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ABSTRACT

It is now well established that gluten sensitivity comprises a spectrum of disorders,
which affect different target organs. The small-intestine (coeliac disease), skin
(dermatitis herpetiformis) and peripheral and central nervous systems are most
frequently affected. These manifestations may occur alone or in combination with one
another.

Neurological complications affect approximately 6-10% of patients with gluten
sensitivity with ataxia being the most frequent disorder seen in these patients. It has
recently been established that previously undiagnosed gluten sensitivity may present
solely with ataxia (gluten ataxia) and this disease entity may account for a large number
of patients with sporadic idiopathic ataxia. Preliminary findings suggest an immune
pathogenesis for gluten ataxia, in common with other manifestations of gluten
sensitivity. The studies in this thesis are concerned with investigation of the humoral
immune response in the pathogenesis of gluten ataxia.

Assessment using enzyme-linked immunosorbent assay, immunohistochemistry and
western blotting has shown the presence of elevated levels of circulating gluten
sensitivity associated antibodies (anti-gliadin and anti-tissue transglutaminase
antibodies) in patients with gluten ataxia. Studies have also shown the cross-reaction of
anti-gliadin antibodies with epitopes on cerebellar Purkinje cells. In addition, patients
with gluten ataxia possess circulating antibodies directed against cerebellar Purkinje
cells, which are distinct from anti-gliadin antibodies although the target antigen remains
unknown. Finally, studies have also shown that patients with gluten ataxia have
elevated levels of circulating antibodies directed against glutamic acid decarboxylase.

These studies suggest a role for the humoral immune response in gluten ataxia.
However, preliminary evidence is also suggestive of a T-cell mediated response and the
relative contributions of each in the pathogenesis of gluten ataxia remains to be
elucidated.
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CHAPTER ONE

GENERAL INTRODUCTION



1.1. Ataxia

Ataxia is a term used to describe abnormalities in the co-ordination and accuracy of
execution of voluntary movements. It may manifest at any age and has a number of

causes. Ataxia results from disruption of the normal functioning of the cerebellum.

1.2 The Cerebellum

The cerebellum (little brain, Latin) is located at the base of the brain and constitutes

approximately 10% of the brain’s total volume (Kandel et al., 1991).

1.2.1 The function of the cerebellum

As early as 1809, it was noted that cerebellar disruption resulted in disturbance of
posture and voluntary movements (Middleton & Strick, 1998). It is now known that the
cerebellum plays an important role in the control and timing of voluntary movement
(Fonnum & Lock, 2000). Generally, the cerebellum has a regulatory, stabilising role,
co-ordinating different muscle groups so that actual movements precisely match the
intended action. It continually receives information about infended movement from
other parts of the brain (internal feedback) as well as information about actual
movement from peripheral sources (external feedback). Using this information, the
cerebellum compafes the intended action with what is actually happening and makes
any necessary adjustments, through modulation of motor tracts, to ensure the intended

action is executed successfully (Kandel et al., 1991).

1.2.2 The functional structure of the cerebellum

The cerebellum is composed of an outer layer of grey matter (the cerebellar cortex),
internal white matter and three pairs of deep nuclei (fastigial, interpbsed and dentate)
situated in its core. The cerebellum is divided into three functional areas: the vestibular
cerebellum, the spinocerebellum and cerebrocerebellum, each containing neurones that
are arranged in a highly regular, repetitive pattern. Each of these areas acts on inputs
from different areas of the brain as well as also sending outputs to distinct areas (Kandel
et al., 1991). The cerebellar cortex is pivotal to cerebellar function in receiving,
processing and outputting information. The cortex itself is composed of three layers:
the molecular layer, the Purkinje cell layer and the granular layer (figure 1.1) and
contains five types of neurones: stellate, basket,.Purkinje, Golgi and granule cells

(figure 1.2). There are two different input systems into the cerebellar cortex, both
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having the end-result of exciting Purkinje cells, which are the sole output of the

cerebellar cortex (Carpenter, 1996; Kandel et al., 1991).

1.2.2.1 Cerebellar Purkinje cells

Purkinje cells are one of the largest neurones of the central nervous system (CNS) with
a cell body diameter of 50-80um. They are unmyelinated, inhibitory neurones and use
y-aminobutyric acid (GABA) as their neurotransmitter. During development, Purkinje
cells form a multi-cellular layer between the molecular and granular layers of the
cerebellar cortex. In early post-natal life, the Purkinje layer undergoes numerous
changes and forms a unicellular structure consisting of a side by side arrangement of
Purkinje cell bodies in the Purkinje cell layer with thick dendrites extending into the
molecular layer. There are approximately 7-14 x10° Purkihje cells in the adult human
cerebellum, the numbers of which remain relatively constant throughout life (Kandel et
al., 1991). However, some apoptotic death does occur and, as with all neurones, some
degree of age-related loss is expected in individuals over 70 years of age (Goldowitz &
Hamre, 1998).

1.2.2.2 Cerebellar connections: pathways to and from the cerebellar cortex

The major afferent input of the cerebellar cortex comes from mossy fibres that excite
Purkinje cells indirectly. Upon entering the cerebellar cortex, mossy fibres excite local
populations of granule cells within the granular layer. Ascending to the molecular layer
the granule cell axons make connections with nearby Purkinje cells then, within the
molecular layer, they split into two thin fibres (parallel fibres) that run in opposite
directions intersecting with the Purkinje cell dendrites (figure 1.2). Each granule cell
receives input frorh many mossy fibres and, in turn, contacts a large number of Purkinje
cells making this input system very diffuse and non-specific. This is in contrast to the
second afferent input system of the cerebellar cortex. The second input into the
cerebellar cortex is provided by climbing fibres, which excite Purkinje cells directly.
Climbing fibres enter the cortex and wrap around Purkinje cells forming numerous
synaptic contacts, predominantly on the Purkinje cell dendrites (figure 1.2). These
contacts are highly excitatory, each climbing fibre contacts only 1-10 Purkinje cells and
each Purkinje cell receives input from only one climbing fibre. Inhibitory controls over
these input systems are provided by Golgi cells, which inhibit granule cells, and basket

- and stellate cells, which inhibit Purkinje cells. Purkinje cells are the sole output of the

cerebellar cortex and are directly connected to the deep cerebellar nuclei, which in turn
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feed out to other regions of the brain (Carpenter, 1996; Kandel ef al., 1991). These

connections are summarised in figure 1.3.

1.3 Symptoms Of Ataxia

Damage to the cerebellum results in characteristic signs and symptoms, related to which
of the three functional areas is affected. Symptoms vary between individuals and
according to the type of ataxia. Common symptoms include abnormal jerky eye-
movements (nystagmus), difficulties of postural co-ordination (eg. difficulties in
standing upright, seating) and problems with abnormal gait (eg. unsteadiness when
walking and the need to walk with the feet placed widely apart), attributable to damage
of the vestibulocerebellum. Damage to other cerebellar areas also causes more
generalised co-ordination problems. Frequently, difficulty co-ordinating all kinds of
movement is experienced (asynergia), often in association with a loss of muscle tone
(hypotonia). Consequenﬂy, individuals with ataxia often ‘overshoot’ movements
(dysmetria), for example reaching out too far to pick up an object from a table. The
overshoot is corrected by an overshoot in the opposite direction and a cycle is set up
resulting in an action tremor around the desired position (intention tremor). Other
‘symptoms include difficulties in executing rapidly alternating tasks with the limbs and
difficulty co-ordinating speech resulting in slurring (dysarthria) (Carpenter, 1996;
Kandel et al., 1991).

