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Abstract: In celiac disease (CD), abnormal immune-mediated responses follow ingestion of gluten. Although the trigger-
ing agent is a dietary protein, the disease has autoimmune components because of the presence of autoantibodies and its
association with autoimmune conditions. We review the most recent studies on CD pathogenesis and the possibilities to

modulate immune dysfunction in CD.

INTRODUCTION

Celiac Disease (CD) is a common disorder of the small
intestine characterized by a permanent intolerance to wheat
gluten. In CD patients, intolerance to gluten involves both
abnormal innate and adaptive immune responses (see be-
low), in addition to humoral dysfunction typified by the
presence of antibodies against the self-antigen tissue trans-
glutaminase (tTG) [1]. tTG is a key factor in the pathogene-
sis of CD since it deamidates specific glutamine residues
favoring the recognition of gluten peptides by CD4" T lym-
phocytes [2-5].

The isolation of gliadin-specific T cells from CD patients
in recent times has significantly contributed to a better un-
derstanding of the immune networks responsible for the in-
duction and maintenance of CD [6-10]. At the meantime, the
observation of an increased prevalence of autoimmunity in
CD patients has underscored the possibility of common ab-
normalities in the mechanisms of immune homeostasis in
CD and other autoimmune diseases. Studies on these aspects
of the pathogenesis of CD may unveil important steps in the
pathogenesis of this disease if not contributing to a better
understanding of some general mechanisms that control
(auto)immune responses [11-17]. This review critically high-
lights and discusses the advances, obstacles and limitations
of the most recent studies in this rapidly expanding field.

CELIAC DISEASE: A PATHOGENETIC OVERVIEW

CD is a widespread disorder that affects Caucasian popu-
lations including Europeans and North Africans, in addition
to North Americans and Australians, as reported in several
epidemiologic studies [18-20]. In the individuals with CD,
ingestion of wheat gluten and related proteins of other edible
cereals, such as rye and barley (and probably also oat), can
induce chronic inflammatory lesions that are more frequently
confined to the small intestinal mucosa but can also be local-
ized to extra intestinal sites [1,21].

In the last decade, a large body of evidence has eluci-
dated how gluten can activate immune responses in the small
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intestine that lead to the destruction of the epithelial mucosa
and subsequently cause deleterious effects on intestinal ab-
sorption of nutrients [1,22], and immune components of CD
have been identified.

Both CD4" and CD8" T lymphocytes play a crucial role
in the inflammatory events that lead to damage of the intesti-
nal mucosa [22]. A role for innate immune cells has also
emerged, and it appears that the cytokine IL-15 may be piv-
otal in the cytotoxic innate immune responses following con-
tact with gluten in the CD patients [23-27].

How can the immune system influence CD? The intesti-
nal tract represents a site where large amounts of antigens
pass through every day without immune consequences. In
physiologic conditions, T cells circulate in the blood but also
migrate into tissues, where they effectively patrol from local
invasion of pathogens. In the gastrointestinal tract, T cells
are present in the so-called gut-associated lymphoid tissue
(GALT). Task of the GALT is to remain immunologically
unresponsive (tolerant) to harmless antigens such as food
proteins and/or commensal bacteria, and to be able at the
same time to promptly mount efficient responses to harmful
antigens such as those derived from pathogens [28,29]. This
physiologic condition is not present in CD. In the disease, T
cells that recognize dietary gluten-derived peptides become
activated, proliferate, and secrete interferon-y (IFN-y), an
inflammatory cytokine with significant cytophatic effects [30].
As if the inflammatory response would not create enough
damage to the intestinal mucosa, gluten-derived peptides (i.e.
a peptide mapping in the 31-49 region of o-gliadins, the
main component of gluten, see below) exert further toxic
effects including a mitogen-like activity on epithelial cells
and a delay of the epidermal growth factor (EGF) receptor
inactivation that causes prolonged EGF activity [31]. As
consequence of the EGF activity, in the CD mucosa there is
a complex tissue remodeling that also involves the activation
of metalloproteinases [32].

