well as the fact that TSH is a quantitative
parameter measured in all participants of that study, giving more power to detect
differences.

More than doubled GD rates are correlated to the genetic association to the
DR3-DQ2 haplotype [38]. A study of Asian Indian patients with Graves’ disease
revealed a significant increase in the frequency of HLA-DQW?2 as compared to the
control population [37]. HLA-DQA1*0501 was also shown to be associated with
GD in a Caucasian family study [37] but, the primary susceptibility allele in GD is
indeed HLA-DR3 [37]. Further analyses have shown that these variants are almost
always inherited together in Caucasian populations, so they act as a single genetic
factor. These haplotypes are among the crucial genetic factors of celiac disease in
European descendants, confirming a strong connection between gluten intolerance
and autoimmune thyroid conditions. This theory is confirmed by studies on a large
UK Caucasian case—control population, which have shown that the contribution of
the HLA class II region to the genetic susceptibility of Graves’ disease is due to the
haplotype DRB1*0304-DQB1*02-DQA1*0501, with no independent association of
any individual allele. However, as a result of strong linkage disequilibrium within
the MHC region, it is difficult to assess which loci are acting as primary etiological
determinants. The same HLA haplotype is associated with the large multifunctional
proteasome 2 loci (LMP-2). The LMP molecules are overexpressed in thyrocytes,
the target cells of Graves’ disease and the LMP genes are found within the MHC
class I region. The LMP genes may therefore play a role in susceptibility to Graves’
disease [39].

11. HLA-DQ2 and dermatitis herpetiformis

Dermatitis herpetiformis (DH) is a chronic, pruritic, papulovesicular skin
disease of unknown origin. The characteristic rash is symmetrically distributed over
the extensor surfaces and buttocks and, also, most patients with DH have asymp-
tomatic gluten-sensitive Enteropathy [40].

All patients with DH had typical clinical and histologic features, as well as
granular deposits of IgA at the dermal-epidermal junction. The gastrointestinal
lesions are essentially identical to those seen in patients with ordinary CD, although
less severe and more patchy. A pathophysiologic link between CD and DH has been
suggested by the observation that the skin lesions of DH as well as the abnormalities
of the jejunal mucosa regress on a gluten-free diet.
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DH is associated with a markedly increased frequency of the HLA class II anti-
gens DR3 and DQ2. The primary HLA association is HLA-DQ2 (expressed in 100%
of DH patients), whereas the HLA-DR3 is code in 95% of cases [41]. HLA-DQ8 may
therefore be a second HLA susceptibility molecule in DH; all the DH patients carry-
ing DQ2 plus a DR4 haplotype also carried DQ8.

An increased frequency of DR3, DQ2 homozygosity, and a slightly increased
frequency of DR3, DQ2 heterozygosity were found among the DH patients. It is,
therefore, possible that a gene dosage effect of DQB1*02 may be present also in DH
patients.

DH and CD both are primarily associated with the same DQ (a1*0501, 1*02)
heterodimers, and in both diseases most of the few remaining patients not carrying
this heterodimer instead carry the DQ (01*03, $1*0302) heterodimers.

In patients where a jejunal biopsy has been performed have been detected abnor-
mal biopsies both among the DQ (01*0501, f1*02) positive and negative patients.
No significant differences in the frequency of abnormal biopsies were observed
between the two groups of patients.

CD and DH have different HLA associations; CD being primarily associated
with genes in the DQ/DR region, while DH was more strongly associated with genes
in the complement region. Anyway, the very similar associations in CD and DH to
the same cis or trans associated DQ2 heterodimer, or the DQ8 heterodimer, can be
taken as an argument against differences in primary HLA associations in these two
diseases [41].

12. HLA DQ2 in recurrent pregnancy loss women

Recurrent pregnancy loss (RPL) is diagnosed when three or more consecutive
spontaneous abortions occur. RPL occurs in about 2-3% of clinically diagnosed
pregnancies of reproductive-aged women.

At present, accepted etiologies for RPL include parental chromosomal abnor-
malities, untreated hypothyroidism, uncontrolled diabetes mellitus, certain uterine
anatomic abnormalities, antiphospholipid antibody syndrome, thrombophilias,
infections, and environmental factors [42].

In RPL women, an increased risk of immune abnormalities, such as increased
antinuclear antibodies (ANA) and thyroid antibody is been observed [43].

However, in 40% of cases, the cause is unknown.

A significant association between RPL and celiac disease is been demonstrated.
Various pathogenic mechanisms underlying the pregnancy failure in CD have been
suggested: among them the ability of anti-transglutaminase antibodies to impair
the trophoblast invasiveness and endometrial endothelial cells differentiation and
disrupt early placentation. A higher proportion of individuals HLA DQ2/DQ8 posi-
tive in women with RPL compared to controls is found, (52.6% vs. 23.6%), with 3.6
times higher odds of DQ2/DQ8 positivity.

Whether a similar mechanism to that of CD can be linked to this obstetric
complication needs to be investigated. This model might appear a simplification of
all the complex mechanisms underlying RPL.

The HLA-DQ2/DQ8 alleles by themselves, outside of CD, are found more fre-
quently in RPL women. A possible pathogenic link of HLA-DQ2/DQ8 positivity, in
presence of exogenous still unknown stimuli, may favor an immune condition with
detrimental effects during the early stages of pregnancy.

A statistically significant association between HLA-DQ2/DQ8 and ANA positiv-
ity in RPL women is demonstrated. There is a significantly higher prevalence of
ANA positivity in RPL women compared to control (~ 50% vs. 8.3%-27%).
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ANA are a group of autoantibodies found both in the serum of patients with
autoimmune and rheumatic diseases and in the general population.

As serological markers, ANA show diagnostic and prognostic significance, while
their clinical utility in normal individuals is still unclear. Even if many serologically
positive individuals will never develop an autoimmune disease, others may be ina
pre-autoimmune state.

Further studies are needed to better understand the possible pathogenic mecha-
nism to this observation; the clinical and therapeutic implications of our observa-
tion to provide a new approach to RPL couples [44].

13. HLA-DQ2 and allergy

HLA class-II alleles are associated with some allergies indicating that these
alleles might confer susceptibility to the respective allergens. HLA plays a role in
antigen/allergen presentation and IgE deregulations.

Few studies have associated HLA DQ2/DQ8 with allergy and other ones have
analyzed the association between HLA class II antigens and the specific IgE
response to purified allergens. One of these studies found an association between
DQ8 and have in specific IgE immune response in individuals with a latex allergy,
while others found DQ2 to be associated with olive pollen. However, the association
of HLA DQ2/8 with allergy remains unclear.

There is a significant difference between HLA DQ2/8-positive and -negative
individuals for dust mite allergy.

A significant association between the IgE antibody response to a highly purified
allergen from olive tree pollen and HLA class II antigens DR7 and DQ2 in Spanish
patients with seasonal allergic pollenosis is reported. The HLA-DQ2 phenotypic
frequency is greater in patients with IgE antibodies olive tree pollen compared with
the control group.

The combined involvement of DR and DQ in the allergen response has only been
described in the study of reactive T-cell repertoire in a mite sensitized patient. It’s
identified HLA-DR and DQ restricted T-cell epitopes, one of which can bind to both
DR and DQ molecules.

These results empathize the importance of genetic factors in the allergic
response. As described in several reports, antigen-specific and non-specific factors
are involved in genetic restriction.

Until now none of these factors can be considered as the exclusive determinant
of the restriction. It is necessary to perform more studies with T-cell lines and
peptides of this protein to determine which is the main region implicated in this
response, and clarify this complex response [45].

14. HLA-DQ2 and HIV

Infection with human immunodeficiency virus type 1 (HIV-1) and progres-
sion to acquired immune deficiency syndrome (AIDS) are controlled by both host
genetic factors and viral factors.

The HLA region controls immune response functions and tissue rejection and
influences susceptibility to infectious diseases including HIV. There are HLA class
IT alleles associated with susceptibility to and protection from HIV-1 infection and
that these differences between ethnic groups.

In the HIV+ Caucasian group, a poor prognosis was associated with HLA-DQ2
and a preferable prognosis was associated with HLA-DQ3.
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The HLA-DQ3 association appears to be linked with the development of
Toxoplasmic Encephalitis (TE) in AIDS. An association of HLA-DQ2 with the
occurrence of opportunistic infections in AIDS patients is been confirmed [46]. Of
interest was the absence of difference in the frequencies of the HLA-DQ2 antigen
between TE patients and controls.

The development of TE in HIV infected patients is regulated by genes in or near
the HLA complex and suggests that HLA-DQ typing may help in decisions regard-
ing TE prophylaxis.

An immune response gene in the DQ region may control the progression of HIV
infection in adults. The rapidly progressive DQ-associated peptide might block the
progression of HIV if given as a novel vaccine [47].

15. HLA-DQ2 and vaccines

Although DQ2 is associated with vigorous antigluten T cell responses, DQ2 also
is associated with poor responses to several vaccines and failure to control hepatitis
virus C and hepatitis virus B.

Studies analyses the association between HLA class II alleles and haplotypes
with antibody response to recombinant HBsAg vaccination in Iranian healthy adult
individuals. The results, in parallel with other reports, confirm the association of
certain HLA class-II alleles with a lack of antibody response to HBsAg vaccine [48].

Discordant HLA/peptide binding and cytokine production patterns observed
in genetically identical monozygotic twins vaccinated with HBsAg suggest the
involvement of post genetic and environmental factors influencing the T cell
repertoire.

However, APC from non-responders can present HBsAg to HLA class
II-matched T-cells of responders. This indicates that defective HBsAg-specific
T-cell repertoire rather than APC dysfunction could be involved in vaccination
failure [49].

Several studies have established significant associations between DQ2, primary
sclerosing cholangitis, and hepatitis C virus recurrence after transplant. A signifi-
cant relationship between the individual scores of HLA mismatches HLA-DQ2 and
the recurrence of HCV was observed.

The large proportion of DQ2/8 positive viral hepatitis patients agrees with the
hypothesis that these haplotypes may be involved in certain liver disease pathogen-
esis. DR3-DQ2 haplotype is the principal risk factor for the disease [50].

Analyses by restriction fragment length polymorphism do not implicate a single
susceptibility gene at the DQ locus. The unique factor that allows patients with
autoimmune hepatitis to be distinguished from normal subjects or those with viral
hepatitis is the DR3-DQ2 haplotype.

