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Abstract
Posttranslational modification (PTM) of antigen is a way to break T-cell tolerance to self-antigens
and promote autoimmunity. However, the precise mechanisms by which modifications would
facilitate autoimmune T-cell responses and how they relate to particular autoimmune-associated
MHC molecules remain elusive. Celiac disease is a T-cell mediated enteropathy with a strong
HLA association where the immune response is directed mainly against deamidated cereal gluten
peptides that have been modified by the enzyme transglutaminase 2. The disease is further
characterized by autoantibodies to transglutaminase 2 that have extraordinary high disease
specificity and sensitivity. There have been important advances in the knowledge of celiac disease
pathogenesis, and these insights may be applicable to other autoimmune disorders where
posttranslational modification plays a role. This insight gives clues for understanding the
involvement of PTMs in other autoimmune diseases.

Introduction
As a model, celiac disease is conducive to study as the tissue targeted by the immune
process is easily accessible and the onset of pathogenesis can be controlled by the
administration of gluten. The links between the causative antigen, the HLA molecules
required for pathogenesis, and the enzyme involved in posttranslational modification have
been extensively analyzed. The notion that observations made in the celiac disease model
may help gain insights into the role of posttranslational modification and the basis for
association with particular MHC molecules in other autoimmune disorders serves as the
foundation for this paper. Even though the causative antigen in celiac disease is foreign, we
will argue that observations of celiac disease are relevant to autoimmunity. The reasoning is
based on genetic observations demonstrating sharing of a large number of susceptibility loci
between various autoimmune disorders and celiac disease [1]. Moreover, key features of the
pathogenesis of celiac disease, as summarized in Figure 1, are shared with other
autoimmune disorders, notably with rheumatoid arthritis.
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HLA and non-HLA genes predisposing to celiac disease
Celiac disease has a strong HLA association with HLA-DQ2 (DQA1*05,DQB1*02; a.k.a.
HLA-DQ2.5) encoded in cis or trans and with HLA-DQ8 (DQ*03,DQB1*03:02). The very
few celiac disease patients who do not carry HLA-DQ2.5 or HLA-DQ8, carry HLA-DQ
molecules with one but not both of the DQA1*05 or DQB1*02 alleles found in HLA-
DQ2.5, i.e. HLA-DQ7 (DQA1*05, DQB1*03:01) or HLA-DQ2.2 (DQA1*02:01,DQB1*02)
[2]. HLA in celiac disease is a necessary, but not sufficient factor for disease development.
Most individuals who express HLA-DQ2.5 or HLA-DQ8 never develop celiac disease.
Contribution by non-HLA susceptibility loci is obviously also important for disease
development. So far 39 non-HLA regions implicated in celiac disease development have
been identified [3]**. Many of these are shared with other autoimmune diseases, in
particular type 1 diabetes [4].

Enzymatic mechanism of transglutaminase 2 (TG2)
Transglutaminase 2 (TG2) belongs to a family of enzymes which are involved in
crosslinking reactions [5]. The enzyme is targeting specific glutamine residues of
polypeptides. As a first step in the enzymatic reaction, the glutamine residue makes a
thiolester bond to the active site cysteine of TG2. This enzyme-substrate intermediate then
reacts with a primary amine group, such as a lysine residue, and an isopeptide bonded
covalent crosslink is formed in a process termed transamidation. Alternatively, the enzyme-
substrate intermediate can react with water, and then the glutamine residue is converted to
glutamate in a process termed deamidation. A deamidated product can also be formed by
TG2-mediated hydrolysis of the isopeptide bond in the crosslink. TG2 is present both in the
cytosol and the extracellular space. It is synthesized without a leader sequence, and by a
poorly understood mechanism, it is transported to the extracellular environment. In the
cytosol, it binds to GTP and exists in a closed, catalytically inactive conformation [6]
(Figure 2). Extracellularly TG2 binds calcium, changes to an open conformation [7], and
exerts its catalytic action.