CHEMICAL STRUCTURE AND BIOLOGICAL
PROPERTIES OF GLUTEN

As discussed above, in CD there is abnormal immune
reactivity to gluten (which is a storage protein of wheat seed
endosperm). From a nutritional standpoint, gluten is a rather
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Table 1. Immunogenic Peptides of Gliadin
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LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF

33-mer o/B-gliadin(57-89) [ref. 42]

PQLPQFLQPQPYPQPQLPYPQPQPF

25-mer o/p-gliadin(64-89) [ref. 411"

QPQPYPQPQLPYPQPQPF 18-mer o/B-gliadin(71-89) [ref. 41]*°
PQQQTLQPQQPAQL 14-mer y-gliadin(105-118) [ref. 41]*°

QLQPFPQPQLPYPQPQP 17-mer o/B-gliadin(57-73) [ref. 77]™ "¢
QPQQPFPQPQQPFPWQP 17-mer w-gliadin(102-118) [ref.]*"*

Note - QXP: consensus for glutamine deamidation by tTG

poor nutrient that provides elasticity and viscosity to food
(i.e. texture and consistency) [33].

Gluten and related proteins of barley and rye are also
known as prolamins, for the high content of amino acids
such as glutamine (40%) and proline (20%) [34]. According
to the molecular weight, gluten is divided into the categories
of gliadin (28-75 kDa) and glutenins (45-50 kDa), the latter
being divided into low molecular (LMW) and high molecu-
lar (HMW) glutenins. Through several covalent bonds be-
tween cysteine residues, glutenins polymerize in an elastic
matrix that traps gliadins and allows the binding of water, an
essential element for viscosity.

Gliadin, the alcohol-soluble fraction of gluten, is a com-
plex mixture of 40 highly homologue proteins that are di-
vided according to their electrophoresis mobility into 3 fami-
lies: 0/B-, y- and w-gliadins [33]. A large number of studies,
based on reactivity of intestinal T-cell lines and clones from
celiac intestine have shown that gliadin contains numerous
immunogenic peptides (described in detail in the next para-
graph).

Experimental evidence has also indicated a direct, non
immune-mediated, cellular toxicity of gliadin-derived pep-
tides in vitro on both cell culture systems and mucosal ex-
plants. For example, a peptic-tryptic digest of gliadin (PT-
gliadin) can agglutinate in vitro the K562 (subclone S) cell
line [35] and can interfere with the differentiation of fetal rat
intestine [36], in addition to being capable of direct damage
for the intestinal mucosa [37]. Furthermore, in cultures of
celiac small intestinal mucosal tissue — an in vifro model for
the study of CD - the presence of PT-gliadin or the short
peptide 31-43 can specifically prevent a restitution of entero-
cyte height that would normally occur within 24-48 hours
[37]. Finally, PT-gliadin and the 31-43 peptide exert a direct
cytotoxic effect on epithelial Caco2 cells through the induc-
tion of fas-mediated apoptosis [38] and a delayed inactiva-
tion of the EGF receptor — phenomena that favor cell growth
in the crypts of the atrophic mucosa of CD patients [31].

GLUTEN PEPTIDES STIMULATE IMMUNE RE-
SPONSES

The isolation of T-cells and the establishment of gluten
reactive T-cell lines and clones from damaged intestinal CD
mucosa have provided valuable tools to identify the peptides
of gluten that are involved in the pathogenesis of CD. Pep-
tides that activate the adaptive CD4" T cell responses have

been found in o-gliadins, y-gliadins [7,8,39,40] and, re-
cently, in ®-gliadins®.

Despite the recent progress, the identification of all glu-
ten peptides involved in the pathogenesis of CD remains a
daunting task because of the great heterogeneity of gluten
proteins. Many gliadin epitopes have been identified and
purified by high performance liquid chromatography (HPLC)
followed by mass spectrometry analysis (Table 1). In those
cases, peptides have been derived from enzymatic digestion
of whole or recombinant gliadins or from the screening of
large libraries of overlapping peptides [40]. Recently, gluten
immunogenic peptides were identified in whole gliadin ex-
tracts for their susceptibility to deamidation by tTG using as
a probe monodansylcadaverine, a tTG fluorescent substrate
(Table 2) [41]°. The indirect evidence from these studies,
even if informative, may possibly miss some of the complex-
ity of the events that occur in vivo. In any case, the data ob-
tained so far indicate that despite a large number of gluten

