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ABSTRACT

Celiac disease (CeD) is a common autoimmune disorder triggered by di-
etary gluten intake in genetically susceptible individuals. The only treatment is  
a life-long, gluten-free diet (GFD). However, about 5% of CeD patients do not re-
spond to such a diet. Some of them suffer from an extreme phenotype, refractory 
celiac disease (RCD), which is characterized by symptoms such as severe malab-
sorption, intestinal villus atrophy, and infiltration of intraepithelial T-lymphocytes 
(IELs) persisting on GFD. RCD patients with clonal IELs are referred to as ‘RCDII’. 
These patients have a high mortality and poor prognosis due to the development of 
aggressive non-Hodgkin lymphoma, known as enteropathy-associated T-cell lym-
phoma (EATL).

To discover the novel variants associated with this severe type of CeD, we performed 
the first genome-wide association study (GWAS) in patients with RCDII. Our dis-
covery case-control study was performed in a Dutch cohort of 38 RCDII patients and 
846 controls on the Hap550k platform from Illumina. The top-associated variants 
(P<5x10-5) were replicated in an independent cohort of 56 patients and 1,285 controls 
from France and the Netherlands, using TaqMan genotyping assays. We performed  
a Cochran-Mantel-Haenszel test for meta-analysis, using nationality as a co-variable 
to combine the data from the discovery and replication GWAS datasets. 

The GWAS confirmed that the strongest association of genes is found within the 
HLA locus and discovered 15 additional variants (single nucleotide polymorphisms, 
SNPs) at a suggestive significance (PNL1<5x10-5). In the meta-analysis, combining all 
RCDII cases (n=94) vs. all controls (n=2,131) from the Dutch and French cohorts 
(NL1+NL2+FR), we found one out of the 15 RCDII-SNPs, rs2041570 (on chromo-
some 7), cleared the genome-wide significance threshold (PNL1+NL2+FR=2.37x10-8, odds 
ratio (OR)NL1+NL2+FR=2.36), while another two SNPs showed improved association 
(P<5x10-5). Performing eQTL-analysis of these three SNPs in RNA-sequencing data 
from peripheral blood mononuclear cells, we observed a cis-eQTL effect of rs2041570 
on a protein-coding gene, FAM188B, with the risk allele A showing significant associ-
ation (P=0.0105) and a lower expression. Using univariable logistic regression, we ob-
served that both HLA-DQ2 and this risk allele A are independently associated with 
the RCDII phenotype (PDQ2=0.0018, ORDQ2=2.63; PSNP=0.0004, ORSNP=2.25). We also 
combined the potential cofounders (HLA-DQ2, rs2041570, gender) into one genet-
ic risk model using multivariable logistic regression analysis and found improved 
association with RCDII (PDQ2=0.0016, ORDQ2=2.68; PSNP=0.0003, ORSNP=2.35). 
Combining HLA-DQ2 with gender and risk allele A (rs2041570) showed the best 
discrimination, with an area under the curve (AUC) of 0.735 compared to the ‘HLA-
DQ2 only’ model (AUC=0.627).

Our results suggest an entirely different set of genes play a role in RCDII cases than in 
CeD patients with a ‘normal phenotype’, since none of the known CeD susceptibility 
variants showed an association with RCDII. This suggests that RCDII might actually 
be a different pathological status to CeD, but that it shares symptoms with active, un-
treated celiac disease.
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INTRODUCTION

Celiac disease (CeD) is characterized by 
in-testinal damage due to inflammation in-
duced by dietary gluten in genetically sus-
ceptible individuals. A lifelong gluten-free 
diet is the only treatment available. However, 
a subset of patients does not respond to a glu-
ten-free diet. In these patients the extreme 
phenotype is characterized by persistent, 
more severe symptoms, serious malabsorp-
tion, crypt hy-perplasia and intestinal vil-
lous damage even after strict adherence to 
the gluten-free diet for at least one year [1]. 
This condition is known as a refractory celiac 
disease (RCD). The true prevalence of RCD 
is unknown, but it may affect around 5% of 
celiac patients [2]. RCD is subdivided into 
two subtypes, RCDI and RCDII, based on 
the phenotype of the intestinal intraepithe-
lial lymphocytes (IELs), which are normal 
and polyclonal in RCDI but abnormal and 
monoclonal in RCDII [3]. 

