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Abstract

Celiac disease (CD) is a common, immune-mediated, intestinal disorder with a prevalence of approximately 1% in 

Caucasians. An important and necessary genetic risk factor is HLA-DQ2. Dietary gluten is the triggering environmental 

factor, and a lifelong gluten-free diet is currently the only treatment for CD. CD is officially diagnosed by serology followed 

by a small intestinal biopsy. However, the majority of CD patients go undiagnosed as the symptoms associated with CD 

can be rather subtle, and many patients remain at a silent or latent stage. As CD is associated with increased morbidity 

and mortality, it puts a severe socio-economic burden on patients, their families, and society. Improved diagnosis of CD 

and early intervention would alleviate, or reverse, these negative effects. The recent identification of part of the genetic risk 

for CD may help in diagnosing individuals at high risk for CD before the disease manifests. In this review, we show how 

genetic knowledge can be applied as a diagnostic or screening tool to prevent comorbidity and long-term complications. 

We envision a two-step approach. First, based on human leukocyte antigen (HLA) typing, we can exclude individuals with 

no HLA-DQ2/DQ8 as they have no risk of developing CD. Second, we can combine the presence of HLA-DQ2/DQ8 with 

the non-HLA genetic risk factors and classify the remaining individuals into low (,0.1%), intermediate (0.1–7%), and high 

(.7%) risk groups. Individuals in both the intermediate- and high-risk groups should undergo serology and biopsy testing. 

Our prediction model for CD will lead to improved diagnostic and prevention strategies.

Keywords: celiac disease, genetic profile, predictive test, human leukocyte antigen (HLA), gluten intolerance, gluten sensitive enteropathy, 

celiac sprue
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Introduction

Genome-wide association studies (GWAS) were the scientific breakthrough of 2007, with large numbers 

of individuals being genotyped for hundreds of thousands of common genetic variants (single nucleotide 

polymorphisms or SNPs) [1, 2]. The success of this new technology has led to a wave of discoveries of several 

disease-associated variants for complex diseases, such as type 2 diabetes, breast cancer, Crohn’s disease, 

ulcerative colitis, celiac disease, and many others [3–9]. These new findings have provided important and novel 

insights into the diseases’ biology, raised hopes of being able to identify high-risk individuals based on their 

genetic profiles, and promoted new approaches for potential therapy and prevention.

 The variants identified by the GWA studies are common in the general population and, individually, 

most variants have only a small effect on disease risk, with odds ratios between 1.1 and 1.5. In addition, known 

associations usually account for a rather limited part of the heritability (often ~10%). Yet, several companies, 

such as deCODE genetics and 23andme, have already begun to use SNPs for predicting the risk of developing 

complex genetic disorders (http://www.decode. com/; https://www.23andme.com/). It is evident that predictive 

testing based on a single SNP is of limited value, as complex diseases are caused by many different genetic 

variants [10, 11]. Therefore, genetic profiles based on combining information from many risk variants are 

likely to be much better predictors of disease risk, even if the full repertoire of susceptibility alleles is still  

unknown [12].

 Lately, the use of risk scores based on combining informa- tion from different disease-associated 

SNPs was applied to a number of complex diseases including celiac disease, type 2 diabetes, and Crohn’s 

disease [13–19]. These studies showed that affected individuals carry, on average, more disease risk alleles 

than control individuals [13, 14, 20]. Using logistic regression, it was also shown that individuals carrying an 

increasing number of risk alleles have an increased risk of developing the disease under study, consistent 

with an independent multiplicative model [13, 14, 17, 21]. The area under the receiver operator characteristic 

curve (AUC) can be used to assess how different risk prediction models compare, irrespective of choosing 

specific specificity and sensitivity requirements. The AUC of genotype scores showed a slight improvement on 

top of the clinical risk prediction [15, 17, 18, 22–24], but in most studies, the improvement was not statistically 

significant [16, 25]. However, risk profiling was seen to be more useful in classifying individuals into high-risk 

and low-risk groups, particularly in the context of population screening [16, 17, 19, 26]. To discriminate between 

the power of clinical risk factors and genetic variants, Lyssenko et al [17] investigated predictions for type 2 

diabetes with an increasing duration of follow-up. They observed an increase in AUC for the genetic risk model 

with a longer duration of follow-up, whereas the AUC decreased for the clinical risk model. This suggests that 

assessing the genetic risk profile is clinically more meaningful the earlier in life it is measured. Therefore, 
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implementing a risk prediction in a clinical context could potentially be of major economic benefit to general 

population health [27].