The association of DQ2 with suboptimal responses to some viruses raised the
possibility that its reduced interaction with DM might also lead to the presenta-
tion of moderate-affinity viral peptides, whose unstable binding to DQ2 would
reduce the surface of the DQ2/peptide complex and compromise CD4+ T cell
responses [51].

16. HLA-DQ2 and autism
HLA genes also play a role in reproduction, pregnancy maintenance, in parental
recognition and have been associated with over 100 diseases and disorders includ-

ing autism.
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Autism remained a poorly understood pathology for several decades. It is impor-
tant to note that the diagnostic criteria have been modified over the years to include
a broader category of symptoms, thus increasing the number of children diagnosed
with the disorder, now referred to as Autism Spectrum Disorder (ASD) [52].

It has been reported that ASD subjects often have associations with HLA genes
or haplotypes, suggesting underlying deregulation of the immune system mediated
by HLA genes.

A significant number of autistic children have serum levels of IgA antibodies
against the enzyme tissue transglutaminase II (TG2) above normal, and the expres-
sion of these antibodies is linked to the HLA-DR3, DQ2, and DR7, DQ2 haplo-
types [53].

TG2 is expressed in the brain, where it is important in cell adhesion and synaptic
stabilization.

These children constitute a subpopulation of autistic children who fall within the
autism disease spectrum, and for whom autoimmunity may represent a significant
etiological component of their autism.

17. HLA-DQ2 and multiple sclerosis

Multiple sclerosis is a chronic disease in young adults. It is caused by the demy-
elination of the central nervous system cells. It is considered a T-cell-mediated
autoimmune disease that is likely caused by exogenous events, such as infectious
agents, in susceptible individuals [54].

Population, family, and twin studies indicate that genetic factors and most
likely several genes are associated with the disease, but genetic backgrounds as well
as exogenous or somatic events are required to develop the disease. The strongest
genetic association with disease among the many candidate genes that were ana-
lyzed was demonstrated for HLA-DR15, HLA-DQ2, and HLA-DQ6 [55]. HLA-class
IT haplotypes such as DR2/DQ6, DR3/DQ2, and DR4/DQ8 show the strongest
linkage with the disease.

A positive connection of primary progressive MS with DR4-DQ8 and DR1-DQ5
and an association of “bout onset” MS with DR17-DQ2 is be found, while an HLA
association with disease severity was not found [56].

It is currently unclear how the expression of a particular HLA class II gene would
result in susceptibility to develop an organ-specific autoimmune disease.

18. HLA-DQ2 and world frequencies

The HLADQ?2 associated disease risk is known to be modified across individuals
or populations varying in ethnic background, geography, or gender.

The presence of genes coding for DQ2 and DQ8 molecules explains up to 40%
of the occurrence of celiac disease in European populations. DQ2 is most common
in Western Europe; higher frequencies are observed in parts of Spain and Ireland.
In European celiac patients, the frequency of the HLA DQ2 is up by 90% e the HLA
DQS8 is between five and 10% like was described in Dutch, UK, and Irish cases.

Differences in the frequencies of the HLA genotypes DQ2 and DQ8 in non-Euro-
pean populations have already been described. Patients of Indian origin had a lower
frequency of HLA DQ2 than those of British origin. Lower frequencies of HLA DQ2
and higher frequency of HLA DQ8 than Europe have also been described among
CD patients in the United States (82% DQ2 and 16% DQ8 only) and in Cuba (86%
DQ2) In Chilean celiac patients the genotype DQ8 predominates. The genotypes

29



Celiac Disease

DQ2 and DQ8 were present in 93.2% of patients with CD in the Northeast of Brazil.
The HLA DQ2 was present in 75.6% and DQ8 in 17.8% of these patients.

Another finding from this group is that 79% of the unaffected control families
carried genotype DQ2 and/or DQ8, which is one of the highest frequencies so
far described among first-degree relatives. Most studies on HLA among first-
degree relatives found that no more than 59.5% of first-degree relatives in Europe
presented HLA DQ2 and DQ8. Since the frequencies of genetic markers among
populations of first-degree relatives reflect and amplify those among the general
population of which they form part, in this region, a large proportion of the general
population may carry these markers.

The frequencies of the different isoforms of DQ2 were also analyzed. The
Eurasian geographic distribution of DQ2.2 is slightly greater than DQ2.5. Compared
to DQ2.5, the frequency in Sardinia is low, but in Iberia, it is high reaching a maxi-
mum frequency of ~30% in Northern Iberia, and half that in the British.

Cases of DQ2.2 patients with CD without DQ2.5 are in some populations,
particularly in the south of Europe. It extends along the Mediterranean and Africa
at relatively high frequency and is found in high frequencies in some Central Asian,
Mongolians, and Han Chinese. It does not appear to have an indigenous presence
in the West Pacific Rim and DQ2.2 presence in South-east Asia and Indonesia is
likely the result of gene flow from India and China in the past. The haplotype shows
considerable diversity in Africa. The expansion of DQ2.2 into Europe appears to
have been slightly later. DQ2.5 is generally highest in northern, Icelandic Europe,
and Basque in northern Spain. Phenotype frequency exceeds 50% in parts of
Ireland, which overlaps one of three global nodes of the DQ2.5 haplotype in Western
Europe [57].

19. Conclusion

This work is designed to provide a quick overview of the HLA-DQ2 molecule,
analyzing the main points such as molecular structure, gene variants, and the
role played by the molecule in the clinical context; dealing not only with the most
known autoimmune diseases to which it is linked but also with less known areas of
development.

This work aimed to offer a new point of view on the subject, although aware of
having only skimmed the topic, we hope to have offered a starting point for any new
analysis of the molecule.

This chapter allowed us to analyze HLA in a different context from the most
known of compatibility in hematopoietic stem cell transplantation, confirming
once again the enormous complexity of the HLA system and its many facets and
applications.
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Chapter 3

Immune Checkpoints as a Novel
Source for Diagnostic and
Therapeutic Target in Celiac
Disease

Isabel Torres, Miguel Angel Lopez Casado,
Teresa Palomeque and Pedro Lorite

Abstract

Celiac disease, as an autoimmune disorder, is a disease which appears in sensing
and immune reaction responses to gluten. It has been confirmed that both genetic
and environmental factors are involved. CD is strongly associated with the HLA
alleles DQB1*02 (serological DQ2) or DQB1*0302 (serological DQ8). These HLA
alleles are necessary but not sufficient for the development of CD and non-HLA
risk genes also contribute to disease susceptibility. Several studies have identified
linkage or association of CD with the 2q33 locus, a region harboring the candidate
genes CD28, CTLA4 and ICOS, important immune checkpoints regulators of T-cell
activity. Immune checkpoints are crucial to maintain self-tolerance and protect
self-tissue from damage during an ongoing immune response.

Keywords: immune checkpoints, celiac disease, PD1, PDL, HLA-G, CTLA4, IDO,
tryptophan

1. Introduction

Celiac disease is a unique autoimmune disorder in that the key genetic components
(HLA class IT genes DQ2 and/or DQ8) are present in almost all patients, the autoan-
tigen is known (tTG), and, most importantly, the environmental trigger is known
(gluten) [1-5]. The HLA-DQ molecules predispose to disease by preferential presenta-
tion of gluten antigens to CD4+ T cells [6-8]. These genotypes are necessary for the
development of the disease, but they are not the only ones responsible, since these
genes are present in the population, and only 1% develop CD [9]. Furthermore, in
recent years, other areas of the genome outside the HLA region have also been identi-
fied that could influence susceptibility to CD, many are related to immunity, especially
with T-cell and B-cell function [10, 11].

Gluten ingestion by patients with CD leads to a cascade of inflammatory reac-
tions and eventually to the hallmark small-intestinal lesion. The most important
consequence is reduced nutrient uptake characterized by CD4" T-cell activation,
increasing numbers of intraepithelial lymphocytes with partial to total intestinal
villus atrophy [12-15]. A common feature of gluten-derived epitopes is the presence
of multiple proline and glutamine residues that are selectively deamidated by tTG.

37 IntechOpen



Celiac Disease

The passage of immunogenic peptides to the lamina propria stimulates specific
CD4 + T lymphocytes when they occur together with HLA-DQ2/DQ8 molecules,
after having a modification by tissue transglutaminase (TGt). Proinflammatory
cytokine responses are activated and mechanisms causing mucosal alteration.
Activation of these gluten-reactive CD4 + T cells lead to a pro-inflammatory
response dominated by IFN-y production [16-18].

The response of CD4 + T cells to post-translationally modified gluten and highly
disease specific B cells to deamidated gluten and transglutaminase 2 (TG2) autopro-
tein are present in the pathogenesis in CD [12]. When immunogenic gluten peptides
cross the intestinal lumen, they can trigger an innate and adaptive immune response,
leading to the development of clinical and histological manifestations of CD [19].

The immune homeostasis has to be precisely maintained in a physiological state,
through a balance of costimulatory (e.g. CD28) and coinhibitory (e.g. CTLA-4 or
PD-1) immune signals known as “immune checkpoints”. Immune checkpoints are
essential for maintaining self-tolerance, protecting tissues from damage caused
by the immune system, and providing protective immunity [20]. An imbalance
in immune homeostasis can lead to costimulation and the upregulation of T-cell
activation in autoimmune diseases [21].

During the normal activation state, CD4" and CD8" T cells express multiple
immune checkpoint molecules, and some of them also serve a costimulatory func-
tion of T cells activation. T cells obtained from individuals with autoimmune condi-
tions have enhanced expression of these molecules that represent an activated T
cell state. T lymphocytes play a central role in the induction of an effective adaptive
immune response and responsible for maintaining immune homeostasis. Signaling
through two well-known negative regulators or checkpoints of T cells, CTLA4 and
PD1 leads to direct inhibition of T cell responses [20].

The present chapter discuss the role of the immune checkpoints in intestinal
tissue homeostasis and tolerance, and speculate how genetic and environmental
factors can regulate them in celiac disease.

2. Immune checkpoints

Immune checkpoints play an essential role in the function and regulation of
effector T cells (Teff) and regulator T cells (Treg). Immune checkpoint molecules
limits excessive T cell-mediated inflammatory responses and in their signaling
processes include a series of ligands that are expressed on the membrane of antigen-
presenting cells (APCs) transmitting inhibitory signals (Figure 1). These molecules
employ specific receptor partners expressed by T lymphocytes and drive their
activation and differentiation or promote immunoregulatory effects. Dysregulation
of these signaling processes has been associated with autoimmunity and chronic
inflammation.