IELs are T-lymphocytes located between 
the epithelial cells in the gut. As a part of  
the gastrointestinal tract’s immune system, 
known as gut-associated lymphoid tissue, 
IELs maintain the tolerance to food anti-
gens or modulate the immune response 
against potential infectious agents. RCDI is 
associated with an increased number of IELs 
characterized by positive expression of the 
normal surface markers CD3 and CD8  
(CD3+ CD8+ IELs). RCDII is defined by clonal 
expansion of abnormal IELs expressing in-
tracellular CD3 (iCD3+) but lacking the ex-
pression of surface CD3 (sCD3-) and CD8 
markers in general (iCD3+ sCD3- CD8- IELs) 
[4, 5]. RCDII is a condition proposed to be 
an extreme subphenotype of CeD, it is rare 
with unknown prevalence [6]. RCDII is usu-
ally resistant to standard therapy and has  
a poor prognosis (5-year survival rate <50%) 
[7], primarily because of the development 
of enteropathy-associated T-cell lymphoma 
(EATL, intestinal T-cell lymphoma). The 

diagnosis of RCDII is complex and involves  
a combination of several techniques such as 
multiplex PCR analysis (to determine the 
clonality of T-cell receptor [TCR] gene rear-
rangements) or immunohistochemistry and 
flow-cytometry (to define the cell surface 
markers [CDs]) of IELs [8]. 

Although genome-wide association stud-
ies (GWAS) have identified 57 genetic loci 
for celiac disease [9–11], nothing is known 
about the genetics of RCDII. Because RCDII 
is a rare disease with a complicated diagnosis, 
only a small number of studies containing  
a limited number of RCDII cases (6-43 cas-
es) have been described in the literature to 
date [2, 3, 5, 7, 12–19]. So far, no published 
study has focused on characterizing the ge-
netic background of this severe phenotype. 
The only known genetic risk locus associated 
with RCDII is the human leukocyte antigen 
(HLA), and 44-60% of RCDII patients are 
homozygous for HLA-DQ2 alleles [13, 20]. 

The aim of this work was to discover ad-
ditional genetic CeD variants using the ex-
treme phenotype RCDII and to perform the 
first ever genome-wide association study to 
gain insights into the genetic basis of RCDII. 
Surprisingly, our results suggest an entirely 
different genetic background for RCDII cases 
compared to CeD patients when none of the 
known CeD susceptibility variants showed as-
sociation with RCDII. These data is suggesting 
that RCDII might actually be a pathological 
status that is different from CeD but which 
shares symptoms with active untreated CeD.

MATERIALS & METHODS

Subjects
Written informed consent was obtained 
from all subjects with approval from the eth-
ics committee or institutional review board 
of all participating institutions. All subjects 
were of European ancestry. DNA samples 
were isolated from whole blood. 
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All individuals affected with RCDII were 
diagnosed according to strict diagnostic cri-
teria with the RCDII status confirmed by flow 
cytometry and/or the presence of CD3+CD8- 
intraepithelial lymphocytes in tissue biopsies 
[5, 15]. Dutch individuals affected with 
RCDII from the discovery study (NL1, 
n=38) and replication study (NL2, n=15) 
were recruited from the outpatient clin-
ic of the Department of Gastroenterology 
and Hepatology, VU University Medical 
Centre, Amsterdam, The Netherlands. French 
RCDII cases (FR, n=41) for the replication 
study were recruited from the Department 
of Gastroenterology, Hôpital Européen 
Georges Pompidou, Paris, France.

Dutch controls for the discovery study 
(NL1) were unselected healthy individuals 
as described previously [10]. Dutch controls 
for additional study (NL2) were all unrelat-
ed individuals selected from the Genome of 
the Netherlands (GoNL) project [21]. French 
controls (FR) were subjects who had partici-
pated in the Supplementation in Vitamins and 
Mineral Antioxidants (SU.VI.MAX) study [22]. 
Dutch patients with the celiac disease were de-
rived from the Dubois et al. GWAS [10].