1.4 Causes Of Ataxia

Ataxic conditions may be inherited, acquired or be of unknown cause.

Inherited ataxias comprise a wide group of disorders, which have a collective

* prevalence of approximately 6-7 individuals per 100,000 population (Albin, 2003).
They are divided into autosomal dominant and autosomal recessive ataxias depending
on their mode of inheritance with each class able to be further subdivided according to
the mechanism of genetic mutation (Albin, 2003). One major group of dominantly
inherited ataxias is the spinocerebellar ataxias (SCAs), which are assigned different
numbers according to the specific associated gene or chromosomal locus (Mariotti & Di
Donato, 2001). The SCAs are caused by primarily tri, but also tetra or penta, nucleotide
repeats in either coding or non-coding regions of specific genes, which results in the

formation of aberrant proteins with ‘toxic’ functions and consequent neuronal cell death
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and degeneration (Albin, 2003; Mariotti & Di Donato, 2001). The affected proteins and
associated locus have now been discovered for some, but not all, SCAs (Mariotti & Di
Donato, 2001). Other dominantly inherited ataxias are dentatorubral pallidoluysian
atrophy (DRPLA), which is also caused by a trinucleotide repeat, and the episodic
ataxias (Albin, 2003). There are four types of episodic ataxias, all of which are the
result of mutations in genes encoding ion channel proteins. Types 1 and 2 result in
dysfunction of potassium and calcium channels respectively. and the genes affected in
type 3 and 4 have yet to be isolated (Albin, 2003). The recessive ataxias are also a
heterogeneous group, which commonly result from a loss of function of various gene
products (Albin, 2003). The most common of this group is Friedreich’s ataxia, caused
by a trinucleotide repeat in the frataxin gene, but other recessive ataxias include ataxia
associated with a primary vitamin E deficiency and ataxia—telahgiectasia (Albin, 2003;

Mariotti & Di Donato, 2001).

Acquired ataxias may arise as a secondary result of several different conditions. These
include alcoholism, vitamin deficiencies, malignancy (paraneoplastic syndromes) and

other neurological disorders (e.g. multiple sclerosis, MS) (Mariotti & Di Donato, 2001).

A further, significant proportion of ataxia cases occur sporadically and the cause
remains unknown (idiopathic ataxia). A subgroup of these patients have been reported
to possess circulating antibodies direéted against glutamic acid decarboxylase (GAD)
and it has been suggested that, in these cases, the ataxia may have an immune-mediated
pathogenesis. The association between ataxia and circulating anti-GAD antibiodies is
described in more detail in section 6.1.2.4. It is also known that ataxia is the most
common neurological manifestation of gluten sensitivity and that recent research has
suggested that a significant number of cases of sporadic idiopathic ataxia may be due to
previously undetected gluten sensitivity (gluten ataxia) (Hadjivassiliou et al., 1996;
1998). Identification of a cause is important, as these cases of ataxia may be potentially

treatable or pfeventable if the aetiology can be determined.

1.5 The modern epidemic of gluten sensitivity

Grain has only been a significant part of mans’ diet since the agricultural revolution, a
consequential event of the climate change during the transition from the Paleolithic to

the Neolithic age, approximately ten thousand years ago (Diamond, 2002; Greco, 1997,



Lev-Yadun ez al., 2000). Efficient agricultural systems are believed to have started
within the ‘Fertile Crescent’ (a wide area including southern Turkey, Palestine, Lebanon
and northern Iraq) (Diamond, 2002; Greco, 1997; Lev-Yadun ef al., 2000). Advantages
including the physical properties of grain (easy storage, plentiful harvests) and the sense
of wellbeing induced after ingestion of wheat (from exorphins, partially digested
peptides that exert morphine-like effects) resulted in its growth in popularity as a food
source, despite an initial decline in the health and stature amongst peoples of the first
farmihg communities (Diamond, 2002; Fukudome & Yoshikawa, 1992, 1993; Greco,
1997; Zioudrou et al., 1979). Thereafter, agricultural practices were readily accepted
and spread rapidly throughout the Mediterranean region before finally reaching
Northern and Western Europe approximately five thousand years ago (Greco, 1997).

During this period, grains themselves also underwent extensive artificial selection in
order to adapt to the changing demands of agriculture and large-scale cultivation. These
changes resulted in the eventual production of Triticum Aestivum, the progenitor of all
modern wheat species, of which there are over twenty thousand. Todays’ wheat
contains extremely large quantities of gluten (the storage protein of wheat) as a response
to the current demands for a product that is well adapted for baking and easily handled
by modern agricultural machinery (Greco, 1997). The inclusion of grains in mans’ diet,
therefore, occurred extremely late on in evolutionary terms and many populations have
consumed them for only several thousand years. As may be expected, not everybody
adapted to these dramatic changes over such a short time period and a proportion of
humans could not recognise gluten as a ‘tolerable’ protein and developed gluten
sensitivity. Although strictly referring to the toxic proteins of wheat, the term ‘gluten’
used in the context of gluten sensitivity within this thesis also encompasses the

analogous toxic proteins, hordeins and secalins, found in barley and rye respectively.

It is now known that gluten sensitivity is a complex, immune-mediated condition with a
strong genetic association. Onset is triggered by the combination of genetic
susceptibility and the interactions with various environmental factors. Gluten
sensitivity has a highly variable clinical spectrum (figure 1.4). The first described
manifestation of gluten sensitivity was that affecting the small intestine (coeliac disease,
CD) and with many symptoms related to the gastrointestinal (GI) tract or malabsorption,
it was long assumed that the gut was the sole target organ. However, it is now well-

established that this is not always the case and that the condition may manifest as
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different diseases in areas other than the small intestine, most commonly the skin
(dermatitis herpetiformis, DH) and the nervous system. These manifestations share
certain aetiological genetic and environmental factors and may occur alone or in

combination with one another, with differing severity, in the same individual.

Research into gluten sensitivity has advanced considerably in recent years and,
reflecting the wide clinical spectrum, gluten sensitivity is defined as ‘a state of

heightened immunological responsiveness to ingested gluten‘ proteins in genetically
predisposed individuals’ (Marsh, 1995).

Figure 1.4 The spectrum of gluten sensitivity

Coeliac Disease
(small intestine)
Symptoms include:
Diarrhoea/constipation,
abdominal pain &
bloating, fatigue, weight-
0ss, vomiting, loss of
appetite

Neurological
Dysfunction
(peripheral and central
nervous systems)
Symptoms include: Ataxia,
peripheral neuropathy.
epilepsy, migraing

Dermatitis
Herpetiformis
(skin)
Symptoms: Itchy vesicular
rash, predominantly on
elbows, buttocks, knees

Gluten sensitivity has a wide-ranging clinical spectrum. Target organs are diverse and
the condition commonly affects the intestine, skin and nervous system. These
manifestations may occur alone or in combination with one another. Overlapping areas

demonstrate co-existing manifestations previously reported in literature (not to scale).
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If genetically susceptible individuals with extra-intestinal manifestations and serological
markers of gluten sensitivity but histologically normal intestinal mucosa are also
included, the prevalence of gluten sensitivity as a whole is likely to be even greater than
1% of the population. Additionally, a large number of genetically susceptible but

otherwise healthy individuals may also be considered at a potential risk (figure 1.5).