Table2. Use of MonoDansylCadaverine (MDC) for Identifi-
cation of Gluten Peptides Susceptible to tTG Deami-

dation

Extraction of gliadins from wheat flour
Gliadin digestion with pepsin-trypsin enzymes (PT-gliadin)
Treatment of PT-gliadin with tTG in the presence of MDC

HPLC purification of the PT-gliadin and detection of fluorescent peaks
(fluorescent peaks correspond to Q-MDC-tagged gliadin peptides)

Characterization of peptides by mass spectrometry

peptides are capable to stimulate T-cell responses in CD mu-
cosa, a single 33-mer peptide has the highest T-cell stimula-
tory capacity in a large cohort of CD patients [42]. This pep-
tide maps at the level of the 56-88 residues of a-gliadin and
harbors six copies of three different T-cell epitopes [42].
Because of the high content of proline in this 33-mer peptide
that provides resistance to gastrointestinal enzymatic diges-
tion, the 33-mer peptide can reach immune cells in an intact
and highly stimulatory form [42]. Furthermore, in a recent

* Camarca, A.; Anderson, R.; Mamone, G.; Rossi, M.; laquinto, G.;Giardullo, N.;
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study in which intestinal T-cell responses from HLA-DQ2"
CD patients were analyzed toward a panel of 21 different
gliadin and glutenin peptides®, it was found that responses to
a-gliadins were mainly focused on peptides mapping to the
56-88 region that had high amino acid sequence similarities.
By contrast, the responses to y-peptides were multiple and
reflected amino acid sequence heterogeneity [8,39,40]°, sug-
gesting a more prominent immunological relevance of -
gliadin peptides in the pathogenesis of CD than what consid-
ered so far. Within this context, it must also be noted that
although susceptibility to CD seems not to be genetically
associated with HLA class-I genes, an o-gliadin-derived
peptide (mapping to the 123-132 position) stimulated HLA-
A2.1-restricted CD8" T lymphocytes from both peripheral
blood and intestinal mucosa from CD patients [43]. Interest-
ingly, intestinal MHC-A2" epithelial Caco2 cells pulsed with
the p123-132 peptide induced the production of granzyme B
and IFN-vy from intestinal CD8" T cells of CD patients, sug-
gesting that gliadin-specific effector CD8" T-cells may con-
tribute to the damage of the epithelial cell layer in CD [Maz-
zarella, G., et al., submitted].

INNATE IMMUNITY AND EPITHELIAL DAMAGE

One of the histological characteristics of the celiac intes-
tinal mucosa is a massive infiltration of TCRy/5" and CD8"
TCRa/B" T-cells. Intraepithelial cell (IEL) infiltration is
found in all forms of CD lesions and provides a diagnostic
tool in the case of mild forms (partial mucosa atrophy) of
CD. The investigation of the role of IEL infiltration in the
epithelial cell damage of CD has led to the finding that in the
acute disease, following gliadin exposure, enterocytes ex-
press the stress molecule MIC(A/B) and induce the activa-
tion of intraepithelial, cytotoxic NKG2D CD8" T cells in a
TCR-independent manner. Following stress-induced activa-
tion, IEL CD8" T cells that express NKG2A/D molecules kill
the surrounding epithelial cells, causing villous atrophy [26].

Also, a gliadin-dependent, non T-cell-mediated, damage
of the integrity of intestinal epithelium in the atrophic CD
mucosa is favored by upregulated expression of the cytokine
IL-15 [23]. In presence of IL-15, epithelial cells overexpress
MICA/B and fas molecules and become apoptotic [26,44],
suggesting a crucial role of this cytokine in the proinflamma-
tory events associated with CD lesions.