Autoimmune diseases are heterogeneous conditions involving breakdown of
tolerance and consequent activation of autoreactive immune cells [22]. The failure
of immune checkpoints has been described in inflammatory myopathies with the
involvement of autoimmune features [23], as well as in diabetes, multiple sclerosis,
systemic lupus erythematosus and celiac disease [24]. Inhibitory checkpoint mol-
ecules have been considered as new targets in personalized cancer immunotherapy
for their potential in multiple cancer types [21, 25]. An active area of research is the
analysis of the functions of these checkpoint molecules and its ligands in tolerance
and autoimmunity.

The immune system has the difficult dual function of discerning and defending
against a variety of pathogens and avoiding self-reactivity. To further control the
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Figure 1.

chematic representation of immune checkpoint molecules including a sevies of ligands expressed on

the membrane of antigen-presenting cells (APCs), that engage specific receptor partners expressed by T
lymphocytes and either drive their activation and differentiation (positive immune checkpoint molecules) or
promote immunoregulatory effects (negative immune checkpoint molecules).

development of autoimmunity, multiple mechanisms of peripheral tolerance have
evolved, including T-cell anergy, deletion and suppression by Tregs cells. Treg
and Teff cells help maintain immune homeostasis through mutual regulation.
Loss of homeostatic balance between Teff/Treg cells is often associated with
autoimmunity [24, 26].

In this chapter, we will discuss the biology of immune checkpoints, highlight
research strategies that may help reduce the incidence of immune related adverse
events associated with celiac disease, and also suggest investigational approaches to
manipulate immune checkpoints to treat its autoimmune disorder.

2.11IDO/kynurenine pathway

An important inhibitory checkpoint is now considered to be the tolerogenic
mechanism of the enzyme indoleamine-2, 3-dioxygenase (IDO), an intracellular
protein involved in the oxidative catabolism of tryptophan (Trp). It catalyzes the con-
version of Trp to N-formyl kynurenine via the kynurenine pathway. Depletion of Trp
reduces T cell proliferation, whereas the production of kynurenine induces apoptosis
of type 1 T helper (Th1) cells and naive T cell differentiation into Tregs cells [27, 28].

IDO is expressed intracellularly in a constitutive manner in the placenta, epi-
didymis, prostate, esophagus, intestine, colon, cecum, spleen, thymus, lung, brain,
and skin [29, 30]. Notably, the morphological features of many IDO-expressing cells
closely resemble those of antigen-presenting cells and epithelial cells [29].

IDO expression is inducible by inflammatory stimuli including cytokines and
toll like receptor agonists. IDO is expressed in antigen presenting cells, macro-
phages and dendritic cells, and activation of IDO during the inflammatory response
leads to a decrease in local trp levels [27]. These decreased levels have an inhibitory
effect on the proliferation of T lymphocytes, directly or indirectly via activation of
regulatory T cells [27, 31].
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In most cell types, IDO is induced at the transcriptional level in response to specific
inflammatory stimuli. IFN-y is the principal IDO inducer i vitro and in vivo. Exposure
to IFN-y increases IDO transcription in monocyte/macrophages [32] and dendritic
cells [33], fibroblasts [34], epithelial cells [35], smooth muscle cells [36]. Other inflam-
matory stimuli, such as IFN-a, IFN-f, LPS and cytotoxic T lymphocyte-associated
antigen (CTLA)-4, also induce IDO to a lesser degree than that of IFN-y [37, 38].

A dysfunctional IDO has recently been associated with a specific single nucleo-
tide polymorphism (SNP) and with the occurrence of autoimmune diabetes and
multiple sclerosis. The elevated levels of kynurenines that are present contain the
proliferation of Teff cells and favor the differentiation of Treg cells [39]. Several
genetic variations of the IDO gene have been associated with the occurrence and
severity of autoimmune/chronic inflammatory diseases; however, the functional
relevance of these variations, which mainly affect the intron regions and the
promoter portion of IDO, has not been well characterized yet [40, 41].

In celiac disease, mechanisms dependent on tryptophan catabolism may be
involved in the regulation of the immune response. Thus, in intestinal biopsies from
celiac patients, a high expression of the anti-inflammatory enzyme IDO appears
[42]. This increase in IDO levels results in an increase in serum levels of kynurenine
in patients with celiac disease, which potentially contributes to intensify inflamma-
tion. Likewise, higher levels of kynurenine were found in celiac patients with other
associated diseases, such as Down syndrome or autoimmune thyroiditis, contribut-
ing to the pathology [43].

Once an autoimmune disorder is established, the presence of chronic inflam-
mation might provoke sustained IDO production and IDO fails to limit immune
deregulation under these pathological conditions. Several inflammatory mediators
including the most potent, IFN-y, induce IDO production. Wolf et al. [44], have
described overexpression of IDO in other Thl-associated chronic inflammatory
disease of the gastrointestinal tract, such as Crohn’s disease, with increased kyn-
urenine levels and a higher kynurenine/tryptophan ratio. In this pathology has been
demonstrated that T helper 1 (Th1)-like cytokines such as IFN-y and TNF-a are
potent inducers of IDO expression.

2.2 HLA-G/ILT interaction is an immune checkpoint

The HLA-G gene is a non-classical class I HLA composed of eight exons and
seven introns located on chromosome 6 at region 6p21.3, [45]. As a result of alter-
native RNA splicing, seven isoforms can be formed, comprising four membrane-
bound isoforms (HLA-G1, G2, G3, and G4), and three secreted soluble isoforms
(HLA-GS5, G6, and G7) [46, 47]. Most studies focus on the full-length molecule
(HLA-G1) and its soluble isoform (HLA-G5). These isoforms are identical, except
HLA-GS5 is missing the transmembrane domain.

HLA-G is considered to be an immune checkpoint molecule, a function that is
closely linked to the structure and dynamics of the different HLA-G isoforms. The
expression of HLA-G can be induced in several conditions, including cancer, trans-
plantation, viral infections, and autoimmune and inflammatory diseases [48-51].

HLA-G mediates its function by binding to receptors on immune cells. The
known receptors are leukocyte Ig-like receptor subfamily B member 1 (LILRB1) and
member 2 (LILRB2), also known as ILT2 and ILT4, and the killer immunoglobulin-
like receptor 2DL4 (KIR2DL4) [52]. ILT2 is expressed by B cells, some subtypes of
T cells and NK cells, and all monocytes/dendritic cells. On the other hand, ILT4 is
myeloid-specific and only expressed by monocytes/dendritic cells [53].

HLA-G expression and gene polymorphisms have been associated with several
disorders [54-56]. HLA-G has an important role in regulating the immune system;
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indeed, the molecule is able to inhibit the cytotoxic activity of Natural Killer cells
(NK) and T cell-mediated cytolysis (CTL) [57]. HLAG can inhibit the response of
alloproliferative CD4+ T cells, proliferation of T and NK cells, and the maturation
and function of antigen presenting cells (APC) [58, 59]. In addition, HLA-G hasa
tolerogenic effect due to its capacity of generating suppressor cells by binding to
specific receptors and it can induce apoptosis in endothelial cells [60].

The soluble form of HLA-G is of special interest in celiac disease because its
molecule plays an important role in the induction of immune tolerance [61]. In this
sense, soluble HLA-G has the function to inhibit the proliferation of activated T
cells, and to induce apoptosis of T cells dose dependently, reinforcing the immune
inhibitory role of soluble HLA-G capable to be secreted during CD as part of a
mechanism to restore the tolerance process towards oral antigens [61, 62]. A potent
anti-inflammatory response to gliadin may occur during disease development as
aresult of the adaptive response in CD. In celiac patients, gluten intake appears to
cause an overreaction in intraepithelial T lymphocytes, with uncontrolled produc-
tion of the HLA-G molecule [61]. This can cause the recruitment of intraepithelial
lymphocytes, leading to amplified immune activity and maintenance of intestinal
lesions. The increased expression of the soluble form of HLA-G in patients with CD
could be part of a mechanism to restore gluten tolerance [61, 62].

Moreover, an association between HLA-G polymorphism and CD has already been
described by Fabris et al. [63]. The 14 bp inserted (I) allele and the homozygous I/I
genotype were significantly more frequent in CD patients than in healthy controls.
The effect of the HLA-G D/I polymorphism is restricted for HLA-DQ2, and not simply
due to the presence of linkage disequilibrium with the major known risk factor. In this
sense, the risk conferred by HLA-DQ2 alone and that subjects that carry both DQ2 and
HLA-G I alleles have an increased risk of CD than subjects that carry DQ2 but not the
14 bp inserted (I) allele [63]. The modulation of the HLA-G transcript stability is espe-
cially known for the 14 bp D/I polymorphism, which has been associated with autoim-
munity [64-67]. Based on the findings of Torres et al. [61] and considering that the
presence of HLA-G SNPs affect the mRNA stability in CD patients, lower basal levels
of HLA-G molecule, possibly due to the presence of genetic variations, can increase
the risk of celiac disease development. Once that the disease has occurred the organ-
ism produces higher levels of soluble HLA-G trying to restore the immune tolerance
[61, 62]. Similarly to 5’URR, also 3’UTR presents numerous polymorphic sites that
could affect HLA-G transcription and/or translation [68]. By sequencing this region,
there are 4 polymorphisms showing some significant associations with CD [64].

In summary, it has been shown that both HLA-G and IDO suppressor molecules
are expressed in CD. The expression of these molecules, IDO and HLA-G, would
be an essential mechanism to try to restore tolerance towards antigens in the diet
[61, 62]. Therefore, the increase in IDO activity reflects an attempt to control
chronic antigenic stimulation by downregulating the T cell-mediated autoimmune
reaction. IDO and HLA-G could cooperate to suppress the immune response in CD
in their active form [61].

Lépezet al. [69] showed that suppressive molecules IDO and HLA-G are both
expressed in dendritic cells, and these molecules can produce immunosuppression.
Besides, IDO was shown to induce HLA-G expression during monocyte differentia-
tion into DCs [69]. IDO and HLA-G share some properties: both have tolerogenic
capacity, are highly expressed in human placenta and tumors [70, 71] and their
expression can be regulated by the same cytokines (IFN-y, IL-10) [72, 73]. The
effect of IDO on HLA-G cell-surface expression seemed to be dependent on the type
of cell studied and is likely to involve posttranslational mechanisms [74]. The
inhibition of IDO function with 1-methyl tryptophan in antigen-presenting cells
(APCs), which are originally HLA-G cell-surface negatives, increases the levels of
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HLA-G1 cell-surface expression, whereas high concentrations of tryptophan caused
aloss of HLA-GI1 expression in HLA-G1-positive cells [75].