Regulation of TG2 activity by environmental factors
TG2 is ubiquitously present in tissues. There is evidence that most extracellular TG2 is
inactive under normal physiological conditions, but abundant TG2 activity can be detected
in vitro around the wound in a cultured fibroblast scratch assay and in vivo by stimulation
with the toll-like receptor 3 ligand, polyinosinic-polycytidylic acid (poly(I:C)) [8]*. TG2 is
rapidly inactivated in the extracellular environment by oxidation through formation of a
vicinal disulphide bond outside of the active site, but reductive treatment can reactivate the
catalytic activity of TG2 [9]**. Thus, TG2 may retain catalytic activity under reducing
conditions in vivo, and more importantly, a change to a more reductive environment could
potentially rescue TG2 from an inactive state (Figure 2). Little is known about the redox
state in tissues in vivo, but a reductive environment after immunization, particularly in
mesenteric lymph nodes after intraperitoneal immunization, has been reported [10]*. An
ongoing immune response to any antigen may thus facilitate TG2 activity and an immune
response to deamidated gluten.

Gluten T-cell epitopes
More than 15 different wheat gluten T-cell epitopes recognized in the context of HLA-
DQ2.5 or HLA-DQ8 have been identified over the last 15 years. Recently epitopes from
barley and rye were also characterized [11]*. The great majority of these T-cell epitopes
contain glutamine residues that are targeted by TG2 converted to glutamate residues by a
deamidation reaction. In general T cells of celiac disease patients recognize deamidated
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epitopes with greater efficiency than native ones. This effect of PTM appears to be stronger
for HLA-DQ2.5 restricted epitopes than for HLA-DQ8 restricted epitopes, as many of the
HLA-DQ2.5 restricted epitopes are not recognized in their native form whereas some HLA-
DQ8 restricted epitopes are equally well recognized as native peptides. The reason for this
difference may be related to the ability of HLA-DQ8 to recruit T cells with a negative
charge that have the ability to stabilize native peptides bound to HLA-DQ8 [12]**.

Factors determining the selection of gluten T-cell epitopes
Despite the existence of many gluten epitopes by T cells of celiac disease patients, available
data suggest that selection of these epitopes is anything but a random process. Gluten
proteins are extremely heterogenous. In a single wheat cultivar several hundred distinct
gluten proteins of more than 200 residues are expressed. In addition there is variation
between various cultivars. Many different sequences are thus represented in gluten proteins.
Three processes have been identified as being important for the selection of T-cell epitopes
in gluten:

i. Proteolytic stability: The gluten epitopes localize in regions that are rich in proline
residues [13]. These proline-rich gluten fragments are resistant to proteolysis by
gastrointestinal digestion [14]. In terms of adaptive immunity to gluten, the
increased integrity of these fragments in the gastrointestinal tract will likely lead to
higher local concentrations of peptides that can bind to MHC class II molecules in
the mucosa and hence lead to a better stimulation of CD4+ T cells in the lamina
propria.