Celiac disease: an important health problem

One of the diseases for which genetic risk prediction would be extremely important is celiac disease (CD) 

(OMIM #212750), as this might help in its early diagnosis or allow prevention of disease by early intervention. 

CD is one of the most common food intolerances in western populations, with population screening revealing 

a prevalence of approximately 1%. However, around 86% of CD patients currently go undiagnosed as they 

present with atypical, silent, or latent CD [28–31]. The broad spectrum of symptoms (often subtle or non-

specific, e.g., tiredness, diarrhea, feeling ‘‘unwell’’) and the fact that they vary considerably between individuals, 

and even in a single individual over time, often results in a delayed or missed diagnosis. CD is characterized by 

a chronic inflammation of the small intestinal mucosa that may result in atrophy of intestinal villi, malabsorption, 

and a variety of clinical manifestations, which may begin either in childhood or in adult life. The only treatment 

is a lifelong, gluten-free diet which, in most cases, leads to complete remission of the small intestine symptoms 

and the disappearance of other symptoms.

 The health burden of CD is considerable. Several studies have shown an increased risk of morbidity 

and mortality in patients with both undiagnosed and untreated CD, as well as in those diagnosed later in life 

due to associated conditions such as type 1 diabetes [32–35]. The mortality rate in undiagnosed CD was 

associated with nearly a fourfold increase in the USA [34]. Moreover, a retrospective cohort study revealed a 

modest increase in death in CD patients, as well as in patients with only intestinal inflammation or latent CD 

patients [33]. Classical CD is frequently found in conjunction with other autoimmune disorders such as type 

1 diabetes (3–7%), autoimmune thyroiditis (5%), autoimmune hepatitis, asthma (24.6%), and systemic lupus 

erythematosus (2.4%) [36, 37]. The risk of developing another autoimmune disease with CD was shown to be 

higher in patients with a family history of autoimmune disease and with a diagnosis of CD made in childhood or 

young adulthood [35]. This risk was reported to diminish by a factor of two upon adopting a gluten-free diet [35]. 

 CD is a clear example of an immune-mediated disease for which early diagnosis followed by dietary 

treatment can prevent its severe and sometimes life-threatening complications, such as reduced fertility, gut 

malignancy, and osteoporosis. The disease has a great economic and social impact, especially in reducing the 

individual’s quality of life [38]. Therefore, primary prevention by inducing oral tolerance of the disorder is also a 

major focus for researchers nowadays (Box 1).
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Diagnosis of celiac disease

CD is an autoimmune disease that can potentially affect many organs and not only, as previously thought, the 

gastrointestinal tract [39]. The classic clinical symptoms, which are observed in only a minority of patients, are 

steatorrhea, abdominal distension, edema, malabsorption, and failure to thrive [40]. Silent or asymptomatic CD 

patients may have no gastrointestinal symptoms at all, or may present with atypical symptoms such as iron-

deficient anemia, osteoporosis, dermatitis herpetiformis, infertility, and others [40–42].

 A clinically suspected CD patient is initially tested for the presence of specific antibodies (antigliadin, 

anti-endomysial (EmA) and antihuman tissue transglutaminase (tTG)). The most commonly used tests are to 

detect IgA-EmA and IgA- tTG antibodies. Both are targeted at tissue transglutaminase autoantigen and have a 

similar sensitivity (86–100% for EmA, 77–100% for tTG) and specificity (90–100% for EmA, 91– 100% for tTG) 

[43]. However, these serological markers are not accurate in patients with selective IgA deficiency, patients with 

only IgG class autoantibodies and normal serum IgA, or patients with positive EmA antibodies and an absence 

of tTG antibodies [44]. Thus, a combination of tTG, EmA, and total IgA serum level should be tested first, and it 

should be complemented with IgG-tTG or IgG-EmA testing in the case of IgA deficiency [45]. A serious problem 

in serological screening is the fluctuation of antibody levels in children. Simell et al [46] showed that a large 

proportion of antibody- positive children are only transiently antibody positive, proving that the antibodies quite 

Box 1 | Genetic risk profiling in CD

A. Diagnostic tool

Who:  Individuals with classical or atypical CD.