HUMORAL RESPONSES TO TISSUE TRANSGLU-
TAMINASE TYPE II, A KEY ENZYME IN THE
PATHOGENESIS OF CD

Since 1997, when Schuppan and colleagues discovered
tissue transglutaminase type II (tTG2) as an autoantigen in
CD, significant progress has been done in elucidating the
role of tTG2 in the pathogenesis of CD. tTG2 is a ubiquitous
Ca""-dependent enzyme whose main physiologic role is the
healing of tissue wounds [45,46]. tTG2 catalyses protein
cross-linking (transamidation) through lysine and glutamine
isopeptide bonds but, in the presence of water, tTG2 cataly-
ses deamidation of specific glutamine (Q) residues to glu-
tamic acid and enhances the stimulatory capacity of gluten-
derived peptides by favoring their binding to HLA-DQ2/8
molecules [1,2]. In particular, recent studies have reported
that tTG2 preferentially deamidates Q residues correspond-
ing to the QXP consensus sequence [4]. Interestingly, the
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pronounced susceptibility of gluten for deamidation by tTG
represents an important tool to detect the immunologic active
glia%in peptides (toxic) that are present in edible cereals
[417°.

From a clinical point of view, IgA antibodies to tTG2 -
also known as anti-endomysium antibodies (EMA) for their
cross-reactivity with tissue endomysium - have a great diag-
nostic relevance in CD because of their sensitivity and speci-
ficity (about 95%). Moreover, intestinal deposition of anti-
tTG2 autoantibodies can possibly represent an early predic-
tor of forthcoming CD, considering that deposits of such
antibodies have been found in the intestinal mucosa of sub-
jects with normal villous architecture and with negative se-
rology who subsequently developed CD [47]. Although the
anti-tTG/EMA IgA antibody titers correlate with disease
status and with ingestion of gluten, it remains unclear how
gluten can drive their formation and, more importantly, what
is the role of anti-tTG/EMA in the pathogenesis of CD. Fur-
thermore, whether antibodies against tTG2 could represent a
secondary mechanism aimed at counteracting the tTG2
deamidase activity in CD mucosa is still controversial
[48,49]. However, it is clear that in vitro the anti-tTG2 anti-
bodies interfere with the differentiation of epithelial cells,
most likely by inhibiting the generation of the active form of
TGF-B [50].

In any case, upregulation of tTG2 in inflamed sites may
generate a variety of antigenic epitopes by cross linking or
deamidating endogenous or exogenously-derived proteins.
The unmasking of cryptic epitopes has been hypothesized as
a general immune mechanism operating at sites of inflamma-
tion, where antigen processing and presentation may be more
effective [51]. Some authors have tried to explain why these
autoantibodies are dependent on the presence of gluten in the
diet by advocating the possibility of a T-cell help for the
production of autoantibodies provided by gliadin-specific T
cells in the CD mucosa [1]. On the other hand, a recent study
has suggested that anti-tTG IgA antibodies of CD patient can
cross-react with the protein VP-7 of rotavirus - a very fre-
quent intestinal infectious agent in childhood [52], suggest-
ing the hypothesis that rotavirus infection could help trigger-
ing CD via mechanisms of molecular mimicry.

In addition to the anti-tTG2 antibodies, other autoanti-
bodies present in sera of CD patients may include antibodies
to actin [53] and to calreticulin [54].

EPIDEMIOLOGY, CLINICAL
AND DIAGNOSIS

MANIFESTATIONS

Following the original description that gluten is the agent
that causes CD [55], a better understanding of the clinical
aspects of CD and the availability of serological tests to de-
tect antibodies to tTG and gliadin have contributed to a sig-
nificantly improved diagnosis and management of the dis-
case [56]. Today, CD represents one of the most frequent
intestinal disorders. A recent study estimated that about
1:100 of Caucasians are affected by gluten intolerance when
including both symptomatic and silent cases [18-20].

Traditionally, the hallmark of the disease is an enteropa-
thy of the small intestine (ranging from mild to severe). His-
tologically, the mucosa of the small intestinal shows villous
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flattening (atrophy) and crypt hypertrophy frequently associ-
ated with chronic diarrhea, abdominal pain, and weight loss.
Additionally, CD can also present in the form of extra intes-
tinal manifestations such as iron-deficiency anemia, fatigue,
infertility, and neurological symptoms [21,57].