2.3 CD28/CTLAA4-B7 pathway

The immune regulatory proteins cytotoxic T lymphocyte antigen (CTLA-4) is
important immune regulatory protein collectively referred to as immune check-
point receptor. CTLA-4 is known to be crucial for tolerance induction in the early
stages of the immune response being an important negative regulator of T-cell
activation and proliferation, interacting with B7 molecules on antigen-presenting
cells [76, 77]. The CTLA4 gene encodes a receptor involved in the control of T-cell
proliferation and mediates T-cell apoptosis. CTLA-4 is therefore a plausible candi-
date for a susceptibility gene in diseases with T-cell mediated pathogenesis [77].

The chromosomal region 2q33 contains immunologically important genes,
CD28 and ICOS, that has been associated with autoimmune disease, but the exact
causal genetic sequence variation has yet to be established in CD [78]. There is good
evidence that the CTLA-4 region on chromosome 2q33 contains a non-HLA suscep-
tibility locus for celiac disease, although its participation may vary according to the
geographic origin of the patients [79]. The association of several SNPs in the CTLA4
gene with CD, among them, the functional SNP, CT60, suggested that the CT60
polymorphism influences alternate RNA splicing of CTLA4, resulting in differing
ratios of a full-length form, fICTLA4, and a soluble form, sCTLA4 of the protein [78].

High levels of serum soluble CTLA-4 in active celiac patients were found and
are related to gluten intake. A positive correlation exists between autoantibodies
to tissue transglutaminase, the grade of gut mucosa damage and soluble CTLA-4
concentration [80]. This correlation between the amount of serum sCTLA-4 and
the grade of gut mucosa damage strongly suggests a possible immunomodulatory
effect of this soluble molecule on cytotoxic T lymphocyte functions. Thus, soluble
CTLA4 appears to be related to autoantibody production per se, independently
from dietary gluten [80]. Soluble CTLA-4 could play a critical role in modulating
the immune response, especially in the early stage. The immunomodulatory effect
of soluble CTLA-4 could be involved in the regulation of B cell activation directly or
via T helper function modulation [80].

The detection of the spliced/soluble variant from CD patients suggests that the
soluble CTLA-4 does not result from a cleavage of the full-length form [80]. The
potential genetic associations of several CTLA-4 polymorphisms to susceptibility
to autoimmune diseases have been described, although the relationship between
CTLA-4 polymorphisms and the ability to produce the soluble form is not fully
clarified. CTLA-4 is a strong actor in the adaptive response.

2.4 PD1/PDL pathway

Programmed cell death-1 (PD-1) is a well-established immune checkpoint and
co-inhibitory regulator critical to the maintenance of immune tolerance. PD-1
through binding to its PD-L1 and PD-L2 ligands, generate inhibitory signals that
regulate the balance between immune system activation, tolerance and immunopa-
thology [81]. The PD1 expression has been noted in activated CD4+/CD8+ T cells, a
subset of Tregs, B-cells, myeloid DCs, monocytes, exhausted T cells and basal mes-
enchymal stem cells [82]. Basal levels of expression of ligand PDL1 was observed in
mesenchymal stem cells and vascular endothelium. In addition, activated B-cells,
DCs and monocytes also express both PD-L1 and PD-L2 [82]. Lower levels of PDL1
expression was reported in unstimulated CD4+/CD8+ T-cells which was increased
upon activation.
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Cytokines are potent stimuli for PD-L1 and PD-L2 expression. Type 1 and type 2
interferons and TNF-«a induce PD-L1 expression in T cells, B cells, endothelial cells,
and epithelial cells [83]. IL-2, IL-7, and IL-15 cytokines increase PD-L1 on human
T cells. IL-21 can stimulate PD-L1 expression on B cells and IL-10 induces PD-L1 on
monocytes. Expression of PD-L2 is stimulated by interferons, IL-4, and GMCSF on
dendritic cells iz vitro, and the common y chain cytokines can induce PD-L1 and to
a lesser extent PD-L2 on human monocytes/macrophages [83].

PD-1 plays a role in differentiating naive T cells into Treg cells and can inhibit
T-cell responses by developing Treg cells [84]. The PD-1 upregulation is a con-
sequence of the activation of T cells, which is essential to the immune responses.
PD-1 expression in Tregs is indispensable for their suppressive functions, and loss
of PD1 expression accelerates the generation of Tregs which lose Foxp3 expression
and produce pro-inflammatory cytokines and thereby flare autoimmunity [84].
Tregs and the PD-1/ PD-L axis are both critical to immune responses, elimination of
either can result in the breakdown of tolerance and the development of autoimmu-
nity. The PD-1/PD-L pathway can prevent autoreactive T cells and protect against
autoimmunity. Treg cells induced by the PD-1 pathway can also help maintain
immune homeostasis, maintaining the activation threshold for T cells to protect
against autoimmunity [81, 82].

Although the PD1 pathway has received considerable attention for its roles in
T cell exhaustion and tumor immunosuppression, PD1 cannot be considered a
specific molecule for cell exhaustion [85]. In fact, T cells express PD1 during activa-
tion, thus being a marker for effector T cells. PD1 is expressed by subsets of tolerant
T cells, regulatory T cells, follicular helper T cells, follicular regulatory T cells, and
memory T cells. In addition, it is expressed on B cells, NK cells, and some myeloid
cells. Expression of PD1 can be found in CD8 + T cells of healthy humans, and these
cells do not resemble exhausted T cell populations [85, 86].

Polymorphisms have been described in the gene Pdcd1 that confer susceptibility
to development of autoimmune diseases in humans. Many single nucleotide poly-
morphisms have been reported and approximately most of them are located in the
intron regions of the structural gene [87].

Some of the most studied are the PD-1.1 located in the promoter region, PD-1.2
located in intron 2, PD-1.3 and PD-1.4 located at intron 4, PD-1.9 and PD-1.5 in
exon 5 and PD-1.6 at position 32 of the untranslated region. Exist different haplo-
types of these SNPs in families Caucasian and it is known that PD-1.1, PD-1.2 and
PD-1.9 are in linkage imbalance, while the PD-1.4 and PD-1.5 positions they form a
different block [88, 89].

PD1 polymorphisms are associated with susceptibility to a variety of autoimmune
conditions including systemic lupus erythematosus, rheumatoid arthritis, and pro-
gression in multiple sclerosis [89], but it is not yet clear if these SNPs are causative
or simply correlative. Furthermore, autoantibodies against PDL1 have been found in
patients with rheumatoid arthritis and correlate with disease activity [89].

Ponce de Ledn et al. [90] have focused the alteration of PD-1/PD-L1 pathway
in celiac disease. Levels of sPD-1 was considerably higher in the serum of patients
with celiac disease compared with health controls. A negative expression of PD1
in intestinal epithelial cells and lamina propria cells of active CD patients. PD-1 pro-
tein expression in CD4 + and CD8 + T cells decreases significantly in patients with
CD. In this way, PD-1 function would be compromised in CD4 + and CD8 + T cells,
indicating an inappropriate activation state [90]. In CD, a deregulation of immune
suppression mechanisms appears, which can lead to abnormal and persistent acti-
vation of T cells and the production of cytokines. Without PD1, excessive immune-
mediated tissue damage can lead to devastating consequences, because PD1 plays
crucial roles in central and peripheral T cell tolerance, aiding in the protection of
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self-tissues from autoimmune responses. The co-delivery of soluble PD-1 could
increase the maturation of DCs, which could accompanied by upregulation of DC
maturation markers such as major histocompatibility complex IT (MHC II) [90].
DC maturation is mediated by activated T lymphocytes, therefore sPD-1-regulated
DC maturation may be influenced by increased T cell responses [90].

The soluble isoform is likely to have antagonistic effects on PD-1 by interfer-
ing with its signaling pathway, particularly considering that PD-1A3 still retains
the ability to bind to PD-L1/PD-L2 receptors [90]. In patients with CD, excessive
soluble PD-1 could serve as an “antibody” to block the PD-1/PD-Ls pathway and
lead to aberrant T-cell proliferation. If, for example, CD8 + T-cell responses are not
adequately controlled, severe immunopathology can result from the production of
pro-inflammatory cytokines, such as IFN-y and TNF-a [91].

Soluble PD-1 can promote T-cell responses through blocking the PD-1/PD-Ls
pathway. IFN-y is crucial for this process but also contributes to the upregulation
of PD-L1 which indicates that sPD-1 plays a crucial role not only during the phase
of T-cell exhaustion but also during primary T-cell activation and that sPD-1 can
be used as an adjuvant to increase T-cell immunity [91, 92]. These findings suggest
that at the time of clinical diagnosis of CD, T cells can exhibit features of immune
exhaustion. It is not yet known what factor(s) contribute to the dysregulated PD-1
expression and may have increased susceptibility to the autoimmune complica-
tions of CD. The PD-1 and PD-L1 levels in the serum and intestinal biopsies of CD
patients may be relevant to the determination of a possible correlation between
markers of the autoimmune response, inflammation, and disease activity.

3. Future directions

The immune cell activation in the setting of immune checkpoint inhibitors
results in unmasking of gluten sensitivity in genetically susceptible people, leading
to expansion of previously self-reactive CD4+ T cells and subsequent CD8+ T cell-
induced tissue destruction. Soluble immune checkpoint molecules constitute the
emerging novel mediators in immune regulation. The relationship between celiac
disease and the level of soluble immune checkpoints as sCTLA4, sHLA-G, sPD-1,
and sPD-L1 has been shown.

3.1 Immune checkpoints cooperation

The immune checkpoint molecules may be implicated in biological mechanisms
underlying celiac disease. Some immune checkpoint molecules serve as inhibi-
tory signaling mediators to maintain immune tolerance, especially in the adaptive
immune compartment. There are two forms of these molecules: the surface recep-
tor or membrane-bound and cell-free soluble molecules. The membrane-bound
CTLA4, HLA-G, PD-1, PD-L1 regulate T cell homeostasis, inhibit autoreactive T
cells, and drive peripheral tolerance in cancer, pregnancy, and sepsis. 12,13 They
also promote T regulatory cell development and inhibit the effector T cell differen-
tiation and cytokine production leading to immunosuppression [93]. On the other
hand, the soluble forms of these immune checkpoint molecules were discovered
later, and their biological functions have gradually been elucidated. The immune
regulatory effect of soluble PD-L1, sCTLA-4, and sHLA-G can trigger Treg differ-
entiation and T cells apoptosis due to retention of their receptor [94].