Aim:  Dietary treatment to prevent severe and long-term complications.

How: 1. Excluding CD as possibility in cases not carrying HLA-DQ2/DQ8 molecules.

 2. Reduction of number of serology re-testing and biopsy.

 3. Early diagnosis since early detection may be difficult on a clinical basis.

B. Screening tool

Who: Newborns and families with positive history of CD or other autoimmune disease.

Aim:  Early intervention and early treatment for prevention.

How: 1. Excluding CD as possibility in cases not carrying HLA-DQ2/DQ8 molecules.

 2. Identifying higher risk individuals for close follow-up and early diagnosis.

 3. Early introduction of gluten to induce oral tolerance in at-risk newborns.

 4. Classify patients into subgroups using molecular diagnosis for different therapies.
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commonly disappear spontaneously without changes in their gluten exposure.

 When one or more antibodies are positive, a small intestinal biopsy is taken. Pathological changes 

in duodenal biopsy, which is the gold standard for diagnosing CD, range from intraepithelial lymphocytosis 

with normal villous architecture to total villous atrophy [47]. According to Marsh, individuals presenting with 

significant villous atrophy are classified as CD Marsh stage III, whereas normal villi but an increased number 

of intraepithelial lymphocytes are classified as Marsh I or II [42, 48]. However, there are several causes of 

intraepithelial lymphocytosis without villous atrophy in addition to CD, such as Helicobacter pylori infection and 

tropical sprue [49]. It is therefore difficult to diagnose CD in the setting of intestinal inflammation if villous atrophy 

is absent [50]. Moreover, this biopsy procedure is invasive, expensive, and carries a risk of complications.

A third form of CD is latent CD, which is diagnosed in patients with positive autoantibodies and the typical 

HLA- predisposing genotype (HLA-DQ2 and/or -DQ8; discussed below), but who have a normal, or minimally 

abnormal, mucosal architecture with an increased number of intrae- pithelial lymphocytes [40]. This form has 

been linked to unexplained neurological or psychiatric disorders such as cerebellar ataxia, schizophrenia, and 

autism [51–53].

 Earlier estimates of the prevalence of CD used to rely on classical symptomatic cases with confirmed 

biopsies. However, large-scale antibody screening followed by biopsy confirmation revealed a higher prevalence 

lying between 1:200 and 1:70 in the USA and most western and Middle Eastern countries [29, 39, 54–56]. The 

prevalence appears to increase with age, as was shown in a recent study in Finland where a prevalence of 1:47 

was reported in randomly selected subjects older than 52 years [57].

Genetics of celiac disease

In the past decade, substantial resources have been invested in understanding the genetic etiology of CD. 

Familial aggregation was found in 5–15% of CD patients, while a high concordance rate of 83–86% was 

observed among monozygotic twin pairs, and 16.7–20% between dizygotic twins [36, 58, 59]. This indicates 

that genetic components play a major role in the induction and manifestation of CD. HLA-DQ2 and HLA-DQ8 

heterodimers are well known to be important genetic risk factors for CD. They are constructed from alfa and 

beta chains encoded by the HLA-DQA1 and HLA-DQB1 genes respectively. HLA-DQ2 includes the sub- groups 

HLA-DQ2.5 and HLA-DQ2.2 encoded by DQA1*0501- DQB1*0201 and DQA1*0201-DQB1*0202, respectively, 

whereas HLA-DQ8 is encoded by DQA1*03-DQB1*0302. These HLA molecules can be encoded in cis (i.e., alfa 

and beta chains encoded by DQA1 and DQB1 of the same chromosome) or in trans (i.e., alfa and beta chains 

encoded by DQA1 and DQB1 of different chromosomes). For example, the HLA-DQ2.5 molecule can be formed 

in trans from the HLA-DQ2.2 haplotype (DQA1*0201-DQB1*0202) and the HLA-DQ7 haplotype (DQA1*0505-