GENETIC FACTORS

It is well established that CD has a strong genetic asso-
ciation with both HLA and non-HLA genes [58]. According
to recent multi-center studies, almost the totality of CD pa-
tients carry either the HLA alleles DQA*0501/DQB*02
(95%) or the HLA allele DQA*0301/DQB*0302 (5%) [59].
Since those two alleles encode respectively the HLA-DQ2
and HLA-DQS heterodimers, the presence of alleles encod-
ing the o chain of DQA1*05 and the B chain of DQB1*02
appears mandatory but not sufficient for the development of
CD. On the other hand, a DQB*02 gene dosage effect has
been reported as an increasing risk factor for CD [60]. This
hypothesis is supported by functional studies that indicate a
linear correlation between the amount of DQ2 [ chain ex-
pressed on antigen presenting cells and the dose of gluten
peptides presented to cognate Thl cells [61]. Interestingly,
an allele of the MHC class-I chain related gene A (MICA)
that encodes for a stress-induced molecule, MICA A5.1, has
recently been shown to confer additive genetic effects, par-
ticularly in the case of “atypical” silent forms of CD [62].

In regard to non-MHC genes, many studies have indi-
cated that CD relatives - where at least one member of the
family is affected - have a prevalence of the disease of about
10% (ten-fold higher than in the general population) [18,57].
Additionally, disease concordance in monozygotic twins is
almost 80% [63], suggesting a strong genetic predisposition
to CD (even though the lack of absolute concordance indi-
cates an influence by unidentified environmental factors).

Studies of genetic linkage have also identified the chro-
mosomal regions 2q33, 5q31-q33, and 19p13.1 as candidate
regions containing genes linked to disease susceptibility
[58]. In particular, the interest in a gene encoded within the
2q33 region - CTLA4 - has given contradictory results in
linkage studies on different populations [58]. Similarly, con-
flicting data exists on the genetic association with the myosin
IXb gene on chromosome 19, which was described as a gene
associated with susceptibility in Dutch patients but that was
not confirmed by subsequent studies [64,65].

AUTOIMMUNITY AND CD

CD can be considered an autoimmune disease because of
the presence of autoantibodies in both the serum and the in-
testinal mucosa of CD patients. Although the role of anti-
tTG autoantibodies in the celiac intestinal lesions is not
clear, the finding has nonetheless important diagnostic rele-
vance - particularly in the cases of mild mucosa lesions.
Moreover, serum titers of anti-tTG autoantibodies correlate
with the ingestion of gluten in CD patients, and the removal
of gluten from diet causes for rapid reversal to low serum
levels of these autoantibodies from elevated titers caused by
gluten ingestion [66].

Of note, CD also associates with high prevalence of con-
comitant autoimmune disease (approximately 5-10 times
more than in the general population). This aspect could be
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secondary to a genetic background of the CD patients that is
not very efficient in controlling immune tolerance. However,
epidemiologic studies indicate that autoimmune diseases
associated with CD can be type-1 diabetes, Hashimoto’s
thyroiditis, and Sjogren’s syndrome. An increased frequency
of other concomitant conditions such as cardiomyopathy,
ataxia, cholangitis and autoimmune hepatitis is also reported
[11-17].

An intriguing observation is that the association of CD
with other autoimmune diseases is significantly less frequent
in those patients diagnosed with CD in the first two years of
life [12]. Therefore, it may appear that only a long-time ex-
posure of the immune system to gluten can lead to increased
incidence of autoimmunity after a series of events initially
triggered by gluten but ultimately involving other mecha-
nisms of immune dysfunction.

A mechanistic correlation between gluten ingestion and
autoimmune diseases in CD patients is object of debate [67].
It is also controversial whether a gluten-free diet may pro-
mote amelioration of autoimmune disease, particularly type-
1 diabetes [68,69], although in the non-obese diabetic mouse
(NOD) — an animal model of type-1 diabetes - the with-
drawal of gluten from diet reduces the onset of spontaneous
autoimmunity [70].

MANAGEMENT OF CD: FROM THE BENCH TO IN
VIVO THERAPEUTIC INTERVENTION

To date, the only available treatment for CD is the exclu-
sion of gluten from diet. This dietary regimen is safe al-
though poorly compliant. Nevertheless, even after many
years of gluten avoidance, CD patients never acquire toler-
ance to gliadin, and re-exposure to this antigen results in
acute disease [71]. This is because the immune regulation
during CD is unsuccessful in down-regulating gliadin-
induced mucosal inflammatory responses [72]. Therefore,
although removal of gluten from diet is effective in restoring
a normal intestinal mucosa in CD patients, a pharmacologi-
cal therapy alternative to a gluten-free diet is in strong de-
mand both for a temporary use and as a complement in the
diet [71].