ii. HLA binding: Determinant selection by MHC is well known to be an important
factor for selection of antigenic epitopes, particularly for infectious agents. This
also appears to be the case for selection of gluten epitopes which have to conform
to certain binding motifs. Both HLA-DQ2.5 and HLA-DQ8 prefer negatively
charged anchor residues, and notably these are residues that have been introduced
by PTM. However, the negatively charged anchor residues are differentially
located along the binding grooves of the two MHC molecules. HLA-DQ2.5 prefers
negatively charged anchors at positions P1, P4 and P6 [15–17] whereas DQ8
prefers negatively charged anchors at positions P1 and P9 [18,19]. A
comprehensive analysis of T-cell epitope usage in HLA-DQ2.5 or HLA-DQ8
bearing celiac disease patients revealed that the gluten T-cell epitopes presented by
HLA-DQ2.5 or HLA-DQ8 were largely non-overlapping [20]. In addition to
binding specificity, the ability to form kinetically stable peptide-MHC complexes
appears to be a key factor for the in vivo generation of T-cell responses and
development of celiac disease. The evidence for this notion comes from studies
comparing the disease risk of two variants of HLA-DQ2 [21]**. HLA-DQ2.2, in
contrast to HLA-DQ2.5, confers a low risk for celiac disease. The binding motif of
HLA-DQ2.2 is very similar to that of HLA-DQ2.5 [22,23] except for an additional
anchor position at P3 [22]. When gluten reactive T- cell clones obtained from
HLA-DQ2.5 carrying patients were stimulated with HLA-DQ2.5 restricted epitopes
in the context of HLA-DQ2.5 or HLA-DQ2.2, there was not much difference in the
efficiency of presentation of the two MHC molecules, prompting the question as to
why HLA-DQ2.2 carrying subjects are not at high risk for developing celiac
disease [24,25]. An explanation for this conundrum was uncovered with the
observation that, in contrast to HLA-DQ2.2, HLA-DQ2.5 can form kinetically
stable complexes with the epitopes recognized by HLA-DQ2.5 patients [21]**. A
polymorphism at DQ α22 controls this ability by which tyrosine of HLA-DQ2.5,
but not phenylalanine of HLA-DQ2.2, can make a water mediated hydrogen bond
to the peptide main chain.
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iii. Transglutaminase 2 specificity: TG2 demonstrates little specificity in targeting of
lysine residues, but it is fairly particular in it’s targeting of glutamine residues. The
enzyme preferentially targets residues within Gln-X-Pro sequences [26,27]. The
specificity affects the generation of gluten T-cell epitopes. Notably, there is a
correlation between how frequently T-cell epitopes are recognized by celiac disease
patients and their propensity to be targeted as substrates for TG2 [28]. The notion
that TG2 is a very important factor, perhaps in fact the most important factor
involved in the selection of gluten T-cell epitopes in celiac disease patients, is
supported by an experiment using TG2 to select peptides from a very complex
mixture of gluten peptides [29]**. A proteolytic digest of gluten consisting of
several thousand different peptides was incubated with a biotinylated primary
amine and the TG2 enzyme. Peptides, which were targeted by TG2 and crosslinked
with the biotin compound, were purified and sequenced. Very strikingly, of 31
selected peptides, more than 75% contained celiac disease related T-cell epitopes.

Effect of gluten peptide deamidation for the generation of stable peptide-
MHC complexes

Studies on the differential risk of HLA DQ2.5 and HLA-DQ2.2 for celiac disease
highlighted the importance of stable peptide-MHC complexes for generating in vivo T cell
responses to gluten. It may well be that a major effect of deamidation in vivo also relates to
peptide-MHC stability. The off-rate of a naturally occurring 33-mer fragment of digested
gliadin was found to increase seven-fold upon deamidation [30]. Similar differences
between native and deamidated peptides were observed for an HLA-DQ8 restricted epitope
[12]** and may also be true for other gluten T-cell epitopes.

The impact of gluten deamidation on T-cell recognition
In addition to playing a critical role by allowing the generation of gluten peptides bound
more avidly by MHC and hence the selection of T-cell epitopes, deamidation may also be
involved in defining the T-cell receptor (TCR) repertoire that is selected in the response to
gluten. In particular, this may be the case for HLA-DQ8, which can promote a response of
similar amplitude to native and deamidated gluten peptide through the recruitment of T cells
that have a negative charge in their TCR. This negative charge in the TCR stabilizes the
binding of native peptide to HLA-DQ8 by providing the negative charge lacking in the
peptide [12]**. In contrast, deamidated peptides do not impose this type of constraint on the
T cells, and hence recruit a different TCR repertoire. Importantly, because T cells with a
negative charge in their TCR recruited upon immunization with the native peptide are cross-
reactive to the deamidated peptide, they can also be recruited once deamidation occurs.
Consequently, anti-gluten T-cell responses can occur initially without TG2 activation. This
T-cell response can create the inflammatory environment that leads to TG2 activation, which
creates deamidated gluten peptides that in turn recruit a second set of T cells. The
combination of HLA-DQ8 and TG2 thus creates the conditions for an immune response of
maximal magnitude.