Circulating soluble PD-1, CTLA4 and HLA-G could take part in modulating
immune tolerance causing disturbances in the molecular mechanisms responsible
for maintenance of balance between effector and regulatory components of the
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immune system in celiac disease. HLA-G and IDO acting independently, both
molecules would be complementary in inducing efficient tolerance status. HLA-G1/
HLA-GS5 and IDO molecules act on alloreactive T-cell proliferation through two
distinct inhibitory pathways. However, as IDO expression is tightly regulated and
responsive to inflammatory mediators, HLA-G may indirectly modulate IDO by
up-regulating the production of such mediators. For instance, by up-regulating the
expression of IL-10, HLA-G may boost the IDO pathway.

The HLA-G/ILT2/ILT4 interactions actually target a broader array of immune
effectors than the B7//CTLA4 and PD-1/PD-L1 pathways, since CTLA4 and PD-1
are expressed only on T cells, whereas ILT2 and ILT4 are differentially expressed on
NK, T, and B cells as well as monocytes, dendritic cells (DCs), and neutrophils and
thus may inhibit the early phases of an immune response (PD-1/PD-L1), or the later
phases (B7/CTLA4) [93].

3.2 Gene dysregulation in celiac disease

The detection of the spliced/soluble variant of these immune checkpoints from
CD patients suggests that the soluble form of HLA-G, CTLA-4 and PD1 molecules
does not result from a cleavage of the full-length form. The potential genetic asso-
ciations of several polymorphisms to susceptibility to autoimmune diseases have
been described, Splicing machinery would act as a biosensor to adapt gene expres-
sion to pathophysiological conditions.

Gene dysregulation of these genes could lead to an imbalance in the splice
variants present in the cells at any given time. The existence of specific factors in
the serum of celiac patients, such as peptides derived from gliadin, would be able to
modulate the expression of relevant components of the splice and the function of
the splicing machinery. Dietary intervention of gluten peptides can clearly alter the
expression pattern of the splicing machinery in humans at risk for CD.

The alternative splicing process may represent a physiological mechanism for
maintaining cellular homeostasis, as suggested by different studies that dem-
onstrate that the nutrients can modulate gene expression and, in particular, the
splicing of pre-mRNAs that encode regulatory proteins. Minimal disturbances in
the alternative splicing process can lead to the generation of deficient proteins that
contribute to several human diseases. So, the splicing process may represent an
adaptive mechanism in response to different nutritional conditions, and that this
mechanism could be in place not only in circulating PBMCs but may also operate
in cell types from other tissues and organs tightly coupled to nutrient-dependent
metabolic homeostasis, e.g., intestine. So, specifically gluten can modulate pro-
cesses required for cell homeostasis through the alteration of gene expression and,
particularly, the splicing of pre-mRNAs encoding key regulatory proteins.

4. Conclusions

Further investigation on the determination of immunological interactions and
biological functions by immune checkpoints in celiac disease is needed to deepen
our understanding of the underlying disease mechanism in ourquest for diagnostic
and therapeutic target in celiac disease.
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Chapter 4

Management of Patients with
Refractory Coeliac Disease

Paul . Ciclitiva and Alastair Forbes

Abstract

Coeliac disease (CD) is an immune-mediated disorder affecting the small
intestine. The condition represents an intolerance to gluten. Removal of dietary
gluten permits recovery, with a full recovery for the majority of affected subjects.
A percentage of affected subjects who do not improve with a gluten-free diet are
considered to have refractory coeliac disease (RCD). Refractory coeliac disease is
subdivided into type 1, characterised by a polyclonal expansion of intraepithelial
lymphocytes (IELs) that have a normal phenotype, and type 2 (RCD2) which
exhibits IELs with a monoclonal phenotype. Subjects with RCD carry a high risk
of complications, including ulcerative jejunitis and lymphoma affecting the small
intestine, the latter termed enteropathy-associated T-cell lymphoma (EATL).

Keywords: coeliac disease, refractory coeliac disease, presentation, diagnosis and
treatment

1. Introduction

Coeliac disease (CD) represents an enteropathy affecting the small intestine
that is exacerbated by gluten in wheat, rye and barley. The condition occurs in
genetically susceptible individuals who carry either the HLA DQ2 or DQ8 geno-
type. [1] The prevalence of the condition, of which there is increasing awareness, is
1-2% in the US and Northern Europe. [2, 3]. Treatment of the condition comprises
a gluten-free approach that involves removal of wheat, rye and barley from the
diet. However, between 5 and 30% of affected subjects do not fully respond to a
gluten-free diet, [2-6] and are considered to have refractory coeliac disease (RCD).

The precise diagnosis of RCD presents challenges, but is important in the
development of new therapeutic strategies. [7-9]

2. Pathogenesis of RCD

Gluten proteins from wheat, rye and barley are divided into different groups.
Wheat gluten comprises gliadin and glutenin. There are a, f, y and o gliadin
fractions, and glutenin is composed of low and high molecular weight glutenins
(HMWG). All these components of wheat gluten have been shown to be toxic to
subjects with CD. [9]

In CD there is increased permeability of the small intestine associated with an
increase in zonulin, a protein found between enterocytes that has been reported
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to be a modulator of tight junction permeability. [10, 11] It has been hypothesised
that zonulin release induces increased absorption, into the lamina propria below
the epithelium, of CD-toxic gluten fractions. The resultant gluten peptides in the
lamina propria “stimulate aberrant adaptive and innate responses resulting in
damage to the enterocytes, with infiltration of the mucosa by both intra-epithelial
lymphocytes (IELs) and CD4 +ve lamina propria lymphocytes” Most of the
increased number of IELs are CD3 + ve/CD8 + ve cells that express the o/p T-cell
receptor (TCR), and a minority are y/é +ve (TCR)-expressing lymphocytes.

The adaptive response involves binding of the CD toxic peptides to HLA-DQ2 or
HLA-DQ8. These reactive CD4 T-cells in the lamina propria recognise toxic gluten
peptides and proteins. [12, 13] There is recognition of the gluten peptides bound
to HLA-DQ2/DQ3, and to antigen presenting cells (APCs); this is enhanced by
the enzyme tissue transglutaminase (tTg) that deamidates glutamine residues to
glutamic acid [12]. Following activation of the T-cells, pro-inflammatory cytokines,
including interferon-y, are released. This in turn results in an inflammatory cas-
cade, particularly affecting the proximal small intestine, that causes the observed
villous atrophy [13].

The innate immune response appears to be mediated by IELs, enterocytes
and dendritic cells, and is centred on increased secretion of the cytokine inter-
leukin-15 (IL-15) [14]. It is possible that IL-15 production by enterocytes and
dendritic cells is induced directly by gluten peptides. IL-15 stimulates the expres-
sion of MICA (a stress molecule) on enterocytes, and NKG2D (a natural killer
receptor) on IELs. The IEL-induced NKG2D expression serves as an activating
receptor with many ligands, including MICA [15]. In combination there may then
be substantial cytotoxicity to enterocytes and thus the intestinal damage that is
typical of CD.

It seems likely that RCD and uncomplicated CD have similar aetiopathogenic
pathways. [14, 16] Most patients with RCD have increased levels of antigliadin
and endomysial antibodies, although in RCD2 coeliac serology may become nega-
tive. Differentiation between RCD1 and RCD2 is based on evidence of either the
polyclonal expansion of T-cells expression that occurs in RCD1, or the monoclonal
expansion of T-cells in small intestinal biopsies or separated T-lymphocytes that
can be demonstrated using double CD3/CD8 immuno-histochemistry in RCD2. An
investigation of T-cell receptor clonal arrangements can be investigated by poly-
merase chain reaction on fresh tissue or by flow cytometry. [17-20]

The mechanisms behind the clonal expansion of T-cells in RCD2 are not well
understood but there are several possibilities under active consideration. Genetic
variation in the myosin IXB gene (MYO09B) located on chromosome 19, has been
proposed as a possible aetiopathological factor. [21] There is increased repairing of
MICA and c-myc by the enterocytes [21-26]. An increase in IgM, Charcot-Leyden
crystal proteins and apolipoprotein are observed and thought to be damaging in
RCD2. [25] APO C3 apolipoprotein is also known to affect immunosurveillance
cells, such as natural killer (NK) cells, and was singled out as potentially important
in sustaining T-cell proliferation. [27]

IL-15 is overexpressed in untreated CD, and it is thought to play a pivotal role in
the regulation of the IELs that characterise the disease and hence in in the patho-
genesis of RCD. IELs show increased expression of IL-15Ra, elevated proliferation
cytokine production and a reduction in apoptosis. [19]. It has been suggested also
that IL-15 may induce the emergence of a clonal expression [19]. This multistep
transformation may generate the pre-lymphomatous state and then progress to
overt T-cell lymphoma [27]. Inhibition of IL-15 may have therapeutic value in RCD2
(see below) adding further weight to its suspected pathogenic importance.
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3. Clinical features of RCD
3.1 Type 1refractory coeliac disease

Patients with RCD1 may present with any combination of steatorrhoea, altered
bowel habit (with both constipation and diarrhoea), abdominal pain, nausea,
fatigue and weight loss [28]. RCD1 is also associated with thromboembolic infec-
tious complications and autoimmune diseases. The radiological features on CT or
MR scanning are similar to those of untreated CD, with increased ileal folds and
decreased jejunal folds [29].

Patients with RCD1 exhibit Marsh type II or III appearances. [30] Both of these
pathological gradings include villous atrophy. There is a moderate lymphoplasma-
cytic infiltrate in the lamina propria. [26] Collagen deposition (collagenous sprue)
has been reported in 40% of patients with RCD1 [31]; this can be confirmed with a
trichrome stain. Mucosal thinning with villous atrophy and crypt hyperplasia was
reported in 30% of these patients.

The RCD1 IEL phenotype is equivalent to uncomplicated CD, with the majority
of cells expressing CD3, CD7, CD8, CD103, and TCRp. TCR gene rearrangement
studies confirm that RCD1 cells constitute a polyclonal population. [28-32]

3.2 Type 2 refractory coeliac disease

RCD2 patients present with similar symptoms to those with RCD1, including
malabsorption, weight loss, abdominal pain and diarrhoea. Most patients are aged
50-60. [28] The CT/MR appearances are similar to those in RCD1, but frequently
also include lymphadenopathy, intussusception and hyposplenism. [29]

The standard histology of RCD2 mirrors RCD1, with the majority of patients
demonstrating a degree of villous atrophy [30]. The cytological appearances of the
IELs are normal. Cellier et al. [14] proposed that RCD2 (their refractory sprue) was
associated with an abnormal subset of IELs that, on frozen section, were posi-
tive for CD103, CD7, and cytoplasmic CD3, but not for surface CD3, CD4, CD8,
or TCRP. This difference from RCD1 has contributed to the concept that RCD2
represents an early stage in the development of lymphoma. Aberrant IELs may also
be found in gastric and colonic mucosa, and in the blood of RCD2 patients, imply-
ing that this is a diffuse gastrointestinal disease. The IELs in RCD2 patients rarely
exhibit a normal CD3 + ve, CD8 + ve phenotype, and the majority have a CD3 + ve
CDS8 -ve pattern. However Goerres et al. [22] reported only a low frequency of
loss of CD8 expression, and it is advocated that flow cytometry should be used to
diagnose the condition.

