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Celiac disease is an intestinal disorder that develops as a result of interplay between genetic and
environmental factors. HLA genes along with non-HLA genes predispose to the disease. Linkage studies
have failed to identify chromosomal regions other than the HLA region which have major effects,
indicating the existence of multiple non-HLA predisposing genes with modest effects. Association studies
have shown that CTLA4 or a closely located gene is one of these genes. The primary HLA association in
the majority of celiac disease patients is with DQ2 (DQA1*05/DQB1*02) and in the minority of patients
with DQ8 (DQA1*0301/DQB1*0302). Gluten reactive CD4+ T cells can be isolated from small intestinal
biopsies of celiac patients but not from controls. DQ2 or DQ8, but not other HLA molecules carried by
patients, present peptides to these T cells. A number of distinct T cell gluten epitopes exist, most of them
posttranslationally modified by deamidation. DQ2 and DQ8 bind the epitopes such that the glutamic acid
residues created by deamidation are accommodated in pockets that have a preference for negatively
charged side chains. There is evidence that deamidation in vivo is mediated by the enzyme tissue
transglutaminase (tTG). Overall, the results point to control of the immune response to gluten by intestinal
T cells restricted by the DQ2 or DQ8 molecules. This is likely to be a critical checkpoint for the
development of celiac disease and could explain the dominant genetic role of HLA in this disorder. The
products of the other predisposing genes may participate in pathway(s ) that lead(s ) to lesion formation. The
minor genetic effects of the non-HLA genes could indicate a lack of critical checkpoints along these
pathways, or that there are several pathways leading to the lesion formation. & Celiac disease; genetics; HLA,
polygenic; T cells
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Celiac disease, rheumatoid arthritis, type 1 diabetes,
multiple sclerosis, and myasthenia gravis are examples of
chronic inflammatory diseases with multifactorial etiolo-
gies where genetic and environmental components are
involved. The diseases demonstrate associations with
particular HLA alleles indicating that HLA genes
contribute to the genetic susceptibility. It has been
estimated, however, that the HLA genes in the majority
of the HLA associated disease contribute less than half of
the heritable susceptibility (1). This knowledge has
compelled intensive searches to identify non-HLA suscept-
ibility genes and, up to now, linkage methods have been
the prevailing approach. In general, these studies have
failed to demonstrate any genetic region having a major
effect except the HLA, but have indicated multiple regions
harboring loci that may elicit weak effects. Hence the
emerging general picture for the HLA associated, chronic
inflammatory diseases is that HLA genes, along with a
number of genes with weak (susceptibility or protective)
effects, constitute the genetic predisposition. Moreover,
there are probably modifying effects between the different
genetic factors (epistasis) and interactions between the
genetic and environmental factors. It may also be that in
different patients with identical phenotype, only some of
the genetic/environmental factors are shared and only
some of the pathways leading to disease development are
identical. If such heterogeneity exists, there will obviously

be serious implications for the ease with which the hitherto
unknown disease factors can be identified.

The concept of multiple predisposing/protective genes
that interact with each other and/or the environment
probably applies to other chronic inflammatory diseases
with less clear HLA associations, such as periodontitis, but
here the HLA genes seem to play less dominant roles. It is
noteworthy that the ease with which a susceptibility locus
can be identified is likely to be correlated to the genetic
impact of the locus. Hence the task of identifying multiple
weak loci with epistatic and environmental interactions
represents a formidable challenge. Without the help of
functional models to identify candidate genes and to test
effects of gene mutations, this would probably be a futile
enterprise.

Celiac disease is a common condition in which ingested
wheat gluten (consisting of the subcomponents gliadin and
glutenin) or related proteins from rye and barley are not
tolerated. The patient suffers from chronic inflammation
in the small intestine, resulting in villous atrophy and crypt
hyperplasia. People are diagnosed at all ages, but there is a
peak in incidence at early childhood. The disease is
efficiently treated with a gluten exclusion diet. Poor diet
compliance and undiagnosed disease are associated with
complications, including increased risk of anemia, inferti-
lity, osteoporosis, and intestinal lymphoma. Among the
human multifactorial chronic inflammatory disorders,



celiac disease stands out as a particularly good model due
to a unique combination of three factors. First, an
environmental factor (gluten) that precipitates disease is
known, and withdrawal or re-introduction of gluten is
frequently done to establish the diagnosis. Second, the
HLA molecules that confer predisposition to the disease
have been identified (HLA-DQ2 for the majority of
patients and HLA-DQ8 for the minority). Third, access to
the affected organ is simple; detailed in situ studies can be
performed and disease-relevant cell populations can be
isolated. This paper briefly covers some of the recent
advances in this model disease.