Discovery genome-wide association 
study
Dutch RCDII cases, Dutch healthy controls 
(NL1) and additional celiac patients were 
genotyped at University Medical Center 
Groningen (Groningen, the Netherlands) 
using the Illumina Hap550 array (Illumina, 
San Diego, CA, USA) according to the man-
ufacturer’s instructions (Table 1). The geno-
type calling steps and quality control of raw 
data were performed as described previously 
[10]. Additionally, markers were filtered and 
excluded from the dataset for low minor al-
lele frequency (MAF<0.05), high number of 
missing genotypes (GENO>0.01) and for de-
viation from Hardy-Weinberg equilibrium 
(HWE<0.000001) in controls. We exclud-
ed 28,478 SNPs based on the minor allele 

frequency threshold and 988 SNPs based 
on missing genotypes, while no SNPs were 
removed using the Hardy-Weinberg equi-
librium, resulting in a dataset containing 
499,626 SNPs (including HLA SNPs). The 
final dataset contained 494,728 SNPs after 
filtering out the HLA SNPs. To determine 
the normal distribution of the data, we gen-
erated the Quantile-Quantile (Q-Q) plot in 
R-studio using the GenABEL (genome-wide 
SNP association analysis) package [23] and 
calculated the over-dispersion factor of as-
sociation test statistics (genomic control in-
flation factor - lambda [λ]) using the PLINK 
software [24]. We performed this analysis 
separately for the dataset including HLA 
SNPs (n=499,626 SNPs) and for the dataset 
excluding HLA SNPs (n=494,728 SNPs) us-
ing observed versus expected values for all 
included SNPs (Supp. Figure 1).

Replication study
SNPs for genotyping for the replication 
study in additional Dutch samples (NL2) 
and in French cohort (FR) were selected 
based on the strong association (P<5x10-5) 
in the discovery GWAS. Dutch and French 
RCDII cases were directly genotyped at 
the University Medical Center Groningen 
(Groningen, the Netherlands) using TaqMan 
SNP Genotyping Assays on an ABI 7900HT 
system (Applied Biosystems, Foster City, CA, 
USA). Genotyping data and clustering was 
performed in the SDS 2.3 software (Applied 
Biosystems). Genotype clusters per SNP 
were manually investigated and adjusted if 
necessary. All plates included four genotyp-
ing control DNA samples (obtained from 
Centre d’Etude du Polymorphisme Humain, 
Paris, France) and four negative controls 
(water) per SNP in plate-specific positions to 
control for plate swaps. 

Genotypes of the Dutch controls 
(NL2) for replication study came from the 
Genomes of the Netherlands Project (GoNL) 
[21] which used the Illumina HiSeq 2000 
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and data were extracted from the GoNL 
website (http://www.nlgenome.nl/search/) 
release four. French controls for replica-
tion study (FR) were directly genotyped 
in the laboratory at the Centre d’Etude du 
Polymorphisme Humain (Paris, France) 
using the Illumina Human 660W-quad 
beadchip array (Illumina) according to the 
manufacturer’s instructions with genotype 
call rate >95% as described in [22]. One 
RCDII SNP (rs1402582) did not pass the 
quality control parameters and was imputed 
as described previously [22].

Association analysis
Standard case-control association analy-
ses were performed using the two-tailed 
Fisher’s exact test independently for each 
study (discovery GWAS [NL1], celiac dis-
ease GWAS [CeD], Dutch replication study 
[NL2], French replication study [FR]). The 
Cochran-Mantel-Haenszel test was used in 
combined analysis of the two replication 
studies (NL2+FR) and for all three studies 
in meta-analysis (NL1+NL2+FR). Logistic 
regression analysis was used in the discovery 
study to test for the independence of associa-
tion signals within the same region. Analyses 
were performed using PLINK v1.07 [24]. 

Regional association plots were generat-
ed with SNAP software [25] using the data 
set from 1000 Genomes Project and the CEU 
population for r2 calculation and recombi-
nation rate visualization. Manhattan plots 
were generated in Haploview 4.2 [26], and 
Q-Q plots were generated in R-studio using 
GenABEL package [23].