Although a polyclonal IEL population has been reported in a very small propor-
tion of RCD2 cases, it is usual to find monoclonality with a restricted rearrangement
of the TCRp gene when clonality studies are performed in RCD2.

4. Complications of RCD
4.1 Ulcerative Jejunitis

Most cases of ulcerative jejunitis (UJ) are preceded by problematic CD, such
that UJ can be said to evolve from RCD. The mean age at onset of UJ is 50 years.

The defining features are ulcerative lesions that are usually multifocal and which
can involve the ileum as well as the jejunum. Presenting features include diarrhoea,
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steatorrhoea, abdominal pain and weight loss. There may be low grade fever, club-
bing and nutritional deficiencies.

Mills et al. reported that the ulceration can extend through the full thickness of
the mucosa, with secondary vascular changes [31] as well as submucosal oedema.
There may also be fibrosis, leading to stricture formation. Complications can thus
include haemorrhage, perforation and obstruction.

In some patients there is gastric metaplasia, and it is postulated that this con-
tributes to ulcer formation. Most IELs in UJ have a phenotype identical to that of
RCD2. The ulcers tend to show a mixed CD4 + ve/CD8 + ve and CD4-ve/CD8-ve
phenotype. T-cell rearrangement studies identify clonality in the ulcers, the adja-
cent mucosa, or in both.

4.2 Enteropathy-type T-cell ymphoma

There is an increased risk of B- and T-cell lymphoma in coeliac disease.
Enteropathy-associated T-cell lymphoma (EATL) is particularly linked to CD [29].
EATL usually presents with abdominal pain or overt intestinal perforation in adults
with a background of RCD2 or U] [33]. The strong association of EATL with HLA-
DQBI1 strengthens the inferred causal linkage between CD and EATL [33-36].

There are two main histological types of EATL. Type 1 is characterised by an
infiltrate of medium sized cells containing round or angular nuclei with promi-
nent nucleoli and a moderate amount of eosinophilic cytoplasm [33]. There may
be marked pleomorphism with appearances like those of large-cell lymphoma or
Hodgkin’s lymphoma. The second, rarer type of EATL exhibits a monomorphic
population of small, densely staining cells with hyperchromatic nuclei and minimal
cytoplasm.

The malignant cells of both forms of EATL demonstrate monoclonality, with the
same TCRy gene rearrangement as seen in IELs in intestinal mucosa affected by the
CD but which is uninvolved in the malignancy.

4.3 Other types of lymphoma

In addition to EATL, other types of non-Hodgkin's lymphoma are over-represented
in patients with CD. Subtypes observed include B-cell neoplasms, follicular lym-
phoma, extranodal marginal zone lymphoma, and T-cell neoplasms.

4.4 Carcinoma of the GI tract

CD has an association with small bowel adenocarcinoma, which usually presents
after the age of 45, with abdominal pain, weight loss, and/or anaemia. There is also
an increased risk of squamous cell carcinoma of the upper digestive tract, including
the oesophagus and oropharynx. There are minimally increased risks of primary
liver cancer and of colorectal cancer.

5. Diagnostic approach to RCD

There are many reasons for patients with CD to fail to respond to a gluten-free
diet, of which an underlying diagnosis of RCD is only one. [34] Poor dietary com-
pliance and potential confusion of CD with other conditions should be excluded.

It has been suggested that a minimum of three properly orientated crypt to
villous units are necessary for reliable interpretation of villous atrophy [34].
Helicobacter pylori, giardia, tuberculosis, tropical sprue, Whipple’s disease, viral
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enteritis, AIDS, autoimmune enteritis, food protein intolerance, Crohn’s disease,
common variable immunodeficiency, collagenous sprue and eosinophilic gastroen-
teritis may all mimic CD [34]. Their exclusion from the differential diagnosis is not
always straightforward when histological criteria are ambivalent or when multiple
conditions co-exist (eg CD and infection).

The diagnosis of RCD runs in parallel with that of an initial comprehensive diagno-
sis of CD, which will therefore be briefly reprised. Coeliac serology should be obtained,
with IgA and IgG antibodies to tissue transglutaminase and endomysium. Gliadin
antibodies are unhelpful as IgG gliadin antibodies are raised in 5% of normal sub-
jects, and in many of the conditions documented above, particularly Crohn’ disease.
HLA DQ2/DQ8 studies should be undertaken. A set of intestinal biopsies should be
obtained for histological assessment. These endoscopic biopsies should be repeated
after 4-6 months to confirm the diagnosis, and when RCD is suspected. [15]

In addition to evidence of villous atrophy, the biopsies will be examined for
increased intraepithelial lymphocytes. The suggested normal upper limit for the
small intestinal mucosa is 25 IELs per 100 enterocytes, with 25-29 considered
borderline, and > 30 IELs regarded as pathological lymphocytosis. In the normal
small intestine there is a gradual reduction in the density of IELs between the bases
and tips of the villi [37, 38]; a more even distribution of IELs along the lengths of
the villi is strongly suggestive of underlying active CD [38, 39]. There is however a
wide range of other conditions which cause intra-epithelial lymphocytosis, includ-
ing H. pylori infection, enteric infarction, and autoimmune disease, and this may
also occur with non-steroidal anti-inflammatory or other drugs.

According to the ESPGHAN diagnostic algorithm, the combination of a typical
history, HLA-DQ2/8 positivity and coeliac serology at >10 x normal levels con-
stitutes a diagnosis of coeliac disease in children [35]. Consequent to the COVID
pandemic, the same diagnostic algorithm is now proposed for adults with symptoms
of CD so long as they are <55 years of age, have no red flag symptoms, have a normal
total IgA level, have an IgA tTG > 10 times upper limit of normal, and a second posi-
tive antibody test such as anti-endomysial antibodies. However, most gastroenterol-
ogists feel this approach should only be temporary, as there is frequently discrepancy
between the results of serology and small intestinal morphology [36, 40].

RCD will be considered in the patient who remains symptomatic or with persis-
tently abnormal laboratory markers after apparent compliance with a gluten-free
diet. Clinico-pathological correlation should first be undertaken to ensure that the
initial diagnosis of CD was fully supported, including HLA DQ2/8 status, anti-
endomysial and tissue transglutaminase antibodies, together with the presence of
small bowel lesions, with particular attention to any history of a previous response to
a gluten-free diet. RCD is however a histological diagnosis. Histological assessment
will be particularly important where the initial diagnosis was made without a biopsy.

Appraisal of the gluten-free diet is crucial when contemplating RCD, as gluten
contamination is the commonest cause of failure to respond to a gluten free diet.
Contamination can be asymptomatic with minimal quantities, and can occur
in patients who have received poor advice or are unaware of the broad range of
products that can contain gluten [28].

In the absence of an aberrant IEL immunophenotype, the main differential diag-
nosis of CD-like histological lesions is limited to uncomplicated but inadequately
treated CD, and RCDL1. If there was no prior histology giving a diagnosis of CD,
then a history of a previous response to a gluten-free diet is naturally highly sup-
portive [28-36]. Both CD and RCD1 exhibit a polyclonal increase in IELs, mostly a
CD3 + ve/CD8 + ve IEL population. Persistence or recurrence of small bowel lesions
of this type, despite strict adherence to a gluten-free diet for at least one year, fulfils
most observers’ criteria for a diagnosis of RCD1.
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The demonstration of a predominant CD3 + ve/CD8-ve aberrant IEL pheno-
type leads to the consideration of RCD2 and its complications, including EATL.
Polymerase chain reaction assessment of IELs and flow cytometry are now widely
used to complement immunohistochemistry in the diagnosis of RCD2. These
studies illustrate the importance of immune regulation in the likely pathogenesis of
RCD and of RCD2 in particular.

Focal neoplasia (EATL and other forms) may be difficult to identify within the
diffusely abnormal small intestine found in RCD2. Video capsule endoscopy, and
PET-CT tomography scanning have been shown to be more effective in pinpointing
EATL than CT alone. Video capsule endoscopy and subsequent enteroscopy are par-
ticularly useful in detecting the more subtle lesions that may be the only macroscopic
evidence of an underlying lymphoma. Elwenspoel e al propose to undertake an
assessment of the accuracy of all potential diagnostic routes for coeliac disease and
its complications involving a systematic review, the results of which are awaited [41].

6. Treatment of RCD
6.1RCD1

All RCD patients should be reviewed by an expert dietitian in order to help them
maximise their ability to adhere to a strict gluten-free diet.

In RCD1 the addition of systemic steroids has proven useful in some patients.
The anti-TNFa biologic infliximab has also been proposed for the treatment of
resistant coeliac disease [42]. Subsequent proposals have suggested a regimen of
prednisolone and azathioprine that led to histological and clinical improvement in
the majority of RCD1 patients following treatment for one year [22]. Dosages need
some personalisation, but a tapering schedule of prednisolone (from 40 mg/day to
less than 10 mg) with azathioprine at 2 mg/kg seem appropriate for most patients.

Use of an elemental diet not only provided clinical and histological improve-
ment, but also reduced epithelial expression of the cytokine IL-15.

The specific defect in permeability associated with zonulin excess appears to be
improved on treatment with larazotide acetate. [11]

6.2 RCD2

Prednisolone/azathioprine has been found to be helpful in some patients with
RCD2 [8, 22].

Chemotherapy agents, such as the anti T-cell nucleoside analogues including
pentostatin and cladribine have also been used with some success. [43]

Recently, IAMG 714, a monoclonal antibody to IL-15, has been studied in a
randomised, double-blind, placebo-controlled, parallel-group trial in patients with
type 2 refractory coeliac disease [44, 45].

Stem cell transplantation has been proposed as a therapeutic option, but this
invasive approach is not generally accepted.

Overt lymphoma will be treated on standard oncological criteria and will
normally fall outside the responsibility of the gastroenterologist.