Genetic factors in celiac disease
A high prevalence (10%) among first-degree relatives of
celiac disease patients indicates that susceptibility to
develop celiac disease is strongly influenced by inherited
(genetic) factors (2). Familial clustering is often expressed as
ls (the ratio of the prevalence in sibs over the population
prevalence) (1). If this ratio is close to 1, there is no
evidence for genetic factors in susceptibility. In contrast,
the ls value for celiac disease is estimated to be 30–60 (1,
3), which is high compared to multifactorial disorders like
rheumatoid arthritis, type 1 diabetes, and multiple
sclerosis. The strong genetic influence in celiac disease is
further supported by a high concordance rate of 70–100%
in monozygotic twins (4). The sibship aggregation
attributable to HLA (ls HLA ) is estimated to be 2.3–5 (1,
3). Assuming a multiplicative model of disease-predispos-
ing genes, these estimates suggest that the overall
importance of non-HLA genes is greater than that of
HLA genes (1, 3). However, these figures should be
interpreted with caution, as increased sharing of environ-

mental factors by the sibs (e.g. living in the same
household) would tend to cause overestimation of the role
of the non-HLA genes.

HLA genes
The majority of celiac disease patients carry the

DRB1*0301-DQA1*0501-DQB1*020 1 haplotype (the
DR3, DQ2 haplotype) or are DRB1*11/12-DQA1*0505-
DQB1*0301/DRB1*07-DQA1*0201-DQB1*0202 hetero-
zygotes (carry the DR5-DQ7/DR7-DQ2 haplotypes)
(5–9). The DQa chains encoded by DQA1*0501 and
DQA1*0505 differ by one residue in the leader pep-
tide, and the DQb chains encoded by DQB1*0201 and
DQB1*0202 differ by one residue in the membrane
proximal domain. These substitutions are highly unlikely
to have any functional consequences. Hence celiac disease
patients with these DR-DQ combinations share the same
functional DQ molecule on the cell surface, encoded by
genes carried in cis (e.g. DQA1*05 and DQB1*02 carried
on the same haplotype) or trans position (e.g. DQA1*05
carried on a different haplotype to DQB1*02) (10).
Recombination (crossing over; rearrangement of genes
on the same chromosome) seems to be an important
mechanism for the generation of HLA haplotypes (11).
Accumulating evidence suggests that the DR3-DQ2, the
DR7-DQ2, and the DR5-DQ7 haplotypes have a close
evolutionary relationship. Based on analysis of microsa-
tellites, fragments of DNA flanking the DQA1 gene of the
DR3-DQ2 haplotype have been identified on the DR5-
DQ7 haplotype, and fragments of DNA flanking the
DQB1 gene of the DR3-DQ2 haplotype have been
identified on the DR7-DQ2 haplotype (12, 13). The
genetic information in the DQ subregion of the DR3-
DQ2 haplotype is thus re-established in DR5-DQ7/DR7-
DQ2 heterozygotes, although the sequence information is
split between two chromosomes. Susceptibility to celiac
disease therefore probably depends on an interaction
between at least two genes on the DR3-DQ2 haplotype
that are reunited in DR5-DQ7/DR7-DQ2 heterozygous
individuals. Theoretically, this gene interaction could
involve any HLA-linked genes in the DQ region.
However, complete sequencing of an 86 kb genomic
fragment spanning the DQ subregion of the DR3-DQ2
haplotype failed to identify genes other than the DQA1
and the DQB1 genes in this region (14). Furthermore, the
DQA1 and DQB1 genes are very good candidates in their
own right, since their products interact to form an HLA
class II heterodimer and since they are situated close to a
putative recombination site. This evolutionary considera-
tion along with the fact that most celiac patients share a
particular pair of DQA1 and DQB1 genes either located
in cis or in trans are strong arguments that the DQA1*05
and DQB1*02 alleles jointly confer susceptibility to celiac
disease by coding for the DQ2 heterodimer.