Human Leukocyte Antigen analysis
Our samples were genotyped for the HLA-
DQA1 and HLA-DQB1 genes using the 
six tagging SNPs approach described by 
Monsuur et al. [27]. In brief, six SNPs cap-
ture classical HLA types:
DQ2.2 (DQA1*0201/DQB1*0202 haplotype), 
DQ2.5(DQA1*0501/DQB1*0201), 

DQ7 (DQA1*0505/DQB1*0301),  
and DQ8 (DQA1*0301/DQB1*0302).
The Dutch GWAS cohorts (RCDII, con-
trols, celiac patients) were typed with the 
Illumina Hap550 platform imputed with 
IMPUTE2 [28]. The RCDII samples from 
the replication study (NL2, FR) were di-
rectly genotyped for the six tagging SNPs at 
the University Medical Center Groningen 
(Groningen, the Netherlands) using TaqMan 
SNP Genotyping Assays on an ABI 7900HT 
system (Applied Biosystems) and processed 
with the same protocol as the RCDII-SNPs. 
HLA types for French controls were ob-
tained using six tagging SNPs from the 
imputed Illumina Human 660W-quad bead-
chip array as was described previously [22] 
and the HLA for Dutch GoNL controls in 
the replication study (NL2) came from the 
Illumina HiSeq 2000.

Two studies have shown a strong associ-
ation of RCDII with homozygosity for the 
HLA-DQ2 allele [13, 20]. The risk molecule 
HLA-DQ2 includes HLA-DQ2.2 and HLA-
DQ2.5 types. Therefore, we categorized our 
samples based on the HLA-DQ2 status into 
individuals homozygous for HLA-DQ2 
(DQ2/DQ2), heterozygous for HLA-DQ2 
(DQ2/DQX) and individuals without HLA-
DQ2 risk allele (DQX/DQX) and compared 
the allele frequencies in the RCDII individu-
als, celiacs and healthy controls. 

Logistic regression analyses to test the 
interaction between HLA and non-HLA 
SNPs
To further test whether a RCDII-associated 
non-HLA SNP is independently confer-
ring risk to RCDII or interacting with HLA, 
we performed logistic regression analy-
sis. The outcome variable is disease status:  
1 for RCDII and 0 for non-RCDII celiac 
disease. In the first step, the SNP of interest 
(rs20471570) and the potential confounders 
(HLA-DQ2 haplotype, coded as 0 for DQX/
DQX, 1 for DQ2/DQX and 2 for homozygous
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HLA-DQ2 (DQ2/DQ2); gender, coded as 0 
for males and 1 for females) were analyzed 
in a univariable logistic regression analysis. 
In the following step the SNP of interest and 
potential confounders were combined in 
a multivariable logistic regression analysis. 
We tested for potential interaction between 
the SNP of interest and HLA-DQ2 haplo-
type or gender by adding interaction terms.

Building the RCDII risk prediction model
To evaluate the added value of the SNPs of 
interest for the prediction of RCDII in ce-
liac disease patients, the predictive perfor-
mance of the complete model, including the 
rs20471570 SNP of interest, was compared to 
the predictive performance of the model with 
HLA-DQ2 haplotype and gender. Goodness 
of fit was analyzed using Nagelkerke’s pseudo 
R2 and the discriminative ability was evaluated 
by constructing the receiver-operator-charac-
teristic (ROC) curve and calculating the c-sta-
tistic (area under the curve [AUC]). We used 
the rms (regression modeling strategies) and 
PredictABEL (Assessment of risk prediction 
models) packages in R-studio for these anal-
yses [23].

Expression quantitative trait loci 
analysis 
We performed a whole-genome expression 
quantitative trait loci (eQTL)-analysis of 
replicated RCDII-SNPs. The eQTL analysis 
was executed in RNA-sequencing data de-
livered from peripheral blood mononucle-
ar cells of 629 unrelated Dutch individuals 
as described in Ricaño-Ponce & Wijmenga 
[manuscript in preparation]. The expression 
data were normalized and corrected based 
on the principal component analysis and 
both cis- and trans-eQTL mapping was per-
formed as described previously [29].