For many HLA-DQ2 restricted T-cell epitopes, the extent of the dependence on deamidation
for T-cell recognition goes beyond what is explained by improved HLA binding of the
deamidated peptides. This suggests that TCR interaction maybe involved as well. Evidence
for this theory was obtained in a detailed study of the T-cell response in celiac disease
patients to an immunodominant HLA-DQ2 restricted epitope from α-gliadin [31]*. A
semipublic response to this epitope was found in the patients with conserved usage of V α
and Vβ TCR chains. Furthermore, there was a conservation of a non-germline encoded
arginine residue in the CDR3β loop of the TCRs which appeared essential for epitope
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recognition. This suggests that there can be an in vivo selection of TCRs specific for
posttranslationally modified antigen in celiac disease, and that non-germline encoded TCR
sequences may be implicated in the recognition of the modified residue. The latter
mechanism has particular relevance to autoimmunity, as this type of recognition cannot be
evolutionarily selected against, even if it leads to augmented recognition of modified
autoantigens and autoimmunity.

Conclusion: Relevance to other autoimmune disorders
The ability of PTMs to cause break of tolerance has been widely suggested [32,33], the idea
being that, given the correct MHC context, the creation of neoepitopes would allow for the
recruitment of T cells that have not been negatively selected in the thymus (Figure 3). It is
important to point out that creation of neoepitopes in the absence of inflammation would
probably lead to peripheral tolerance to the neoantigen, because they would be presented by
resting immature antigen-presenting cells that can not provide co-stimulation (Figure 3C). It
is likely that tissue enzymes that induce the PTMs are, similarly to TG2 [8]**, not
constitutively active and that the conditions that induce their activation are also conditions
that would promote maturation of antigen-presenting cells and hence create the conditions
for T-cell differentiation and expansion (Figures 3D and 3E). Under such a scenario, HLA
molecules that can accommodate the posttranslationally modified self-peptides would
present the peptides to T cells and promote the autoreactive immune response (Figure 3E).
In addition to creating the conditions for the priming of autoreactive T cells, PTMs in the
context of the right HLA may play a role in the amplification of the autoimmune response
by expanding the potential TCR repertoire as described for HLA-DQ8 and gluten [12]*.
Several observations suggest that PTMs similar to those occurring in celiac disease may also
play a role in the pathogenesis of type 1 diabetes. HLA-DQ8 and HLA-DQ2, which are the
main predisposing MHC molecules for both diseases, have a preference for negatively
charged peptides. This suggests that with its ability to introduce negatively charged residues
in proteins, TG2 could play a role in the pathogenesis of type 1 diabetes. In accordance, we
have evidence that TG2 becomes activated as insulitis develops in non-obese diabetic mice
(NOD) (BJ personal data), The primary autoantigens for type 1 diabetes in human and mice
remain poorly defined. Interestingly, early pancreatic T cell infiltrates in NOD mice are
primarily comprised of T cells with a negative charge in their TCR [34], akin to the T cells
that recognize native gluten peptides. It is therefore tempting to speculate that the initial
immune response against pancreatic self-antigens is directed against non-negatively charged
self-peptides, and that upon inflammation and TG2 activation neoantigens of higher affinity
for the HLA-DQ2 or HLA-DQ8 are generated that in turn will expand and amplify the
immune response. Whether or not the autoantigen chromogranin A that does not bind
optimally to I-Ag7 [35], can be modified by TG2 to acquire a higher affinity for I-Ag7, the
mouse homolog of HLA-DQ8, remains to be determined.

Identification of autoantigens in autoimmune disorders is central to understanding the
pathogenesis of these disorders. Because of constraints related to human studies and the
difficulty in obtaining human samples (especially longitudinally), the identification of
primary and relevant autoantigens has been arduous. Lessons learned from celiac disease
can inspire a strategy for the identification of autoantigenic peptides in diseases with a
strong HLA association where there is also evidence for involvement of posttranslationally
modifying enzymes (Figure 4). The main principle behind this strategy is to match the
modifications imposed by the posttranslational modifying enzyme with the binding
specificity of the disease associated HLA molecules, one should be able to identify the
relevant PTM and candidate self-antigens whose relevance can be further tested by
additional studies in human and mouse.
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Highlights

• PTMs play a critical role in the pathogenesis of celiac disease.