7. Conclusions

In conclusion, the diagnosis of RCD is not straightforward. This interpretation
of the clinical picture may have been incorrect, and the original diagnosis should
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always be reviewed, incorporating a re-assessment of the histology of small intesti-
nal biopsies. Assessment of the gluten-free diet and correlation with the results of
serology should be undertaken. PCR evaluation of biopsies or separated lympho-
cytes can be used to differentiate between RCD1 and RCD2, the former resembling
severe but uncomplicated CD, while the latter typically has monoclonality and
potentially premalignant features.

Treatment options have included steroids, azathioprine, infliximab, cladribine,
stem cell transplantation and humanised monoclonal antibody to IL-15, (IAMG
714). There is to date no established standard intervention.
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Acronyms and non-standard abbreviations

APC Anti-Presenting Cells

APO Apolipoprotein

CD Coeliac Disease

CT Computed Tomography
EATL Enteropathy-associated T-cell lymphoma
IELs Intraepithelial lymphocytes
(Ig)A and (Ig)G Immunoglobulins

IL Interleukin

iNK Invariant natural killer cells
MR Magnetic resonance

NHL Non-Hodgkins lymphoma
NK Natural killer

RCD Refractory coeliac disease
TCR T-cell receptor

tTG Tissue transglutaminase

UJ Ulcerative jejunitis
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Abstract

In recent times, there had been an increase in the consumption of food products
made from cereals other than wheat flour. This is partly due to the surge or rise in
wheat importation thereby led to a high foreign exchange spending for countries
with comparative disadvantage in the cultivation and production of wheat grain.
Aside from this, there had been a major concern on the health challenges emanating
as a result of the consumption of food made from wheat flour. This health challenge
is called celiac disease; an immune-mediated disease arising from the inability of
the consumer to ingest gluten-containing products. This book chapter intends to
write on the management of celiac disease using gluten-free diets.

Keywords: immune-mediated disorder, gluten-free diets, celiac disease: human
leukocyte antigen

1. Introduction

In the last decade, there had been a rapid change in the dietary lifestyle among the
world populace owing to increased globalization, urbanization and rapid economic
development [1]. The rapid changes had also resulted in a large number of people suf-
tering from poor health conditions due to the food they consume. Owing to this, there
had been an increase in people’s awareness about the role in which foods play in the
emergence of these diseases [2-4]. One of such diseases resulting from food consump-
tion is celiac disease (CD). Celiac disease, an autoimmune disorder, triggers when a
genetically pre-disposed person or individual is exposed to dietary gluten resulting
in the inflammation or damage of the lining of the small intestine. Celiac disease had
become a global health challenge in which its prevalence is approximately 1% of the
total world population with variation among regions, age, and sex [5]. However, there
had been an increase in the prevalence of celiac disease in the US; a reason which was
unclear but attributed to environmental component of celiac disease such as changes
in the pattern of feeding, quality of ingested gluten, the spectrum of gastrointestinal
infestation as well as the colonization of the gut microbiota. Symptoms associated with
individuals suffering from celiac disease include retardation of growth, malnutrition,
anemia, diarrhea as well as fatigue [6]. Currently, the only proven remedy for the
treatment of celiac disease is the strict elimination of gluten from diets.

Generally, gluten is the term used to describe the alcohol-soluble fraction of
storage protein in grain wheat which made up of most diet in western countries
[7]. The storage proteins include prolamins (glutenin and gliadins) found in
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wheat grain, secalin found in rye, hordeins found in barley and avenins found

in oats. These storage proteins had been found to contain glutamine and proline
residues which are resistant to digestion in the gastrointestinal tract and encourage
the deaminization by tissue trans-glutaminase [8]. These proteins when ingested by
a genetically susceptible person caused a toxic effect on the gastrointestinal mucosa.
The proteins activate the response by cellular immune leading to the injury of the
intestinal mucosa which ranges from villous atrophy to infiltration of the lympho-
cytes. Villous atrophy in human leukocyte antigen (HLA) pre-disposed patient
resulted in malabsorption of micro and macronutrients such as fat-soluble vitamins
(A, D, E, K), folate, B complex vitamin (Niacin, riboflavin and thiamine), calcium,
and iron. To revolve the menace, individuals suffering from a celiac disease needs to
strictly adhere to gluten-free diets.

Gluten-free (GF) diets/foods are defined by the U.S. Food and Drug
Administration as a food completely devoid of gluten or does not contain a gluten-
containing grain (wheat, barley, oat and rye), flours made from gluten-containing
grain in which the gluten had been removed or not removed (wheat flour or starch)
and finally, if any of the above-mentioned products contain at least 20 ppm of
gluten in food [9]. However, the Commission Regulation of European Union defines
a gluten-free diet as a foodstuff that contains a gluten level not exceeding 20 ppm
for people who are intolerance to gluten. It was further regulated that food not
exceeding 100 ppm in gluten content should be tagged as very low gluten. There
is a wide range of palatable and attractive gluten-free diets specifically manufac-
tured for individuals suffering from celiac disease and this include but not limited
to GFD baked products, beverage drinks, wines, beers, sourdough etc. [10, 11].
These products are cereal-based food and had gained wide visibility in North and
South America, Europe, North Africa and some part of Asia. Gluten-free products’
marketability is estimated to increase in value from US$ 4.18 billion in 2017 to US$
6.47 billion by 2023 in which gluten-free bread and cookie are estimated to be the
most consumed cereal-based GF-food globally [9]. During the production of food
products made from gluten, gluten present in the food products is responsible for
the elasticity, extensivity and texture resistant if the dough [2, 12]. However, to
improve the quality (texture and specific volume) of gluten-free diet/products,
hydrocolloids such as hydroxypropylmethylcellulose, xanthan gum, pectin, car-
boxymethylcellulose are commonly used to improve the baking quality, imparting
texture and appearance as well as stability in the gluten-free dough.

2. Nutritional properties of gluten-free diet

Though gluten-free products are ideal for consumption by patients living with
the celiac disease, it is however low in protein due to the utilization of flour and
starches with higher starch to protein content. When flours from pulses are blended
with gluten-free cereals, it results in a meal with the complementary amino acid
profiles and likewise provides high-quality proteins for bakery purposes. C-ertain
species of pseudocereals have been reported to have significant nutritional constitu-
ents such as micronutrients, polyphenols, proteins, and dietary fibers when com-
pared with flour produced from cereals [13]. Significant higher mineral content has
been reported in gluten-free foods produced from quinoa, millet, oat, amaranth,
and buckwheat when compared with those made from rice, maize, and potato
starch [13].

Some method which had been reported to improve nutritional values and
bioavailability of gluten-free bakery goods includes malting and sprouting as these
processes help in activating enzymes responsible for the starch, proteins, and lipids
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breakdown [14, 15]. It has been suggested that gluten-free bakery products should
be incorporated with pulses and pseudocereals rather than the use of starches and
gluten-free cereals only.

2.1 Sensory properties of gluten-free diet

A major challenge in the production of gluten-free bakery products is in achiev-
ing sensory attributes that are desirable and acceptable by consumers. Gluten-free
bakery products are known for their distinct color, texture, appearance, taste, and
aroma when compared to those made from wheat flour. Due to complex formulation,
gluten-free bakery products tend to appear darker. Regarding wheat products, glu-
ten-free bakery products have lower volumes and harder textures. The acceptability
of some gluten-free bakery products has been reported to improve in terms of texture
when some proteins were added. In a study by Matos et al. [16], gluten-free muffins
were more acceptable by consumers when soy protein isolate was incorporated. Ina
related study, the acceptability of millet muffins improved in terms of texture when
chicken protein isolate and transglutaminase were combined [17]. Future research
should focus on how enzymes, proteins, hydrocolloids, and other ingredients can
improve the sensory acceptability of gluten-free bakery and pasta products.

2.2 Gluten-free products/diets used in managing celiac disease

A very good way of managing celiac disease in immune-mediated patients is
the total exclusion of gluten from their diet and diet substitution using gluten-free
products. The underlisted products are gluten-free products commonly used in the
treatment and management of celiac disease.

2.2.1 GF-dough/sourdough

GF-dough is a thick, malleable mixture of flour (usually cereal - wheat, barley,
and rye) and liquid (water) used in the production of bakery products void of
gluten. Total removal of gluten from these products enhance safety consumption
for celiac disease patients. However, this comes with several difficulties such as poor
dough rheological properties, reduced nutritional qualities, off flavor, poor mouth-
feel/taste, and more expensive GF-baked product compared with conventional
gluten baked products [18-20].

In research for remedy, food products have been developed from GF-dough
made from GF-flour (such as rice, sorghum, buckwheat, amaranth, quinoa, and
maize) [19, 21], dairy products [22], dietary fibers [3, 23], and starches [2-4].
Advantages of these alternatives are low glycemic index, antihypertensive, and
antihyperlipidemia [2-4].

Recently, researches have also focused on the production of food products
from sourdough rather than from gluten flour [24-26]. Sourdough is described as
a product of a biotechnological process that involves the mixture of flour (cereal)
and water, fermented by lactic acid bacteria thereby causing a pleasant sour-tasting
dough/product [27]. Sourdough is used to produce several varieties of baked prod-
ucts such as bread, biscuits (crackers) and cakes. Before production, sourdough
is characterized by increase dough leavening which promotes GF-end product
attractiveness, improved texture and palatability, increase mineral bioavailability,
slow down the rate of starch digestion (low glycemic index), antihypertensive
potential and extended shelf-life GF-products [19, 26, 28]. Sourdough applications
also include the production of novel bioactive compounds which can be used as
pre-bioactive starter cultures [28-30].
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2.2.2 GF-baked products

Understanding the functionality of gluten is very important in the baking
process of convectional product made from wheat. This gives an insight into the
most suitable ingredients that can be considered as gluten replacement. Gluten-free
bread has been produced from several types of gluten-free flour such as pseudocer-
eals (e.g., Buckwheat, quinoa, amaranth) [31, 32], cereals (e.g., sorghum, maize,
rice) [33, 34], and potato flour [35]. A gluten substitute in bread-making is hydro-
colloid. Some commonly reported hydrocolloids include; hydroxypropylmethylcel-
lulose [36]; xanthan gum [32], carboxymethylcellulose, and apple pectic [35]. The
application of buckwheat in the production of gluten-free bakery products such as
noodle, pasta, cookie, and bread has been reviewed by Giménez-Bastida et al. [37].
The sensory acceptability and present technological limitations of gluten-free pasta
and bread were reviewed by Padalino et al. [4]. Strategies for enhancing the qual-
ity of gluten-free noodles, pasta, and bread were likewise reviewed by Collar [38],
Elgeti et al. [39], and Naqash et al. [40]. Aside from the formulation of gluten-free
baked products from cereals and pseudocereals, there had also been a report of the
production of GF-baked products such as bread, pastries and cookies from starch
isolated from root and tuber crops, banana, cereals and legumes [2-4, 12, 41].