Analysis of gene expression in biopsies
In order to test whether levels of genes with 
eQTL effect from three replicated SNPs are 
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influenced by disease status, we performed 
an analysis of microarray data of intestinal 
biopsies of 47 Dutch individuals (12 controls, 
24 celiac patients sub-classified based on the 
Marsh classification into Marsh 1 (n=12) 
and Marsh 3 (n=12), and 11 RCDII) as pre-
viously described [30]. The normalized ex-
pression values were stratified according to 
the phenotypes (RCDII versus controls, CeD 
versus controls) or according to the risk al-
lele genotype (homozygous or heterozygous 
for the risk allele) and we tested for signifi-
cant difference using the Wilcoxon rank test 
calculated in R-studio [23].

RESULTS 

Discovery GWAS (NL1)

HLA locus is significantly associated 
with RCDII
To identify novel genetic loci associated 
with RCDII, we performed a genome-wide 
association study using the Dutch RCDII 
cohort (Figure 1, Table 2). We tested 499,626 
SNPs from the Illumina Hap550 array for as-
sociation in 38 individuals with RCDII and 
846 population-based controls (Table 1). The 
genotype call rate was >0.99% in the dataset 
and the over-dispersion factor of association
test statistics λGC=1.096 (Supp. Figure 1-A). We 
observed 180 SNPs from the HLA region on 
chromosome 6 to be significantly associated 
(P<5x10-8) with RCDII (Figure 2-A). 

Fifteen non-HLA loci are moderately 
associated with RCDII 
To find non-HLA associations we focused 
on moderately associated signals. The gen-
otype call rate for the all non-HLA SNPs 
was >0.99% and the over-dispersion factor 
of association test statistics improved to 
λGC=1.093 (Supp. Figure 1-B). We identi-
fied 16 non-HLA regions with suggestive 
evidence (PNL1<5x10-5) of association after 
performing a two-tailed Fisher exact test 
(Supp. Table 1). Two associated variants 

(rs1926123 and rs11011145) on chro-
mosome 10 originated from the same 
haploblock displaying a perfect linkage 
dis-equilibrium (LD; r2=1) and evidence 
of their dependent association signal was 
disclosed after performing logistic regres-
sion. As a consequence, only one of those 
two SNPs (rs11011145) has been geno-
typed in the replication study. In total we 
identified 15 independent non-HLA asso-
ciation signals (15 RCDII-SNPs) with sug-
gestive association (PNL1<5x10-5), (Table 3, 
Figure 2-B). Supplementary Figure 2 depicts 
the regional association plots showing the 
peak of association, the individual associat-
ed SNP, haploblock visualization as well as 
genes located within the region.

 

GWAS
550,000 SNPs

~ 500,000 SNPs
Fisher Exact test

HLA-SNPs 
most 

associated

15 non-HLA 
SNPs

PNL1 ≤ 5x10 -5

standard QC

DISCOVERY STUDY (NL1)
Dutch cohort

38 RCDII; 846 controls

REPLICATION STUDY (NL2 + FR)

Dutch & French cohorts
56 RCDII; 1.285 controls

META-STUDY (NL1 + NL2 + FR)

Dutch & French cohorts
94 RCDII; 2,131 controls

Figure 1: The flowchart of the RCDII study 
design 
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A) SNPs including HLA SNPs          

B) SNPs excluding HLA 

Figure 2: Manhattan plots of two-tailed Fisher’s exact test of association P-values from the discovery 
phase GWAS.  The –log10 P-values for each SNP are plotted against chromosomal location. Panel A) 
represents all SNPs (including HLA SNPs) with HLA region highlighted. Panel B) represents all non-HLA 
SNPs. Each dot in the plot represents a different SNP, with the altering bands of color show different 
chromosomes. The y axis (heights) indicates the strength of the association to disease. Blue line 
indicates P-value<10-6, red line indicates P-value threshold P<5x10-5.
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Replication study (NL2 + FR)

SNP rs2041570 showed association in 
the French cohort in the same direction
We performed replication analysis at 15 non- 
HLA SNPs using 56 RCDII cases (15 Dutch 
+ 41 French) and 1,285 controls (498 Dutch 
+ 787 French). We found two SNPs to be 
significantly associated (P<0.05) with the 
RCDII phenotype (Table 3, Supp. Table 1). 
The strongest association was observed to 
the same allele at rs2041570 on chromo- 
some 7 (PNL2+FR=1.86x10-4). However, the 
second SNP, rs2042437 on chromosome 16, 
showed a trend of association to the opposite 
allele (PNL2+FR=0.026).   