Gluten sensitivity tends to be most prevalent in areas where bread and pasta were
historically adopted as the major source of carbohydrate. Therefore, it is primarily a
disease of European Caucasians and their descendants in countries such as the USA,
Australia and New Zealand (Sollid, 2000). Most non-Caucasian populations have a
lower prevalence and the condition generally remains rare in sub-Saharan African,
Japanese and Chinese populations, even after migration to areas of higher prevalence
(Cole & Kagnoft, 1985). However, gluten sensitivity has been reported in populations
including those of Asian Indians (Kaur ef al., 2002) and Arabs-(Neuhausen ef al., 2002)
and the highest reported prevalence of 1 in 20 was found amongst North African
Saharawi people (Catassi ef al., 1999). Recent screening studies in such areas suggest
that the incidence may, in fact, be similar to many European countries and the USA
(Shahbazkhani et al., 2003). '

CD has been reported to be more common in women than men (Gomez et al., 2001; Hin
et al., 1999) but other studies have suggested that both are affected equally (Bramwell
Cook et al., 2000; Johnston et al., 1998; Not et al., 1998). The sex distribution of
gluten sensitivity as a whole is not known although neurological manifestations appear

to affect both sexes evenly (Hadjivassiliou ef al., 2002a; 2003a).

1.7 Genetic susceptibility to gluten sensitivity

A strong genetic component to the aetiology of gluten sensitivity is suggested by the
facts that gluten sensitivity has long been noted to run in families, first-degree relatives
of sufferers have a 10-15% risk of suffering themselves and there is a high concordance
of disease among monozygotic twins of 76% (Greco ef al., 2002). An extremely strong
association of CD with certain human leukocyte antigen (HLA) class II genes is now
well established. Gluten sensitive individuals with DH and gluten ataxia share the same
HLA profile as patients with CD (Hadjivassiliou et al., 2003a; Wills ef al., 2002). This
suggests that gluten sensitivity is associated with a particular susceptible HLA

genotype, regardless of the clinical manifestations, which may be a reliable indicator for
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the condition. However, the fact that these genes are expressed by approximately 15-
30% of the population (Catassi et al., 2002; Torinsson Nalual et al., 2001), yet only a
small minority develops gluten sensitivity despite being exposed to similar
environmental influences, is evidence for the involvement of other additional
susceptibility genes. It is believed that HLA genes account for less than 40% of the
heritability of CD (Bevan et al., 1999). The role of additional susceptibility genes in the

aetiology of other manifestations of gluten sensitivity has not been investigatéd.

1.7.1 HLA genes

The HLA class I and class II genes are located on the short arm of chromosome 6 and
are inherited together as a haplotype. The HLA system is highly polymorphic, each of
the genes possessing multiple alleles. One haplotype is inherited from each parent and
the HLA class I and II alleles are expressed co-dominantly (Staines et al., 1994).
Initially, gluten sensitivity was associated with HLA class I molecule, B8 (Falchuk et
al., 1972; Stokes et al., 1972) but stronger associations were later found with the HLA
class II molecules,ﬁ DR3 and DQ2 (Keuning et al., 1976; Solheim et al., 1976; Tosi et
al., 1983).

It is now known that 90-99% of individuals with gluten sensitivity express the DQ2
molecule, the percentage varying somewhat depending on the geographical region
(Catassi et al., 2002; Ciclitira & Moodie, 2003; Guandalini & Gupta, 2002;
Hadjivassiliou et al., 2003a; Sollid et al., 1989; Wills et al., 2002).

HLA class I molecules are composed of two polypeptide chains, designated o and B.
The a~chain and B-chain of the DQ2 molecule are encoded by the DQA1*05 and
DQB1*02 alleles respectively. Depending on the genetic make-up of an individual, the
DQ2 molecule is, most commonly, encoded in cis (where both alleles are on the same
chromosome) or in trans (where the alleles are located on different chromosomes)
(figure 1.6) (Sollid et al., 1989). There is some evidence that encoding of the DQ2
molecule in frans confers an increased risk of CD, suggesting that another gene present
on the inherited haplotypes may affect the disease risk (Fernandez-Arquero et al., 1995;
Mazzilli e al., 1992). Several studies have also identified a gene dosage effect of the
DQB1#*02 allele whereby individuals who have inherited more than one copy of the
allele are also at an increased risk for disease (Lopez-Vazquez et al., 2002; Ploski et al.,

1993; Sollid, 2000).
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Depending on the population studied, 2-10% of patients with gluten sensitivity do not
express the DQ2 heterodimer (Ciclitira & Moodie, 2003; Guandalini & Gupta 2002;
Hadjivassiliou ef al., 2003a; Sollid, 2000; Wills et al., 2002). It is now known that
‘virtually all of these individuals instead express the DQ8 molecule (encoded by
DQA1*03 and DQB1*0302 alleles). |

It is accepted that DQ2 and DQ8 HLA class II molecules confer the primary genetic
susceptibility to gluten sensitivity. As mentioned, the relative proportions of DQ2 and
DQ8-expressing patients appear somewhat dependent on region. For example, in Chile,
expression of the DQ8 heterodimer appears more prevalent (Pérez-Bravo et al., 1999),
whereas in Northern and Southern Europe 98% and 92% of sufferers respectively
express DQ2 (Parnell & Ciclitira, 1999).

Research has focused on the possible effects of other HLA genes that may be inherited
on the same haplotypes as the DQ2 or DQS alleles. Several specific, sometimes unique,
haplotypes containing the DQ2 gene have been found to bé expressed more frequently
in patients with CD depending on the geographical location. Specific haplotypes have
been associated with Asian Indian (Kaur ef al., 2002), Sardinian (B18-DR3-DQ2)
(Congia et al., 1992) and Turkish (A25-B8-DR18-DQ2) populations (Erkan et al.,
1999). Other work has suggested that certain haplotypes may be more associated with
atypical forms of CD rather than a typical presentation with GI symptoms (Lopez-
Vazquez et al., 2002). Expression of other HLA genes carried on certain haplotypes,
such as the DR heterodimer, DR53, which is capable of binding to gliadin peptides with
high affinity (Clot et al., 1999), and the DP allele (DPB1*0101) are also reported to
increase disease risk and severity (Clot ef al., 1999; Polvi et al., 1997).

1.7.2 Non-HLA genes

Despite extensive investigation and concentrated research, to date, no non-HLA genes
have been definitively identified as contributing to the risk of gluten sensitivity. This
implies that any associated non-HLA genes have only a minor influence on disease
susceptibility and that, apart from the HLA class II genes, there is no genetic factor
which exerts a significant effect (Ciclitira. & Moodie, 2003; Sollid, 2000). Research into
this area has mostly been carried out using gehome-wide scans to search for disease-
associated regions and candidate-gene targeting of specific genes of interest.

The results from these studies have so far been mixed and often contradictory.
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Genome-wide scans have been carried out on Irish (Zhong et al., 1996), British
(Houlston et al., 1997), Italian (Greco et al., 1998), Finnish (Woolley et al., 2002) and
Scandinavian (Torinsson Nalual ef al., 2001) populations. Regions on chromosomes
4p, 5q, 7931, 8p, 11q, 1192, 11pl1, 15q26 and 22 were highlighted as of interest on one
or more of these studies and are interesting in that they contain genes with various
immunological products. Many subsequent linkage studies have been carried out,
looking directly at these candidate regions to identify specific genes. Some associations
with the CTLA-4 (Djilali-S‘aiah et al., 1998; Mora et al., 2003; Popat et al., 2002),
tumour necrosis factor (TNF) (de la Concha ef al., 2000) genes and major
histocompatibility class I chain related gene (MIC)-A (Fernandez er-al., 2002; Lopez-
Vazquez et al., 2002; Rueda ef al., 2003) have been reported although not confirmed.
Lie and co-workers suggested that a gene in the region D6S2223 on chromosome 6
predisposes individuals to both coeliac disease and insulin-dependent diabetes mellitus
(IDDM) (Lie et al., 1999). However, a recent, extremely large, collaboraﬁve European
study (Louka et al., 2003) failed to identify any additional non-HLA risk-modifying
factors on the common DR3-DQ2 susceptibility haplotype, which notably contains the
'TNF and MIC-A genes as well as the D6S2223 region.

