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In the past 8 years there has been enormous progress in unraveling 
the genetic basis of celiac disease (CeD). Apart from the well-known 
association to A, there are currently 40 genomic loci associated 
to CeD. Most of these loci show pleiotropic effects across many 
autoimmune diseases and highlight the importance of a dysregulated 
immune system in the predisposition to CeD. However, it is still too 
early to use genetics in the clinic for predicting individual risk. he 
major challenge for the future is to translate genetic findings into a 
better understanding of the underlying disease mechanism and to 
design new ways to treat CeD and prevent its development.

Celiac disease genetics: the past
In the early 1970s it was discovered that particular A molecules 
were involved in CeD  this revealed for the first time the possibility that 
genetic factors contribute to disease. ith time it became evident that 
CeD patients more often carried particular A risk molecules. It is now 
well recognized that the A-D A1 05 and D B1 02 alleles confer 
risk to CeD [1]. hese A-associated alleles are not only fre uently 
found in CeD patients (up to 95 ) but also in the general population 
(up to 35 ), implying that A is a necessary but not sufficient factor 
for CeD pathogenesis. This prompted research into other genetic 
factors predisposing to CeD. he first efforts were focused on linkage 
analysis in large pedigrees segregating the disease or in affected 
sibling-pairs, and on investigating association with candidate genes in 
case-control cohorts. Both approaches were largely unsuccessful for 
different reasons: (1) the limited power as most studies were too small  
(2) the investigation of only a few candidate genes  and (3) the lack of 
comprehensive genetic markers across the entire human genome. By 
the turn of the century in 2000, the CD28-CTLA4-ICOS locus was the 
only other locus that was suggested to be associated to CeD.
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Celiac disease genetics: present
The genetic landscape of CeD changed completely after the discovery 
of SNPs (single nucleotide polymorphisms) and the development 
of array-based genotyping technology in 2006, which allowed for 
genome-wide association studies (G AS) to be conducted. CeD was 
one of the first diseases for which a G AS was performed. he initial 
study tested 310,605 SNPs for association in 778 cases and 1,422 
controls and yielded 13 new CeD-associated loci [2-5]. Many of these 
new loci contained genes related to the immune response and this 
became even more apparent after a much larger, second G AS 
had been performed in close to 5,000 cases and more than 10,000 
controls which resulted in 26 CeD-associated loci 4 . Many of these 
loci suggested that T cell development and the innate immune system 
were causally related to CeD. 
 An important result from the G AS was the strong overlap 
seen in the association signals with other autoimmune diseases [6]. 

his observation prompted the development of the Immunochip as a 
customized genotyping platform to refine the association signals to 
single genes in loci that had already been associated, and to reveal 
more of the overlapping association signals. Immunochip genotyping 
in CeD revealed another 13 non- A loci contributing risk to CeD, 
resulting in 39 G AS loci comprising 57 independent genetic SNP 
variants 7  ( igure 1). Immunochip analysis has been performed for at 
least another 12 autoimmune diseases and shown that the majority of 
the 39 non- A CeD G AS-associated loci overlap with at least one 
of the other phenotypes ( igure 2).
 A and the 39 non- A G AS loci in CeD can explain 
approximately 50  of the genetic variation of the disease. In order 
to find the remaining genetic variation it is necessary to collect many 
more samples, however, this has become a difficult task. Alternative 
approaches may include cross-disease meta-analysis, i.e. including 
other autoimmune diseases given their genetic overlap. A study in CeD 
and rheumatoid arthritis has shown that this is feasible [8]. Although 
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it is difficult to estimate the total number of uni ue samples already 
genotyped with the Immunochip platform (given the possible overlap 
across studies), pooling all these samples improves the power of such 
a study.
 he genetic architecture of CeD is likely to be polygenic, 
i.e. many relatively common alleles with very modest effect sizes 
contribute to the phenotype. A recent study by Stahl et al. suggested 
that at least another 2,667 genetic variants could be involved in CeD 
[9]. If this proves to be true, large case-control studies will indeed be 
the only way to find such variants. owever, large families have been 
documented with CeD segregating across multiple generations (for 

Figure 1 Timeline of celiac disease associations. utside the A region, there 
are currently 39 G AS loci and 57 different SNPs that show association to CeD (Data 
are based on references 2-5, and 7). or some loci more than one independent SNP 
shows association. A resequencing study of the coding part of associated CeD loci in 
large case-control cohorts recently identified one additional rare coding variant in the 
NC 2 gene (12), bringing the total to 40 non- A loci and 58 SNPs associated with 
CeD.
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example see [10]). he association in such families could be consistent 
with a simpler genetic model than the polygenic one and could involve 
rare alleles with larger effect sizes.
 Se uencing all genes in the genome might be a powerful tool 