• PTMs select T-cell epitopes and TCR repertoire, and determine HLA
association.

• Conditions driving activation of enzymes mediating PTMs also mature APC
allowing expansion of autoreactive T cells.

• The redox status of the tissue plays a role in TG2 activation.

• PTMs and HLA association can be used to identify self-antigens.
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Figure 1.
Key features of the pathogenesis of celiac disease that have parallels in rheumatoid arthritis.
(i) In both diseases there are antibodies to posttranslationally modified antigens. In celiac
disease there are antibodies to deamidated gliadin (gluten) [36] and in rheumatoid arthritis
there are antibodies to citrullinated antigens [37,38]. (ii) In both diseases there are enzymes
that mediate the posttranslational modifications of antigen. In celiac disease,
transglutaminase 2 (TG2) converts certain glutamine residues to glutamate [39,40], and in
rheumatoid arthritis various isoforms of peptidyl arginine deiminase (PAD) convert arginine
residues to citrulline [41]. (iii) In both diseases, there are antibodies specific for these
enzymes that mediate the polypeptide modifications [42–44]. (iv) In both diseases, the
posttranslational modifications create antigens that are better suited to bind the HLA
molecules associated with the disease. In celiac disease, which is associated with HLA-DQ2
and HLA-DQ8, glutamate serves as an anchor residue at positions P4, P6 and P7 for
peptides binding to HLA-DQ2 [15,16] and as an anchor residue at positions P1 and P9 for
peptides binding to HLA-DQ8 [18]. In rheumatoid arthritis, the P4 pocket of the disease
associated HLA-DR4.1 molecule is positively charged [45] and thus will repel peptides with
positively charged arginine residues at the P4 position. Peptides with neutrally charged
citrulline at this position can be accommodated, however [46].
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Figure 2.
Transglutaminase 2 (TG2) is only active in an open conformation in a reduced state. In
presence of GTP and in the absence of Ca2+ (i.e. intracellular environment), TG2 is in a
reduced, closed state and the enzyme is inactive. Upon release to the extracellular
environment with low GTP and high Ca2+, TG2 takes on an open conformation and is
active. Usually there are oxidizing conditions in the extracellular environment and TG2
becomes inactivated in its open confirmation by the formation of a vicinal disulphide bond
in the enzyme. Upon creation of reducing conditions, which has been shown to occur in
lymph nodes after immunization, the disulphide bond is reduced and the enzyme can again
take an active open conformation.
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Figure 3.
Depiction of various conditions and how these relate to T-cell activation that lead to disease
development. Notably, inflammatory conditions may lead to induction of active
posttranslationally modifying enzymes and antigen presenting cells that prime a disease-
inducing T-cell response. A) Inactive enzyme, non-activated antigen presenting cells
expressing HLA molecules that are not associated with disease are not permissive for T cell
activation. B) Inactive enzyme, non-activated antigen presenting cells expressing HLA
molecules that are associated with disease do not lead to T cell activation. C) Constitutively
active enzyme in a non-inflamed tissue generates neoepitopes with increased affinity for the
disease-associated HLA molecule. However, because peptides are presented by immature
antigen presenting cells that cannot provide co-stimulation, T-cell deletion instead of T-cell
activation occurs. D) Active enzyme, activated antigen presenting cells expressing HLA
molecules that are not associated with disease do not lead to T cell activation. E) Active
enzyme, activated antigen presenting cells that express HLA molecules associated with
disease together constitute factors permissive for T-cell activation.
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Figure 4.
A proposed scheme for the identification of candidate peptide antigens in diseases with
strong HLA associations and with evidence for the involvement of posttranslationally
modifying tissue enzymes. Digests of relevant antigens or target tissue homogenates can be
subjected to modification by activated tissue enzymes. Posttranslationally modified peptides
are characterized by mass spectrometry, and peptides that harbor modifications that affect
binding to the disease associated HLA molecules are identified. These peptides are tested for
binding to the relevant HLA molecules for the closer identification of candidate antigenic
peptides.
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