CHAPTER 4



93

DQB1*0301). HLA-DQ2.5 was shown to have the strongest association with a predisposition to CD, explained 

by its high affinity to binding gluten proteins. HLA-DQ2.2 contributes less to the risk of CD, as it differs in one 

amino acid (a phenylalanine in place of tyrosine), which leads to a lower binding stability [60]. Moreover, the risk 

of CD is shown to be higher in individuals homozygous for the HLA-DQ2.5 or HLA-DQ2.5/DQ2.2 genotypes 

compared with those homozygous for HLA- DQ2.2 or heterozygous for HLA-DQ2.5 or DQ2.2 [61, 62].  

Around 95–98% of CD patients carry these risk molecules compared with 30–40% of the general population, 

indicating that other, non-HLA genes also play a role in the pathogen- esis of CD. The contribution of HLA to 

the development of CD is essential, but it represents less than 40% of the total genetic risk, so the remaining 

risk is likely to be conferred by non-HLA genes [65–67].

 In the last few years, candidate gene approaches, genome- wide linkage studies, and genome-wide 

association studies (GWAS) have mapped several non-HLA genes in CD. However, a major breakthrough in 

CD genetics came from the first GWAS on a UK cohort, which initially identified an association with the IL2/

IL21 region on chromosome 4q27, a region later found to be associated with type 1 diabetes and rheumatoid 

arthritis [63, 64]. In follow-up studies, 12 additional CD risk loci were discovered and replicated in several other 

populations [6, 65–68]. A second GWAS was recently performed on CD cohorts from the UK, the Netherlands, 

Italy, and Finland (Dubois et al, unpublished). In this GWAS, all the known loci were replicated, and 13 new 

loci reached genome-wide significance (<5x10-8). Thus, at the end of 2009, we have found 26 non-HLA loci 

Table 1. Classification of individuals in three groups based on HLA genotypes and absolute HLA risk

CHAPTER 4

Risk category HLA genotypes Absolute HLA risk (%)
DQ7/DQ7 0.0000
DQX/DQX 0.0433
DQ7/DQX 0.0470

DQ2.2/DQX 0.1661
DQ8/DQ7 0.2765
DQ8/DQX 0.5326

DQ2.5/DQ8 1.5769
DQ2.2/DQ2.2 1.6366

DQ8/DQ8 1.6366
DQ2.5/DQ7 2.2587
DQ2.5/DQX 2.6194
DQ8/DQ2.2 2.9600
DQ2.2/DQ7 3.7232

DQ2.5/DQ2.2 7.7079
DQ2.5/DQ2.5 12.8137

Low risk

Intermediate risk

High risk
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associated with CD, which, together with HLA, can explain around 50% of the disease heritability. Interestingly, 

many of the susceptibility loci include genes that play a role in T-cell differentiation, immune cell signaling, the 

innate immune response, and tumor necrosis factor (TNF) signaling. Moreover, several of these genes have 

also been found to be associated with other immune-related disorders [70].

Risk model for celiac disease

The genetic risk for CD is an important component of the overall risk for developing CD, in addition to non-

genetic factors such as gluten consumption, socio-economic factors, and behavioral risk factors. Predicting the 

risk for developing CD before clinical manifestation of the disease could be a powerful tool in early diagnosis 

and preventing the disease by early intervention with a gluten-free diet. In the future, it might even become 

possible to alleviate the disease by inducing oral tolerance to dietary gluten. Except for HLA, the other known 

genetic risk variants involved in CD have very modest effect sizes and thus a limited value in predicting 

an individual’s risk for disease development. as the true causal variants have not yet been identified, and 

most associated SNPs are proxies correlated with the true causal variants, the true effect sizes may well be 

underestimated. We have recently created a genetic scoring system, which could help to classify individuals 

into low-, intermediate-, and high-risk groups based on their HLA dose–effect genotypes (Table 1) [13]. CD 

is unique among the complex diseases, as one of its genetic risk factors (i.e., HLA-DQ2/DQ8) is certainly 

necessary for the disease to develop but is not sufficient in itself; therefore, individuals with no HLA-DQ2/DQ8 

have practically zero risk of developing CD. Hence, the negative predictive value of HLA genotyping is close 

to 100% (Figure 1). However, among individuals positive for HLA-DQ2/DQ8, only 3% will go on to develop 

clinically recognized CD [70]. Based on HLA dosage, we could classify individuals with a double dose of HLA-

DQ2 as high risk (i.e., DQ2.5/DQ2.5 and DQ2.5/DQ2.2) and the others as intermediate risk.