Figure 2. Immunochip non-HLA loci shared across autoimmune diseases. Celiac 
disease (CeD) (red ribbons) shares at least one locus with other trait, which is the 
similar case for all the other 13 traits analyzed.  he numbers in the external ring 
represents the total number of shared loci per disease and each ribbon the absolute 
number of shared loci between specific traits. or the total number of shared loci, 
should be taken into account that the same loci could be shared with more than one 
trait. he other loci represented are autoimmune thyroiditis (A D), systemic sclerosis 
(SS), atopic dermatatis (AD), primary sclerosing cholangitis (PSCh), ulcerative colitis 
(UC), Crohn s disease (CD), shared intestinal bowel diseases (sharedIBD), Primary 
biliary cirrhosis (PBC), juvenile idiopathic arthritis (JIA), ankylosing spondylitis (AS), 
psoriasis (PS), rheumatoid arthritis (RA), multiple sclerosis (MS). nly loci at genome-
wide significance threshold P  5  10 8 are included.
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to identify such alleles, although a study by Szperl et al. in 2011 was 
unable to reveal any rare coding variants with a strong effect to explain 
CeD in a three-generation family [11]. Similarly, a resequencing study 
of the coding part of associated CeD loci in large case-control cohorts 
only identified one additional rare coding variant in the NCF2 gene [12], 
bringing the total to 40 non- A loci and 58 SNPs associated CeD. 

owever, it cannot be ruled out that the true causal variants are located 
outside the coding part of the genome  this is becoming clear from 
further study of the G AS findings. umar et al. have shown that 81  
of the G AS variants in CeD are located in non-coding regions of the 
genome (either intergenic or intronic) [12]. This suggests that one of the 
mechanisms by which genetic variation could impact on phenotypic 
expression in CeD is by affecting the levels of gene expression 4, 7  
rather than by changing the nature of the protein-coding genes.
 More recent evidence suggests that the great majority of the 
human genome is involved in gene regulation, in part by encoding 
so-called non-coding RNAs. A more detailed inspection of the CeD 
G AS loci showed that some of the genetic variants associated to the 
disease are in, or very close to, long non-coding RNA genes (lncRNA), 
antisense RNA genes, or microRNAs (miRNAs) [13]. his observation 
has implications for our understanding of the disease mechanism. 
Since gene regulation is tissue-specific and cell-specific, future studies 
aimed at elucidating disease mechanisms should focus on the proper 
effector cell type. or CeD this is likely to be the gluten-restricted  cell, 
which can only be found in intestinal biopsies from patients.

Future challenges in celiac disease genetics
he challenge for the near future is to translate the genetic findings 

in CeD research into risk prediction models and functional analyses 
towards unraveling disease mechanisms. or risk prediction it is 
clear that genetics alone is not, and never will be, sufficient to predict 
accurately the risk in the general population. Nevertheless, in high-risk 
groups this might be possible. he major genetic risk factor in CeD, i.e. 



21

Celiac disease: Past, present and future challenges  

carrying the determining A genotype, is already being used in the 
clinic to identify potentially affected individuals. A recent study showed 
that the 57 non- A alleles could improve the positive predictive value 
of a model compared to using A alone, although the difference is 
not striking, with an area under the receiver operator characteristic 
curve of 0.854 compared to 0.823 for A only 14 . This study showed, 
however, that 11.1  of individuals could be reclassified into a more 
accurate risk group  this information could be useful in the future, 
particularly if a more accurate risk classification has implications for 
treatment or intervention times. hat will clearly boost our knowledge 
about the relation between genetic risk carriers and phenotypic 
outcome, are large, prospective cohort studies following individuals 
from birth onwards and monitoring clinical signs, food intake and 
microbiome patterns, epigenetic changes, and all kinds of other factors 
that might affect health and the development of disease. In this regard, 
it is extremely interesting to study the group of individuals who carry a 
high genetic risk for CeD but remain healthy, as they may provide new 
insights into how we can prevent disease development.
 ith respect to disease mechanisms, genetic studies have 
provided novel insights into underlying pathways that were not well 
appreciated earlier. or example, we have seen that many of the 
genes located in the same loci as risk alleles are involved in the innate 
immunity, which may suggest an intricate relationship between the 
adaptive and innate immune systems. How the innate immunity is 
triggered is unknown, although it is tempting to speculate that certain 
gliadin molecules play a role in the process. uture work should be 
directed towards a better understanding of these aspects. 

Conclusions
To get a complete picture of CeD genetics, thousands of additional 
genetic variants need to be identified, which will re uire cohorts of 
many thousands of individuals. Such studies can only be conducted 
by pooling within or between populations, and within and between 
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related phenotypes. In addition, to better understand the relation 
between genotype and phenotype, the clinical characterization of 
patients should be made as accurately as possible, in a standardized 
fashion, and they should be followed over time. In the future this may 
also allow for the development of better prediction models for disease 
development and progression. Following healthy individuals who are 
at risk for CeD (based on their genetic and family history) may provide 
insight into preventive factors.
 To determine how genetic variation changes the levels of 
gene expression and how that impacts on both protein-coding and 
non-coding RNA genes will re uire studies of the appropriate effector 
cell types. Eventually, unraveling the genetics of CeD will reveal why 
the immune system becomes dysregulated and will provide leads to 
alternative ways to treat the disease. 
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