The improved understanding of the mechanisms involved
in the pathogenesis of CD has opened several promising sce-
narios for therapeutic intervention and many therapeutic ap-
proaches are under testing in early phases of clinical trials.
We discuss below the current molecular and cellular-based
approaches to treat CD after briefly reviewing the drugs that
target the enzymatic breakdown of gluten.

DRUGS THAT TARGET THE ENZYMATIC BREAK-
DOWN OF GLUTEN

The recent finding that bacterial prolyl endopeptidases
(PEPs) can efficiently degrade gluten peptides by cleaving
proline bonds has opened promising perspectives for the
therapeutic use of PEPs in CD [42]. However, one limitation
in using these proteolytic enzymes for oral therapy is that
PEPs are irreversibly inactivated by pepsin and by the acidic
pH of the stomach.

Partly overcoming this limitation, it has recently been
shown that the treatment of crude wheat gluten with low-pH-
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resistant PEPs from Aspergillus niger can markedly reduce
the stimulatory capacity to gluten from CD-derived T cell
lines [73]. Additionally, preliminary in vivo studies indicate
that oral administration of PEPs concomitantly with wheat
baked food can efficiently and rapidly degrade gluten pro-
teins in the proximal gastrointestinal tract’. Thus, PEPs may
possibly represent a good future therapeutic possibility in
CD following more intense investigation.

ENZYMATIC DETOXIFICATION OF WHEAT FLOUR

A very recent study showed the possibility to detoxify
gluten by treating wheat flour with transglutaminase and an
amine donor such as lysine methyl ester [74]. This enzymatic
pre-treatment of wheat flour drastically reduced the immu-
nogenicity of gluten, as demonstrated by its inability to
stimulate gliadin-reactive, intestinal T-cell lines after treat-
ment [74].

DRUGS THAT INTERFERE WITH THE INTESTINAL
TRANSPORT OF GLUTEN

Events such as stress or pathogens that disrupt the integ-
rity of the intestinal epithelial barrier by disassembling the
tight junctions have the potential to increase transport of
antigens into the intestinal mucosa. It is hypothesized that an
alteration of intestinal permeability can contributes to the
onset and/or to maintenance of CD and, more speculatively,
of other concomitant autoimmune conditions.

In this context, it is noteworthy that gliadin can induce
the release of zonulin, an analogue of the ZOT enterotoxin
from Vibrio cholerae that increases intestinal permeability
[75]. An inhibitor of zonulin, AT-1001, is currently being
tested in clinical trials for the treatment of CD patients on a
gluten-free diet**.

PEPTIDE THERAPY

One of the most desirable goals for the therapy of CD
would be an immune modulation that can target gluten-
reactive pathogenic cells without concomitant non-specific
suppression. This could be achieved using peptide vaccines,
which should provide coverage for the most immunogenic
epitopes of the “tolerizing” molecules (in this case, gliadin).
As mentioned before, the number of gluten immunogenic
peptides identified so far is quite conspicuous and largely
heterogeneous®. Therefore, the identification of the repertoire
of gluten peptides that can induce intestinal lesions in CD is
a prerequisite for engineering peptides to use in the therapy
of CD.

Encouraging results have come from clinical trials using
peptide vaccines in several allergic and autoimmune diseases
[76]. In regard to CD, a vaccine with a peptide that combines
two immunodominant - and ®- gliadin 17-mer peptides
(combo-epitope) is currently under investigation in ongoing
clinical trials [77]"%.
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CONCLUSIONS

Significant advances have contributed in recent times to a
better understanding of the molecular and cellular events
involved in the pathogenesis of CD. The presence of autoan-
tibodies to tTG and a better definition of the chemical char-
acteristics of gliadin and its peptides in relation to their inter-
action with immune-cell molecules have resulted in the de-
sign of new strategies of intervention that have a potential to
modulate disease activity. While encouraging preliminary
results obtained thus far suggest that some approaches may
possibly prove beneficial, a significant amount of additional
work is required to identify the best targets to have effective
therapies for CD.
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