 The non-HLA risk alleles are normally distributed in cases and controls, although CD patients carry, 

on average, more non-HLA risk alleles than healthy people [13]. Moreover, an increasing number of risk alleles 

were also shown to be associated with an increased risk for CD [13]. This risk increases sixfold in individuals 

carrying 13 or more non-HLA risk alleles compared with those carrying five or fewer risk alleles. Based on 

HLA genotypes only, the AUC was 85.4%, whereas the AUC based on both HLA and non-HLA risks improved 

to 87.4%. When we considered non-HLA risk alleles in addition to HLA, we observed that individuals with an 

intermediate HLA risk and who carry 13 or more non-HLA risk alleles had the same odds ratio for developing 

CD as individuals with a high HLA risk and five or fewer non-HLA risk alleles. Thus, these individuals were 

reclassified into the high-risk group.

 Most studies on genetic risk profiling, including our own, have reported the risk using odds ratios, 
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Figure 2. Absolute risk of is diferent HLA genotypes

Figure 1. Diagnostic flow chart for celiac disease
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relative risks, or hazard ratios, which compare the risks of disease with a reference risk, i.e., with individuals who 

carry few risk alleles [72]. But for individuals who undergo genetic testing, an absolute risk for disease is more 

interesting depending on their genetic profile. For this review, we have calculated the absolute risk for different 

HLA genotypes, assuming a general population prevalence of CD of 1%. Figure 2 shows the different risks for 

different HLA genotypes in an Italian cohort that was used for validating the genetic risk model described by 

Romanos et al [13]. As expected, individuals with no HLA-DQ2 and/or no HLA-DQ8 have practically no risk of 

developing CD (absolute risk <0.1%), whereas individuals with a double dose of HLA-DQ2 (DQ2.5/DQ2.5 and 

DQ2.5/ DQ2.2) have high risks of 8% and 13% respectively. The other HLA genotypes confer an intermediate 

risk (Figure 2). Combining HLA and non-HLA alleles allows reclassification of individuals into three risk groups: 

low absolute risk (<0.1%), intermediate absolute risk (0.1–7%), and high absolute risk (>7%), which correspond 

to the categories based on HLA genotypes (Table 1 and Figure 1). An example of reclassification is individuals 

in the intermediate-risk group (green dots in Figure 3) who were moved to the low- risk group, whereas others 

were moved to the high-risk group, indicating that combining HLA and non-HLA genotypes provides better 

accurate risk predictions. If we were to apply this risk model to a large cohort of CD patients, it would lead to 

7.5% of intermediate-risk individuals being reconsidered as at high risk for developing CD. The current CD 

genetic risk model is based on a case–control cohort and should be validated in a prospective cohort in order 

Figure 3. Level of individual absolute risk after including HLA and non-HLA risk alleles. The black lines at 0.1% and 
7% risk mark the cut-off between low intermediate, and high risk based on HLA alone.
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to estimate the positive and negative predictive values more accurately [73].

 In addition, prospective testing is required to investigate whether individuals in the low-risk group 

are indeed at low absolute risk of developing CD. If so, we can envisage a future scenario in which only 

individuals in the intermediate- and high-risk groups would undergo serological testing, followed by a biopsy in 

the serology-positive individuals (Figure 1). As such, genetic profiling could limit the number of individuals who 

need to undergo serological testing and could also be used to select those individuals who should be followed 

up more closely.