1.8 Environmental aetiological factors of gluten sensitivity

The most critical environmental factor is exposure to gluten and other similar cereal
proteins. The major constituents of grains are the outer husk (bran), the germ and the
endosperm, which are separated from one another dufing milling. The storage proteins,
which are the toxic agent in gluten sensitivity, are contained within the endosperm
(Ciclitira & Moodie, 2003). Their function is to act as stores of the amino acids that are
necessary during germination (Molberg et al., 2003). They contain high levels of
nitrogen, which in turn relates to the high content of glutamine and proline residues
found in the proteins (up to 50% of the total content) (Vader ef al., 2002) although other
amino acids, such as glutamic acid and aspartic acid are unusually rare (Sollid, 2002).
For this reason, the storage proteins are also known as the prolamines. Prolamines from
wheat (gluten), rye (secalins) and barley (hordeins) all have a relative molecular mass

(RMM) of 30-74kDa (Duggan, 1997).

Gluten is a sticky substance, made up of a complex mixture of many different gliadin
and glutenin polypeptides (figure 1.7). All varieties of wheat carry several, linked

gluten-encoding genes located in clusters on several different chromosomes (Molberg et
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al., 2003). Gliadins are monomers (~250-300 residues in length, 20-40kDa) and are of
/ numerous types (Molberg et al., 2003; Sollid, 2002). The glia_dihs are sub-divided into
a,B,y and o type gliadins based on their N-terminal sequence and size and mobility on
gel electrophoresis (Molberg et al., 2003). Each variety of wheat may contain several
different variants of each of these gliadins. Glutenins form large polymeric structures
within gluten and are subdivided into high-RMM (~650-800 residues in length, 70-
120kDa) and low-RMM (~270-330 residues in length, 30-75kDa) sub-types (Molberg et
al., 2003; Sollid, 2002). As with the gliadins many variants exist and several different

types may be present in each variety of wheat.

Figure 1.7 The components of gluten

WHEAT PROTEIN

GLOBULINS GLUTEN ALBUMINS
(Saline soluble) (Ethanol soluble) (Water soluble)
Gliadins Glutenins

(c..B.y.0)

Adapted from Parnell & Ciclitira, 1999.
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1.9 Diagnosis of gluten sensitivity

Specific guidelines for the diagnosis of CD are in place and certain elements, such as
determination of mucosal damage and presence of circulating markers of gluten
sensitivity form a central part of the diagnosis of other manifestations of gluten

sensitivity too.

The cornerstone of CD diagnosis remains the detection of characteristic mucosal
changes that result from the immunological response to gluten by examination of a
biopsy taken from the small intestine (Feighery, 1999; Guandalini & Gupta, 2002).
The most widely adopted diagnostic criteria for CD are those originélly proposed, in
1970, by the European Society of Paediatric Gastroenterology and Nutrition (ESPGAN)
(Meeuwisse, 1970). Briefly, the guidelines state that a diagnosis of CD should fulfil the
following points; '
o The presence of compatible symptoms and the demonstration of a structurally
abnormal small intestinal mucosa on a gluten-containing diet (1% intestinal biopsy)
o A clear, clinical response to a gluten-free diet (GFD)
o Documentation of unequivocal improvement of the villous structure after following
a GFD for approximately 6 months (2™ intestinal biopsy)
o Deterioration of mucosa and reappearance of symptoms during gluten challenge (3"
intestinal biopsy)
These conditions were revised in 1990 (Walker-Smith ef al., 1990). As a result, gluten
challenge with a third biopsy is not routinely performed and, in some cases, a complete
response to a GFD with a decrease in one or more serological markers, rather than a |
second biopsy, is sufficient for diagnosis (Ciclitira & Moodie, 2003). The development
of reliable assays to detect serological markers (specific antibodies that are produced as
a result of the immune response against gluten) of gluten sensitivity has led to major
advances in the diagnosis of the condition. These assays have proved particularly useful
in detecting genetically susceptible patients with atypical, silent or extra-intestinal
manifestations of gluten sensitivity, who may have a histologically normal intestinal
mucosa. Currently, anti-gliadin, anti-endomysial and anti-tissue transglutaminase
antibody assays are most frequently used for detection of gluten sensitivity. Antibody
profile varies among patients and some have no detectable serological markers (Rostami
et al, 1998), therefore, it is advisable to test for as wide a range of antibodies and
isotypes as possible. Further details on serological assays for gluten sensitivity are

given in section 3.1.
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1.10 Coeliac Disease

‘Classic’ overt gluten sensitivity, affecting the GI tract, CD, was first described by
Samuel Gee more than a century ago in 1888 in his report entitled ‘On the Coeliac
Affection’ (Ciclitira & Moodie, 2003). However, the disease was mentioned as early as
the second century AD, by the clinician Aretaeus the Cappadocian, the name coeliac
originating from his description in which he used the word ‘ko1Aioxn’ (abdominal,
greek) (Dowd et al., 1974). The link between CD and dietary factors was first
recognised in 1924 with the description by Sidney Haas of a novel treatment in the form
of a banana diet, which excluded bread, crackers, potatoes and cereals (Haas, 1924).
During the Second World War, a Dutch paediatrician named W.K. Dicke noted that
children with CD recovered dramatically during this period of cereal and bread scarcity
but relapsed quickly following their re-introduction. Dicke went on to prove in 1950

that the toxicity was caused by gluten (Dicke, 1950).

1.10.1 Symptoms of coeliac disease

CD was historically considered a disease of childhood. Infants and toddlers presented
before 2 years of age with classic symptoms including irritability, chronic diarrhoea,
failure to thrive, vomiting, abdominal distension, muscle wasting and retarded growth
(Challacombe, 1994; Ciclitira & Moodie, 2003; Feighery, 1999; Guandalini & Gupta,
2002). However, an increasing number of cases are being diagnosed in older children
and adults in the absence of typical GI symptoms (Bottaro ef al., 1999; Feighery, 1999;
Visakorpi & Miki, 1994). It is currently believed that almost 50% of newly diagnosed
patients present without GI symptoms but instead with non-specific, often vague
symptoms frequently not immediately suggestive of CD or with other, seemingly

unrelated conditions (Guandalini & Gupta, 2002).

1.10.2 Treatment of coeliac disease

At present, the only treatment for gluten sensitivity is complete, life-long elimination of
wheat, barley and rye from the diet. Although well tolerated in both irn vivo and in vitro
studies (Janatuinen et al., 2000, 2002; Kilmartin ef al., 2002, 2003; Lundin ef al., 2002),
elimination of oats too is generally advised (Parnell & Ciclitira, 1999). A GFD
provides a dramatic and rapid relief of clinical symptoms followed by improvements in
intestinal function and return to histologically normal mucosa for the vast majority of

patients (Ciclitira & Moodie, 2003; Parnell & Ciclitira, 1999). The risks of most
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conditions and complications associated with untreated CD also improve or disappeér
after commencement of a GFD. Most commonly, these include risks of nutritional
deficiencies, low bone mineral density (Bai et al., 1997; Kemppainen et al., 1999;
Mustélahti et al., 1999) and, most importantly, the increased risk of malignancy
(particularly enteropathy associated intestinal T-cell lymphoma, EATL) (Holmes et al.,
1989; Howdle et al., 2003). Rarely, cases of CD may be non—responsive toa GFD
(refractory CD).