Almost all the celiac disease patients who are DQA1*05
and DQB1*02 negative bear the DRB1*04, DQA1*0301,
DQB1*0302 haplotype (i.e. DR4-DQ8 haplotype), and it

Fig. 1. Celiac disease, as many other chronic inflammatory diseases,
is a multifactorial disorder that develops as a result of interplay
between genetic and environmental factors. HLA and CTLA4 have
been identified as genetic factors and gluten is a well-known
environmental factor in this disease. Several additional genetic and
probably also other environmental factors have yet to be identified.
This figure illustrates in a simplified way how the genes and
environmental factors may interact and modulate the effect of each
other.

184 L. M. Sollid et al. ACTA ODONTOL SCAND 59 (2001)



is likely that these patients have an HLA association which
is different from those who are DQ2 positive. Although it
is less clear what the primary disease susceptibility
determinant of the DR4-DQ8 haplotype is, most data
favor DQ8 (15).

CTLA4/CD28 genes
Genome-wide linkage studies in celiac disease have

indicated numerous susceptibility regions with weak
genetic effects, and the indications are strongest for
susceptibility genes located at 5qter and 11qter (16, 17).
However, no disease associations have been established so
far for any genes of these regions. The only gene for which
there are relatively consistent reports on disease association
is the CTLA4 gene on chromosome 2q33. This gene has a
single nucleotide polymorphism (A/G) at position 49 in
exon 1, and the A allele has been found to be associated
with celiac disease in both French and Swedish/Norwe-
gian populations (18, 19). In the Swedish/Norwegian
material there was also a suggestive linkage for several
markers and in a Finnish study linkage was found for the
marker D2S116, located immediately adjacent to CTLA4
(20). A study of Italian and Tunisian patients failed to
confirm the association to the +49 polymorphism or
linkage in the CTLA4 region (21). CTLA4 is involved in
down-regulating T-cell responses, and the G allele of the
+49 dimorphism was recently demonstrated to be
associated with reduced control of T cell proliferation
(22). Thus the +49 dimorphism is a prime suspect for the
observed genetic effect, although other polymorphisms in
linkage disequilibrium cannot be ruled out. In this respect,
it is worth noting that the CD28 and ICOS genes whose
gene products are central players in T and B cell activation
are located very close to the CTLA4 gene.

Environmental factors
Celiac patients go into complete remission when they are
put on a gluten-free diet and they relapse when gluten is
reintroduced to the diet. These observations establish
gluten as a critical environmental factor. Whether other
environmental factors are also involved is still an open
question. Gut infections may well be involved. Adenovirus
12 has been in the forefront among the candidate
microorganisms. This virus was originally proposed as a
candidate because of partial linear homology over 12
amino acids in a virus protein and an a-gliadin (23). Based
on our current understanding of the pathogenesis of celiac
disease, the rationale for the candidacy of this virus is
weak, and there are in fact very few epidemiological data
supporting a role for this virus (24).

Interaction between HLA and gluten
Recent research has demonstrated that celiac disease

predisposing HLA molecules directly interact with the
environmental factor gluten. T cells of the celiac lesion
predominantly recognize gluten peptides presented by the
DQ2 or DQ8 molecules, but not by other HLA molecules
that the patients express (25, 26). Interestingly, the gluten
peptides that are recognized by the T cells are generally
modified by deamidation (i.e. by conversion of glutamine
residues to glutamic acid) (27, 28). There are a number of
distinct T cell epitopes within gluten (29), most of them
binding to DQ2 and DQ8 such that the glutamic acid
residues created by deamidation are accommodated in
pockets that have a preference for negatively charged side
chains (15). Recent evidence indicates that deamidation in
vivo is mediated by the enzyme tissue transglutaminase
(tTG), which is expressed just beneath the epithelium in
the gut (30–32). Notably, tTG can also cross-link
glutamine residues of peptides to lysine residues in other
proteins, including tTG itself. It is possible that complexes
between gluten and tTG permit gluten-reactive T cells to
provide help to tTG-specific B cells by a mechanism of
intramolecular help, thereby explaining the occurrence of
gluten-dependent tissue transglutaminase autoantibodies
in celiac disease (33).

Conclusions
The emerging picture for the genetics of chronic
inflammatory diseases is one of enormous complexity.
Even with a complete map of the human genome, it will be
a formidable task to map all the susceptibility genes and to
come to an understanding of how they interact with each
other and with environmental factors. Functional studies
based on knowledge of the predisposing effect of HLA
genes have contributed significantly to our understanding
of the molecular mechanism of celiac disease. This has
proved that combined studies of genetics and biology are
fruitful and suggests that a combined approach may be the
most rewarding also in the future.
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