Application of genetic testing

As with all other complex diseases, CD affects a relatively large proportion of the human population, and puts a 

major burden on healthcare systems. Although the use of genetic risk prediction in clinics and mass population 

screening is still being debated in the literature due to the ethical and social concerns, our risk prediction model 

for CD could already be used to assist in better diagnosis (diagnostic tool) and prevention (screening tool) 

strategies (Box 1) [27, 41, 74]. For CD, early diagnosis means early intervention with treatment and prevention 

of long-term complications, including the development of severe and irreversible phenotypes and of other 

autoimmune disorders [75]. In diagnostic work, HLA genotyping is already used by many clinics as it can help 

to exclude the disease in individuals with atypical CD but no HLA-DQ2/DQ8. By combining the HLA and non-

HLA risks, individuals could be better classified into low-, intermediate-, and high-risk groups and thus fewer 

indivi- duals would need to undergo serological testing and biopsy (Figure 1). Finally, risk profiling could help to 

detect and follow up individuals with non-specific symptoms or suggestive serology results.

 Another important consideration in risk profiling is screening (Box 1). Currently, the prediction of risk 

for complex diseases in families is based mainly on pedigree analysis and some clinical measurements, but this 

approach yields predictions that are of low precision: for instance, the same risk is given to full siblings without 

offspring although the genomes of siblings can be so different. Estimation of risk based on genetic profiling 

could increase precision by differentiating between two siblings. Thus, the current genetic risk model for CD 

might be suited to high-risk families that already have a CD patient. The prevalence of CD in relatives of CD 

patients was shown to be increased in both first-degree (2.6–17.2%) and second-degree (2.6–19.5%) relatives 

[36]. Profile screening would permit early diagnosis of high-risk family members without symptoms or with 

unclear symptoms. Another application of genetic profiling would be in individuals and members of families with 

other immune-related disorders. Several immune-related diseases have been shown to share susceptibility 

variants with CD, and a modified model that includes all the shared genetic variants might identify individuals at 

high risk of developing an immune disorder [13, 70]. Patients with different diseases but overlapping biological 
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pathways might benefit from the same therapy [70].

 Last but not least, genetic screening in newborns might help to identify those with a high risk for 

CD and could reduce the number of babies that need to be closely monitored for minor symptoms and have 

repeated antibody testing and early biopsy. The manifestation of CD in infants is mainly around 2 years of age, 

after the introduction of gluten into their diets, so screening newborns for evidence of antibodies specific to CD 

is mostly unhelpful. Genetic risk factors could be used to classify newborns into distinct biological pathways. 

This provides a rationale for different therapies being employed in the future for different patients based on 

their genetic information rather than by trial and error. One type of therapy could be primary prevention, which 

might be attained through the introduction of small doses of gluten most probably between the age of 4 and 6 

months [76]. This would increase the chance that such infants could develop an oral tolerance to gluten, and 

might possibly promote the maintenance of tolerance throughout life [77].

Future perspectives

The rapidly increasing knowledge on the genetic back- ground of CD has not only yielded important insights 

into the pathogenesis of the disease, but is also slowly entering daily clinical practice. So far, GWA studies 

have identified variants that explain at most 50% of the genetic heritability of CD. Larger sample sizes or 

a combination of several studies are needed to make better predictions of genetic risk [12]. The increasing 

number of associated loci and the future identification of the true genetic risk variants might enable us to 

identify high-risk CD patients. In the long term, the complete sequencing of variants in each person’s genome 

might eventually be used to predict the individual’s risk of developing celiac disease.

Conclusion

CD is an important health problem for the individual and society. Identifying high-risk individuals would help 

in detecting CD at an early stage, and in initiating treatment before too much damage has occurred. Early 

intervention would reduce the risks that are currently faced by genetically susceptible individuals. Testing for 

the HLA-DQ2 and HLA- DQ8 genes has already yielded benefit by excluding individuals who have practically 

no risk of developing CD from further testing. Using HLA and non-HLA loci can better classify individuals into 

low-, intermediate-, and high-absolute-risk groups. The clinical value of a genetic test necessarily depends 

on the ease of intervention and its effect; in this respect, a gluten-free diet is a safe and feasible intervention. 

As such, it has now become attractive to screen children born into families with a high risk for CD or other 

autoimmune diseases fairly early in life for their celiac risk.
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