1.10.3 The association of coeliac disease with autoimmune diseases
Patients with CD appear to have a greater than expected chance of deQeloping certain
autoimmune conditions (table 1.2). It is known that patients with established CD are 3-
5 times more likely to develop an associated autoimmune condition, particularly if
diagnosed with gluten sensitivity at a later age (Sategna Guidetti et al., 2001; Ventura et
al., 1999). The association is thought to reflect a shared genetic background or
immune-mediated mechanism between diseases (Feighery, 1999; Maki & Collin, 1997).
A GFD does not seem to eliminate the risk, possibly indicating that early ingestion of
gluten may somehow modify the immunological response (Sategna Guidetti ef al.,

2001).

Table 1.2 Prevalence of associated autoimmune diseases among patients with coeliac

disease
PERCENTAGE OF
CONDITION SUFFERERS WHO HAVE REFERENCE
OR WILL DEVELOP CD

IDDM 4% Sategna Guidetti et al.,
2001; Ventura et al., 1999

Autoimmune thyroid 14% Sategna Guidetti et al.,

disorders 2001 |

Psoriasis 3% Sategna Guidetti et al,,
2001

Autoimmune hepatitis 1.1% Ventura et al., 1999
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1.10.4 The immune-mediated pathogenesis of coeliac disease

It is now known that CD is the result of an immune response, mounted against gluten,

within the small intestine. It is widely believed that this immune response requires a

~ precipitating factor for its full initiation in genetically suscepﬁble individuals on a

gluten-containing diet. The exact nature of this factor remains unclear but candidate

factors include: _

o Abnormal metabolism of gluten (Biagi et al., 1999a) or a shift to deamidation of
gluten in the intestine (Arentz-Hansen et al., 2000; Sjostrom ef al., 1998) causing a
lack of or subsequent loss of oral tolerance to gluten.

o An episode of intestinal hyperpermeability either through infection or altered
expression of permeability mediators (eg. zonulin) (Clemente ef al., 2003; Fasano et
al., 2000).

o Cross-reaction of immune responses against infectious agents with gluten
(Nieuwenhuizen et al., 2003).

o Increased dietary gluten (Hernell ef al., 2001)

o Selective initiation of an innate immune response against gluten (Maiuri ef al., 2003;

Schuppan et al., 2003)

Once initiated, the immune process leads to inflammation, loss of intestinal structure
and eventual loss of function. A histological image of a CD lesion, showing the disease
associated hallmarks of crypt hyperplasia and mucosal flattening (villous atrophy), is

* shown in figure 1.8. Impbrtantly, these histological and functional changes occur along
a continuum (figure 1.9) ranging from a histologically normal mucosa (preinfiltrative)

to irreversible hypoplastic atrophic lesions (Marsh, 1995).

The mounting of an intestinal immune response against gluten requires the entry of
intact peptides into the tissue for recognition by the immune system. Recent in vitro
experiments have shown the existence of a highly stable 33-mer a-gliadin peptide,
produced by digestion by gastric and pancreatic enzymes, which is able to resist
subsequent digestion by small intestinal brush-border enzymes, thus passing into the

tissue intact (Shan et al., 2002).

The immune response against gluten is thought to involve an early inflammatory
response, activated by regions of gliadin distinct to those recognised by T-cells,

followed by an adaptive gluten specific predominantly T-cell mediated response (Maiuri
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Figure 1.9 The Marsh Classification of coeliac disease associated mucosal lesions

CCINFILTRATIVE < "FLAT. .. “ATROPHIC -

PRE~
‘= HYPERPLASTIC* . DESTRUCTIVE" .. HYPOPLASTIC®

. INFILTRATIVE" .

Type 0 Type 1 Type 2 Type 3 Type 4

Type 0 (preinfiltrative) lesions have been reported in some gluten sensitive individuals
and are associated with a normal mucosa in conjunction with genetic susceptibility and,
in some cases, increased gluten sensitivity associated circulating antibodies.

The Type 1 lesion is associated with the infiltration of lymphocytes into the villous
epithelium resulting in increased numbers of intraepithelial lymphocytes (IELs) in an
otherwise normal mucosa. A Type 2, infiltrative-hyperplastic lesion, has the additional
characteristic of hypertrophic crypts. The flat-destructive lesion (Type 3) is the classic
‘text-book’ lesion with crypt hyperplasia and villous atrophy both evident. 'i‘his lesion
is divided into three sub-types (3a, b and c) depending on the degree of villqus atrophy
(mild, partial or complete respectively). Type 4, atrophic-hypoplastic, lesions are rarely
encountered and most frequently associated with cases of refractory CD or EATL.

Taken from Marsh, 1995.
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et al., 1996, 2003; Tuckova et dl., 2002). This eariy response results in a rapid
overexpression of HLA-DR on epithelial cells and lamina propria macrophages. Other
events include the release of interleukin (IL) -15 (mainly from the macrophage/dendritic
type CD68” cells of the lamina propria) and upregulation of cyclo-oxygenase (COX) -2
from macrophages and monocytes as well as increased numbers of activated
(CD83"/CD25") antigen-presenting macrophages, monocytes and dendritic cells (Maiuri
etal., 1996, 2003). T-cell migration, observed to occur 12-24 hours after gliadin
challenge in vitro, then follows. Importantly, activated (CD25%) CD4* T-cells were
observed to accumlate in the lamina propria whilst only CD8" T-cells invaded the

epithelium, a process which did not require their activation (Maiuri et al., 1996).

Following these early responses, it is thought that lamina propria a.f CD4" T-cells
recognise gluten antigens, presented by HLA class II DQ2 or DQ8 molecules located on
specific antigen-presenting cells activated by the innate response, and mount an
adaptive immune response (figure 1.10). DQ2 or DQ8 restricted, gluten-reactive CD4*
lamina propria T-cells have been isolated and propagated from the intestine of patients
with CD but not healthy individuals (Arentz-Hansen et al., 2000; Halstensen et al.,
1993; Lundin et al., 1993; Molberg et al., 1997; Nilsen et al., 1995).

1.10.4.1 Presentation of gluten to T-cells by DQ2 and DQS8 molecules

In its native state, gluten does not appear to have the appropriate properties required for
successful processing and presentation by DQ2 and DQ8 molecules. Both DQ2 and
DQ8 molecules share a preference for binding negatively charged peptides at certain
positions of their binding clefts (Godkin et al., 1997; Johansen et al., 1996; Kwok ef al.,
1996; Vartdal et al., 1996; van de Wal et al., 1996) (figure 1.11). Native gluten
peptides have very few negatively charged residues. It is now known that gluten is
deamidated in the intestine by the enzyme tissue transglutaminase (TG2) (section
1.10.4.6), thereby converting its abundant glutamine residues to negatively charged
glutamic acid residues. This results in the generation of peptides with a greater binding
affinity to DQ2 and DQ8 molecules (Molberg ef al., 1998; van de Wal et al., 1998).
Importantly, proline residues within gluten also facilitate processing and presentation by
DQ2 and DQ8 molecules by acting as an anchor residue.at the P6 pocket of the DQ2
binding cleft (figure 1.11) or by inducing a structure conducive to binding (Sollid, 2002;
Vartdal et al., 1996; van de Wal et al., 1996).
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1.10.4.2 Gluten T-cell epitopes

Mapping of the gluten molecule to identify sites of potential T-cell epitopes has
demonstrated that the actual number of distinct epitopes is limited although there may
be as many as fifty or more within gluten, hordein and secalin proteins (Vader ef al.,
2002). Increasingly, data is available on the precise regions and sequences of T-cell

reactive gluten epitopes.