2.2.3 Gluten-free noodles

A diet which is free of gluten is the most effective therapy for ailment such as
celiac disease. Aside from its beneficial roles in patients with celiac disease, it also
has some perceived health benefits such as the regulation weight loss regulation and
prevention of gastrointestinal disease. The gluten-free industry was reported to
experience a growth of 136% between 2013 and 2015 [42]. Aside from the conven-
tional production of noodles from wheat, noodles are also produced from other
uncommon sources such as starches derived from corn, cassava, potatoes, mung
beans, and konjac. Grains of rice, oats, and buckwheat are other unconventional
sources.

Several grain varieties were also used in the production of gluten-free noodles
with good nutritional and health values. Gluten-free noodles are most suitable for
consumption by patients with intolerance to gluten as found in patients with celiac
disease. This type of noodles is mostly recommended for anyone who needs to avoid
the health challenges posed by the consumption of gluten foods.

Noodles made from rice grains are the second most common products after
cooked rice grains. Noodles are mostly produced from Indica rice variety and very
common in Asia countries like the Philippines, Sri Lanka, Vietnam, Thailand,
and Sri Lanka. Fu [43] classified rice noodles into instant, frozen, dried products
of shapes and thickness of differing types. With an amylose content of over 22%,
Indica rice is most suitable for noodles production. The starch properties determine
the structural characteristics of rice noodles as its constituent protein does not play
any role in the formation of a stable network structure [44].

Rice noodles are not prone to breaking apart when pan-fried. They also have an
elastic and flexible texture when pan-fried. Majority of consumers preferred rice
noodles which are boiled, pan-fried or soup with several ingredients as this noodle
products have a smooth taste when eaten and improved eating qualities. Aside from
its amylose which is viewed as a possible reason for its suitability in rice noodles
production, the exact mechanism is not understood fully.

Oat grain is a herb plant grown annually. The consumer market for this plant
is small. The two major types of oats are Avena nuda L. (naked oats) and Avena
sativa L. (Avena sativa). Avena nuda L. is the most commonly cultivated oat in the
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Gansu, Hebei, Jilin, and Inner Mongolia Provinces in China. Oats are highly nutri-
tious, high-energy and low-sugar food. Oats are usually referred to as healthy foods
because of their ability to regulate the metabolism of cholesterol, thereby impeding
the onset of certain ailment such as cardiovascular disease, aside its other health
benefits [45].

Buckwheat flour has protein content within the range of 7-13%, which is sig-
nificantly higher than the values present in wheat and rice flour. Buckwheat flour is
also rich in linoleic and oleic acid with a fat content of about 3%. Rutin, a bioactive
compound with hypertensive and hypolipidemic effects, is present in buckwheat
flour. Buckwheat noodles are majorly produced in northeast China, Korea, and Japan.
Buckwheat noodles processing can be either slit buckwheat noodles or extruded
buckwheat noodles. Just like in wheat noodles production, buckwheat noodles are
also produced manually or mechanically. In studies by Alamprese et al. [46], pasta
product was developed from a combination of eggs, rice flour, and buckwheat flour.
This study demonstrates the potential of buckwheat use for noodles production
without incorporating wheat flour which is gluten carrying constituent.

Cassava noodles, potato noodles, konjac noodles, corn noodles, mung bean
noodles etc. are some other types of noodles product which are gluten-free. These
noodles are rich in nutritional and functional values [47-51]. Figure 1 shows the
flowchart for noodle processing.

2.2.4 GF-beverage/functional drinks based on cereal

GF-beverage is another GF-product made from GF-cereals such as teff, millet,
tigernut, acha, fonio, sorghum among others, consume for prevention/manage-
ment of celiac disease. Some also play an additional role in the body beyond basic
nutritional needs and served as functional drinks. Teff is GF-grain suitable for
wheat/barley replacement in production of GF-beverage. Gebremariam et al. [52]
reported on Ethiopia local functional drinks made from teff. It was observed that
the GF-functional drink exhibits medicinal potential and is suitable for the manage-
ment of malaria, anemia and diabetes. Badejo et al. [53] developed a GF-beverage
from the combination of tigernut and acha varying the blending ratios at 25%.

It was observed that the developed beverages contain an appreciable number of
phenolic compounds such as gallic acid, rutin, quercetin, ellagic and caffeic acids
which may be responsible for higher free radical scavenging abilities reported
against DPPH* and ABTS*. Sharma et al. [54] developed prebiotic oligosaccharide
rich GF-functional drink from sorghum. They highlighted that the GF-functional
drink is suitable for celiac disease patient and contains high calories value, antioxi-
dant capacity, and no changes in sensory properties compared with wheat/barley
beverage. GF-beverage are relatively cheap and have extended shelf-life [55].

Sweet Potato Starch :
- ~ Steaming
Starch ” Gelatinization ’
Drying «— Extruding — Ageing

Figure 1.
Potato noodles processing flowchart.
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2.2.5 Gluten-free beer

Beer is an alcoholic carbonated, and fermented beverage produced from malted
cereal grain (such as wheat, barley, and rye). Consumption of beer is toxic to celiac
patients and could results into this autoimmune disorder due to the presence of
gliadin from wheat gluten, prolamines/hordeins from barley, and secalins from rye
[19, 56]. Scientific research has shown that the successful long-term management
of this autoimmune disorder is strict adherence to GF diets [57-59]. Hence, the
needs for GF-beer. European Commission guidelines described GF-beer as pseudo-
cereals/cereal malted beer devoid of gluten or beer technologically produced from
brewing malt to reduced its gluten content to less than 20 mg/kg [60, 61]. However,
controversy exists as US Food and Drug Administration (FDA) proclaim the latter
product has the potential to exhibits celiac symptoms in some patients than the
former [62, 63].

Pseudo-cereals malted beer produced from amaranth, buckwheat, and quinoa
free of gluten is therefore recommended for celiac patient [56, 57, 64]. These malted
beers contain adequate proteins and relatively high starch with sensory attributes
slightly lower compared to beer produced from wheat and barley in respect to their
taste, aroma, and mouthfeel when adequately mashed, fermented, and stabilized.
However, the cost of technology to achieve the aforementioned may inflate the price
of pseudo-cereal beer [56, 65].

Alternatively, GF-beer can also be produced from GF-cereal such as sorghum,
rice, and maize with several brewing conditions been altered such as mashing,
sparging, boiling, fermentation temperatures, and pH [66, 67]. This adjust-
ment relatively increases their disparities compared with wheat and barley beer.
Comparing GF-sorghum beer with barley beer, the former is rather too viscous,
slightly sweetish, and a little bit sour due to the formation of lactic acid [68]. Ceppi
and Brenna [69] observed that rice GF-beer were acceptable by consumers but had
lower enzymatic activity than barley. Zweytik and Berghofer [68] also reported that
GF-maize beer is light yellow with good foam stability, but was relatively poor in
taste compared with barley beer. However, they tend to have higher demands by the
consumers due to their cheap price [66].

3. Market feasibility of GF diets/foods

Owing to increase in patients suffering from celiac disease as well as gluten
intolerance, there had been a rise in consumer demand for gluten-free products
as a result of the increase in the number of diagnosis as well as consumers who are
making a conscious choice or effort to exclude gluten from their diets. The demand
had made gluten-free products one of the fastest-growing market opportunity
within the consumer wellness and global health market. For a patient who requires a
gluten-free diet, the products must be the same in terms of texture and appearance
as conventional gluten-containing products. A market survey of gluten-free food
in the United State of America (USA) reveals that the market stood at $2.3 billion
in 2019 and it’s estimated to reach $4.5 billion by 2027 according to Gorgitano
and Sodano [70]. The United Kingdom (UK) gluten-free products, however, was
estimated to be £426 million in 2018 and it’s expected to grow by 40% by 2030. The
estimated increase in gluten-free products in the US and UK was due to the facts
that gluten-free products are alternative to conventional and traditional grain-
based food products such as bakery, pastries, pasta-products which can be made
alternatively from other cereals such as maize, sorghum, millet as well as rice [71].
Although the market of gluten-free products had surged higher than the products
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for other medically diagnosed gluten-related diseases, however, the demand is
lower in comparison with gluten-containing products. This had been attributed to
the perception of gluten-free products by the consumers as poor or lower quality
products with poor appearance, flavor, and texture [1]. However, due to the adher-
ence to gluten-free diets by patients suffering from celiac or gluten intolerance
disease, there had been an additional economic burden on the patients due to higher
cost price of the products when compared to conventional non-gluten-free products
found in the market. In addition to the high selling price of the gluten-free diets,
there had been a problem of its availability in the market [72]. A general survey on
the market price of gluten-free foods over gluten-containing food products revealed
that the price of gluten-free products was 242% more expensive than conventional
gluten-containing products. The price was, however, found to be 89% more
expensive than its regular products in Chile. The evaluation of the market price,
availability and the nutritional composition of gluten-free products by Bagolin

do Nascimento et al. [72] at the capital city of Brazil revealed the limitation in the
availability of the products in the market coupled with high selling price in com-
parison with conventional products. Concerning market size among the different
segment of gluten-free products, it was reported that gluten-free cookies had more
sales and brought in more money compared to gluten-free bread, a reason which
could be attributed to the convenience and the quality of the cookie [73]. Other
reason could be the importance of gluten in the functional properties of the bread
compared to cookie. Gluten gives desirable quality such as the loaf texture and
volume to the bread. To make gluten-free foods or products available and avoidable
to the patients, the price of the develop GF-foods needs to be considered.

4. Conclusion

An approximately 1% of the people living in the world today suffers from celiac
disease. However, there had been an uprise in the prevalence of the disease due to
the underestimation of the disease as it is often left undiagnosed. The only proven
remedy to the treatment and management of the disease is the exclusion of wheat
or gluten-containing products from their diet and through adherence to gluten-
free products/foods. One constrains being perceived by patient suffering from
celiac disease is the nutritional imbalance of the diets as a result of the exclusion of
gluten and other major gluten-related protein from their diets. Owing to this, it is
important that when developing gluten-free diets for patients suffering from celiac
disease, the GF-food should be of high nutritional composition, available, and
avoidable economically.
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