Epitopes recognised by both HLA DQ2 and HLA DQ8-restricted CD4" T-cells have
been identified within a-gliadin, y-gliadin and glutenin proteins (Arentz-Hansen et al.,

2002; Molberg et al., 2003; Vader et al., 2002; van de Wal ef al., 1998, 1999).

Deamidation by TG2 and the position of proline residues are also important factors in
the creation of recognisable T-cell gluten epitopes. For most identified T-cell epitopes |
deamidation enhances their antigenic activity. Many are only rarely recognised in their
native state and some not at all (Arentz—Hansen et al., 2002; Molberg et al., 2003; Vader
et al., 2002). Further details of identified gluten T-cell epitopes are given in table 1.3.

Some T-cell epitopes are more immunodominant than others. For example, reactivity to
DQ2 and DQ8 presented a-gliadin epitopes is also found in most, if not all, adult CD
patients, whereas reactivity to the DQ2 presented y-gliadin epitope is only found in a
minority (Arentz-Hansen ef al., 2000; Sollid, 2000). It is not certain how frequently the
glutenin epitope is recognised although, in one study, none of five children with CD

reacted to the peptide (Sollid, 2000; van de Wal et al., 1999).

Differences are also apparent in the range of T-cell epitopes recognised by different
subgroups of patients with CD. Children with CD respond to a wider range of gluten
epitopes, many of which are recognised in the native form without the need for
deamidation by TG2. In adults, the immune response appears more focused with only a
few immunodominant epitopes involved, which require deamidation for recognition
(Vader et al., 2002). It is possible that recognition of a wide range of gluten epitopes is

characteristic of early (potential/latent) CD in general, rather than age.
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1.10.4.3 Cytokine profile of gluten specific intestinal T-cells
In CD, there is increased cytokine production by activated o CD4" lamina propria T-
cells (Lahat ef al., 1999). The cytokine profile is dominated by interferon (IFN)-y and
there is a large increase in both the number of IFN-y producing cells and the amount of
IFN-y production (Kontakou ef al., 1994; Lahat et al., 1999; Nilsen et al., 1995). In
addition, messenger ribonucleic acid (mRNA) of IFN-y, IL-2, TNF-B, TNF-a., IL-10,
IL-1p and transforming growth factor (TGF) -f have been found in CD biopsy samples
(Lahat ef al., 1999). IL-2 and TNF-$ mRNA are not normally present in the mucosa,
suggesting a potential role in the disease pathogenesis for these cytokines (Lahat et al.,
1999). Finally, the presence of mature IL-18, a crucial cytokine in maintaining the Thl
response, is associated with CD mucosa but not controls (Salvati et al., 2002). Patients
with active CD have increased numbers of T-cells expressing both Thl and Th2
cytokines, suggestive of ThO activation (Lahat et al., 1999). The cytokines TNF-a and
migration inhibition factor (MIF) have both been detected in lamina propria T-cells
from patients with CD (O’Keefe et al., 2001). In addition,.stimulated mucosal T-cells
from patients with active CD have been shown to secrete high levels of IFN-y as well as
IL-4, IL-5, IL-6, IL-10, TNF and TGF-f, in a ThO pattern (Nilsen et al., 1995;
Przemioslo et al., 1994). Others secreted high levels of IFN-y along with TNF but not
IL-4 or IL-5, a Th1 pattern (Nilsen et al., 1995).

Intraepithelial lymphocytes (IELs), too, from patients with CD have also been shown to
express markedly increased levels of TNF-o. compared to controls (O’Keefe ef al,

2001).

1.10.4.4 Production of coeliac disease associated antibodies

Several disease-associated antibodies have been identified in patients with CD. Jejunal
secretion rates of immunoglobulin (Ig) A (both monomeric and polymeric) and IgM are
increased by two-fold and five-fold respectively, which parallels the observed increase
in B-cells in the lamina propria (Colombel et al., 1990). Antigenic epitopes (which may
be different from the recognised T-cell epitopes) are bound to specific B-cells, which
then receive help from activated lamina propria CD4" T-cells, through their production

of cytokines such as IL-2, IL-4 and IL-5. In this way, the B-cells are stimulated to

become antibody-producing cells.
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1.10.4.4.1 Anti-gliadin antibodies

Anti-gliadin antibodies are primérily of mucosal origin and are readily measured in the
intestinal fluid of untreated patients with CD (Volta et al., 1990), although they may
also be produced in the lymph nodes, possibly as a result of gliadin leakage into the
periphery (Marzari et al., 2001; Sollid et al., 1997). |

B-cell epitopes have been identified in all four of the major gliadin subtypes (a, B, y and
o) and patients normally produce antibodies against multiple gliadin proteins (Levenson
etal, 1 985). The antigenic gliadin epitopes identified sb far are somewhat different to
those known to be recognised by T-cells (Krupicova et al., 1999) (table 1.4). Both
linear and conformational epitopes have been described, indicating the secdndéry
structure is of some importance (Alfonso ef al., 1998). Some evidence suggests that 3-
turn motifs may be an important secondary structure for antibody recognition and two
identified epitopes are contained within regions of gliadin that form B-turns (Alfonso et

al., 1998; Osman et al., 2000).

TG2-mediated deamidation of gluten appears important for antibody recognition and
has been shown to increase the in vitro recognition of gliadin peptides by circulating
anti-gliadin antibodies (Aleanzi et al., 2001; Osman et al., 2000). However, in vivo B-
cells recognising deamidated gliadin peptides have not been found to date (Aleanzi ef
al., 2001). Some anti-gliadin antibodies cross-react with enterocytes and regions of the
ubiquitous calcium-binding protein, calreticulin, and it is likely that the two proteins

share common epitopes (Krupickova et al., 1999; Tuckova ef al., 1997).

1.10.4.4.2 Tissue autoantibodies

Untreated CD is frequently associated with the production of autoantibodies directed -
against certain extracellular matrix (ECM) structureé (Maki & Collin, 1997). Tissue
autoantibodies in CD are strictly gluten driven and are regarded as target organ-related,
predominantly IgA-class autoantibodies (Karpati et al., 1990; Maki, 1995). These
antibodies may be detected using a variety of tissue substrates and, according to the
tissue antigen used and the observed antibody binding pattern, the autoantibodies are
classified as anti-reticulin (ARA), anti-endomysial (AEA) or ahti-jejunal (AJA)
antibodies (Maki & Collin, 1997). In 1997 it was discovered that the main target
antigen of AEA is TG2 (Dieterich et al., 1997). Very recently, Korponay-Szabo and co-

workers observed that antibodies directed against TG2 are also responsible for
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Table 1.4 Gluten epitopes, identified to date, recognised by anti-gliadin antibodies

from patients with coeliac disease

PROTEIN . SEQUENCE REFERENCE
a-gliadin QXQPFP (X=P,Q L)
a-gliadin WQIPEQ
a-gliadin QGXFQP (X=F,S) Osman et al., 2000
o-gliadin PQQLPQ
y-gliadin QPQQPF
a-gliadin QEQVPLVQQQQEF
a-gliadin QILQQILQQQLI
a~gliadin WQIPEQSQCQAI Krupickova et al., 1999
a-gliadin QTLPAMCNYVY
a- gliadin AMCNVYIPPYCT

ARA, AEA and AJA tissue binding patterns of serum samples from patients with CD,
indicating that these tissue autoantibodies are identical (Korponay-Szabo ef al., 2000,
2003a). Anti-TG2 antibodies are produced in the intestine (Marzari et al., 2001; Sollid
et al., 1997) and levels are correlated with the degree of enteropathy (Tursi et al., 2003).
Their presénce in serum is believed to be a result of spillover into the blood from the
intestine (Marzari ef al., 2001). The proposed mechanism of anti-TG2 antibody
production is shown in figure 1.12. As TG2-specific T-cells are unlikely to be present,
the necessary T-cell help may be provided by gliadin-specific T-cells, which recognise
gliadin peptides cross-linked to TG2 bound to TG2 specific-B-cells (Marsh, 1997,
Sollid et al., 1997). Anti-TG2 antibodies recognise both conformational and linear
epitopes (Molberg et al., 2000; Seissler et al., 2001; Sulkanen et al., 1998). Two major
epitopes appear to be located within the N- (a.a. 1-281) and C-terminals (a.a. 473-687)
of the protein, each of which were recognised by approximately 70% of test sera
(Seissler et al., 2001). However, B-cell epitopes are spread across all regions of the

protein with most patients possessing antibodies against more than one and, as a result,
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four major anti-TG2 antibody binding patterns of sera from untreated patients with CD
have been defined, |

I - Antibodies binding to N-terminus, middle region and C-terminus

II - Antibodies binding to N-terminus and C-terminus

11T - Antibodies binding to N-terminus only

IV - Antibodies binding to C-terminus only

(Seissler et al., 2001).

The production of anti-gliadin and anti-TG2 antibodies is shown in figure 1.12.

1:10.4.4.3 Other autoantibodies associated with coeliac disease

Untreated CD is also associated with the presence of IgG and IgA-class antibodies
directed against actin, a protein especially abundant in microvilli (Clemente et al., 2000;
Korponay-Szabo et al., 2003). They appear to be associated with more severe degrees
of villous atrophy and may be a result of unmasking of epitopes following mucosal
damage (Clemente et al., 2000). Remarkably, these antibodies have been detected in
90% of the adult and 60% of the childhood cases of CD that were investigated. The
antibodies appear to be gluten driven and become undetectable within approximately 5
months on a GFD (Clemente et al., 2000). Other autoantibodies include a novel 55-kDa
nuclear antigen, recognised by IgA antibodies of approximately half of examined CD
patients in a recent study, which shares epitopes with wheat proteins and is distinct from
both tissue transglutaminase and calreticulin (Natter ef al., 2001). A recent proteomic
study has also identified autoantibodies in the sera of patients with CD directed against
ATP synthase beta chain and enolase alpha species (Stulik et al., 2003). The results of
such studies are sugestive of the existence of additional, not yet discovered,

autoantigens associated with CD.

1.10.4.5 Effector mechanisms of mucosal damage

It is still not entirely clear how, once released, the cytokines interact to cause mucosal
damage although it seems reasonable to assume the involvement of multiple effector
mechanisms. IFN-y is able to directly induce expression of TG2 and HLA II molecules

and IL-2 may promote T-cell proliferation within the intestine (Kim et al., 2002).
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Crypt hyperplasia is attributed to increased epithelial cell proliferation. It is possible
that IFN-y and TNF-a are able to mediate this hyperplasia via their direct mitogenic
effect on epithelial cells (MacDonald et al., 1999). Alternatively, cytokines released
from lamina propria T-cells may increase the production of keratinocyte vgrowth factor
(KGF) by myofibroblasts within the lamina propria. These cells control epithelial
renewal via KGF interaction with KGF-receptors on epithelial cells (MacDonald et al.,
1999; Salvati et al., 2001). Increased KGF mRNA is found in CD mucosa (Salvati et
al, 2001). Thus cytokines released from lamina propria T-cells may mediate increased

epithelial proliferation and subsequent crypt hyperplasia indirectly (Sollid, 2000).

Villous atrophy is believed to result primarily from an increased rate of epithelial cell
apoptosis (Ciccocioppo et al., 2000; Moss et al., 1996). An increased number of
apoptotic epithelial cells are seen in CD mucosa, many expressing the Fas receptor

(Ciccocioppo et al., 2002).

In addition, there is an increase in the number of af CD8" IELs expressing the Fas
ligand and perforin, the levels of which were found to positively correlate with the
degree of enterocyte apoptosis (Ciccocioppo et al., 2000; di Sabatino et al., 2001). In
addition, activated intraepithelial ap CD8" T-cells have Iytic potential and produce IFN-
v, IL-2, IL-8 and TNF-a (Sollid, 2000). Together with TNF produced by lamina propria
CD4" T-cells, these high levels of TNF may result in disruption of ECM production and
degradation. Active CD is associated with an increased degradation of ECM, which
may contribute to villous atrophy (Sollid, 2000). Normally, ECM production by
myofibroblasts is balanced by ECM degradation mediated by matrix metalloproteinases
(MMPs). MMP actions are tightly controlled and mediated by release of several
endogenous MMP inhibitors, known as tissue inhibitors of matrix metalloproteinases
(TIMPs). High levels of TNF are likely to cause excess MMP production resulting in
the net degradation of ECM causing villous atrophy (MacDonald et al., 1999). This is .
also supported by the observation that the ratio of cells expressing TIMP-1 mRNA to
those expressing MMP-1 and MMP-3 is decreased in active coeliac disease (Daum et

“al., 1999).

It is also possible that IELs, particularly y T-cells, may contribute to epithelial cell

destruction by recognising MIC molecules expressed on their surface, which are
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induced by stress (Groh et al., 1998). These observations are suggestive of a direct role

for IELs in the increase of epithelial cell apoptosis, which leads to villous atrophy.

Finally, a recent study reported the increased expression of Bak protein in CD mucosa, a
member of the Bcl-2 family of proteins, which acts as an endogenous promotor of
apoptosis in enterocytes. Immunoreactivity was primarily localised to the epithelium
and it was hypothesised that IFN-y confers increased susceptibility of enterocytes to
undergo apoptosis through the upregulation of this protein (Chernavsky et al., 2002).

The role of antibodies in effecting mucosal damage is unclear. Anti-gliadin antibodies
may cross-react with calreticulin in enterocytes thus exerting a pathogenic effect
(Tuckova et al., 1997). It has been hypothesised that anti-gliadin antibodies may cause
intestinal damage by antibody-dependent cell-mediated cytotoxic reactions or by
activation of the complement system (Saalman ef al., 1998; Troncone & Ferguson,
1991; Unsworth et al., 1987). It has also been suggested that anti-gliadin antibodies
may aid the gluten T-cell response by binding gliadin peptides and transporting them to
the’appropriate HLA class II expressing, antigen-presenting cells for presentation by
DQ2 molecules to T-cells (Osman et al., 2000). IgA anti-TG2 antibodies have been
shown to be capable of inhibiting epithelial cell differentiation and increasing epithelial
cell proliferation in vitro by disturbing the TGF-f3 mediated cross-talk between
fibroblasts and epithelial cells necessary for these functions (Halttunen & Maki, 1999),
although other studies have suggested that anti-TG2 antibodies from patients with CD
are not able to fully block the enzymatic activity of TG2 (Dieterich et al., 2003).

‘ Finally, anti-actin antibodies may have the ability to disrupt the cytoskeleton, thereby
affecting the activity of genes such as those coding for fibronectin, collagenase, TIMP
and TGF- proteins, which would result in significant structural mucosal damage

(Clemente et al., 2000).

Figure 1.13 summarises the main events in the pathogenesis of CD.
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1.10.4.6 The role of tissue transglutaminase in coeliac disease

TG2 is one of nine members of the transglutaminase family, the first member of which
was described more than 40 years ago (Fesus & Piacentini, 2002). TG2 is primarily an
intracellular (cytoplasmic or nuclear) enzyme but also acts extracellularly when it is
membrane-bound (Lorand & Graham, 2003). TG?2 is a ubiquitous enzyme, thought to
be involved in processes as diverse as cytoskeleton modification, ECM organisation,
wound healing, angiogenesis, apoptosis and cell signalling (Fesus & Piacentini, 2002;
Lorand & Graham, 2003). TG2 carries out these functions primarily via several types
of transamidation reactions or deamidation of specific polypeptide bound glutamine
residues. The favoured reactions are transamidations, mainly protein crosslinking by
means of formation of an isopeptide bond (Lorand & Graham, 2003) (figure 1.14) and
they have a quicker reaction rate than the deamidation reaction (Fleckenstein et al,
2002). However, under these circumstances some deamidation occurs, even in the
presence of excess appropriate transamidation substrates (Fleckenstein et al, 2002). The
rate of deamidation is dramatically increased when transamidation substrates are scarce
or in situations of low pH (Fleckenstein et al., 2002) (figure 1.14). TG2 is responsible
for the deamidation of gluten within the intestine of patients with CD. TG2 expression
is increased in the intestine of patients with CD compared to controls (Bruce et al.,

- 1985; Molberg et al., 1998), although the exact location of gluten deamidation by TG2

is not known.

In the active intestinal lesion, TG2 is mainly present extracellularly in the subepithelial
region but is also expressed by mature epithelial cells and at the epithelial brush border
(Fleckenstein et al., 2002; Molberg et al., 1998; Molberg et al., 2000). TG2 is also
expressed by activated macrophages and monocytes as well as in maturing dendritic
cells (Akimov & Belkin, 2001; LeNaour ef al., 2001). The low pH of the intestine
(~6.6) favours marked TG2-mediated deamidation over protein crbss-linking (Evans et
al., 1988; Fleckenstein et al., 2002). Therefore, gluten could undergo significant
deamidation by TG2, extracellularly, in the subepithelial space or at the brush border.
Alternatively, macrophages, dendritic cells or TG2-specific B-cells could be involved
directly in the deamidation of gluten if membrane-bound TG2 is endocytosed in these

cells (Sollid, 2002).
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1.11 Dermatitis Herpetiformis

DH is a blistering skin disease, characterised by an itchy rash, which is associated with
granular IgA deposits in the basement membrane. Detection of these IgA deposits
confirms diagnosis (Collin & Maki, 1994; Wills et al., 2002). There is strong evidence
to suggest that DH is related to gluten ingéstion and one identity of the spectrum of
gluten sensitivity, a manifestation that primarily affects an area distinct from the small
intestine. Individuals with DH express the same gluten sensitivity associated genetic
profile as individuals with CD (section 1.7) (Reunala, 1998) and both CD and DH may
exist in the same family (Reunala, 1996). Patients express serological markers of gluten
sensitivity (section 1.9) (Reunala & Hallstrom, 1990); The majority of individuals with
DH also show evidence of the gluten related changes in the small intestine that are
recognised features of CD, even though the skin is the major affected site in these
patients (Collin & Maki, 1994; Wills et al., 2002). GI symptoms are often minimal and
skin involvement can occur even without histological evidence of intestinal
involvement. DH provided the first evidence that the effects of gluten sensitivity need
not be confined solely to the small intestine. Finally, it has been shown that patients
with DH also benefit from a GFD. The rash responds to a GFD although skin changes
may take up to two years to fully resolve, during which time the drug dapsone is

frequently used for relief of symptoms.

1.12 Neurological Disorders associated with gluten sensitivity

A variety of neurological disorders have been reported in association with gluten
sensitivity. Many of these observations are based on patients with initial GI symptoms,
in whom neurological dysfunction occurred after varying time-periods following their
diagnosis with CD. Data from clinical follow-up of adult patients diagnosed with CD
suggests that subsequent, otherwise unexplained, neurological dysfunction is a

complication in between 6-10% cases (Hdlmes, 1997).

However, in recent years it has become apparent that neurological manifestations of
gluten sensitivity need not always be associated with established CD and that
neurological disorders may present prior to the onset of GI symptoms. Alternatively,
neurological disorders may be the sole presenting feature of gluten sensitivity in

individuals with asymptomatic CD or in genetically susceptible individuals with
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serological markers of gluten sensitivity but no histological evidence of GI involvement

(Hadjivassiliou et al., 1998).

Early hypotheses, on the link between gluten sensitivity and neurological dysfunction,
centred on the possibility of vitamin and trace element deficiencies, resulting from
malabsorption, causing neurological disturbances. However, CD now tends to be
diagnosed before malabsorption reaches such a degree and such deficiencies are‘rarely
reported. Malabsorption does not explain the associated neurological complications and
research is now focused on other possible mechanisms such as altered autoimmunity

(Pengiran Tengah et al., 2002).

1.12.1 Neurological complications associated with'established coeliac

disease
A review of all reports of neurological disorders associated with established CD
published between the years 1964 and 2000 revealed that ataxia (with or without
myoclonus) and peripheral neuropathy are the most common neurological

manifestations occurring in patients with CD (table 1.5) (Hadjivassiliou et al., 2002a).

Other neurological complications that have frequently been reported in association with

established CD include epilepsy, dementia and psychiatric disturbances (see below).

1.12.1.1 Ataxia

In 1966, a pivotal paper published by Cooke and Smith was the first to systematically
detail the clinical and neuropathological characteristics of a group of sixteen patients
with CD that subsequently developed neurological dysfunction. The predominant
abnormality was ataxia. All patients had gait ataxia and some also had limb ataxia. In
addition, evidence of severe peripheral neuropathy was seen in ten of the patients. Dick
and co-workers reported a case of ataxia associated with previously diagnosed CD in a
female patient (Dick & Abraham, 1995). Reports of ataxia with myoclonus associated
with established CD are rare. Bhatia and co-workers described four cases of
progressive myoclonic ataxia in which the neurological syndrome presented up to
twenty-five years after the development of CD or DH. The majority of these cases were

phenotypically similar, dominated by action myoclonus associated with mild ataxia and
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occasional seizures. In the other cases, myoclonus was a later feature of a

predominantly ataxic condition (Bhatia et al., 1995).

1.12.1.2 Peripheral neuropathy

Peripheral neuropathies associated with established CD are usually of axonal or
demyelinating type (Kaplan et al., 1988). As Cook and Smith reported, peripheral
neuropathy may occur concomitantly with ataxja and it is frequently of late-onset
(Cooke & Smith, 1966). A recent study of 26 patients with treated CD found that
23.1% showed findings of axonal neuropathy upon examination, indicating that patients
even without overt malabsorption are still at risk from neurological complications

(Luostarinen et al., 2003).

Table 1.5 Summary of common neurological complications associated with established

coeliac disease

Patient Information:

Total number of patients 83
Male to female ratio 44 : 39
Mean age (yrs) 48
Neurological Diagnosis: Number
Ataxia 38
(with or without myoclonus)

Peripheral Neuropathy : 29

Data collected from a review of single or multiple case reports from 1964-2000.

Adapted from Hadjivassiliou et al., 2002a.
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