Meta-analysis 

SNP rs2041570 reached genome-wide 
significance
We performed meta-analysis by combining 
all RCDII cases (n=94) vs. all controls 
(n=2,131) from the Dutch and French co-
horts (N1+N2+FR). One out of the 15 RCDII-
SNPs, rs2041570 (chromosome 7) cleared 
the genome-wide significance threshold 
(PNL1+NL2+FR=2.37x10-8, ORNL1+NL2+FR=2.36), (see  

Table 3, Supp. Table 1) upon meta-analy-
sis, while another two SNPs showed im-
proved association (P<5x10-5) (Table 4). 
Additionally, these three SNPs confer very 
strong RCDII disease-risk with an ORs of 
around 2 (OR=1.92-2.33), (Figure 3).

 
RCDII non-HLA SNPs are not associated 
with celiac disease
To test whether RDCII non-HLA SNPs are 
also associated with celiac disease, we per-
formed a case-control association analysis 
including celiac disease patients (CeD). 
Firstly, we analyzed CeD cases (n=734) and 
healthy controls (n=846) from the discov-
ery GWAS (NL1). However, none of the  
15 RCDII-SNPs were associated with CeD 
on the genome-wide (PGWAS<5x10-8) or on 
the suggestive (PGWAS<10-4) association sig-
nificance level (Supp. Table 2). Secondly, we 
analyzed RCDII cases (n=38) and used celiac 
disease patients as controls (n=734). Seven 
out of 15 RCDII-SNPs were strongly associ-
ated with RCDII phenotype (PGWAS<5x10-5) 
and an additional seven RCDII-SNPs 
reached the level of suggestive statisti-
cal evidence (PGWAS<10-4), (Supp. Table 2). 

Table 2: Individuals included in the study 

Discovery  
GWAS

Replication  
study Meta-analysis

Cohort Dutch (NL1) Dutch (NL2) French (FR) Dutch, French (NL1+NL2+FR)

RCDII cases 38 15 41 94

Male / Female 17 / 21 6 / 9 11 / 30 34 / 60

Controls 846 498 787 2,131

Male / Female 496 / 350 250 / 248 320 / 467 1,066 / 1,905

CeD cases 734 - - -

Male / Female 220 / 514 - - -

Total 1,618 513 828 2,225
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Table 3: Single nucleotide polymorphisms associated with RCDII phenotype in the discovery study 
(P-value <5x10-5) and their associations in the additional studies.

      Discovery GWAS 
(NL1)   Replication study 

 (NL2+FR)   Meta-analysis 
(N1+N2+FR)

SNP Chr BP P-value OR   CMH_P OR   CMH_P OR

rs1402582 3 120037273 2,95E-05 3,20 0,963 1,01 3,79E-03 1,70
rs3205144 3 173831910 3,24E-05 2,79 0,666 1,10 9,22E-04 1,68
rs261059 5 169259053 2,38E-05 2,92 0,342 1,23 2,99E-04 1,77

rs2041570 7 31165792 4,25E-05 2,67 1,86E-04 2,13 2,37E-08 2,36
rs1926123 10 37650801 4,78E-05 3,68 0,520 1,26 2,43E-04 2,20
rs1149735 10 79655679 1,42E-05 0,06 0,083 0,58 1,55E-04 0,34
rs7953586 12 129783638 2,02E-05 2,77 0,886 0,97 5,84E-03 1,52
rs9600846 13 34964097 2,07E-05 3,06 0,397 0,80 0,028 1,47
rs7324708 13 73497875 1,60E-05 2,91 0,137 1,38 2,99E-05 1,92
rs9300766 13 102374669 4,95E-05 0,34 0,610 0,90 3,09E-03 0,63

rs12147685 14 33728981 2,35E-05 2,76 0,966 1,01 2,51E-03 1,60
rs17752900 14 94053547 4,25E-05 0,33 0,475 0,87 1,87E-03 0,61
rs7206796 16 54938778 2,00E-06 3,24 0,945 1,02 5,00E-04 1,77
rs2042437 16 77723905 3,21E-05 0,11 0,026 1,62 0,602 0,90
rs205047 17 11269153 1,54E-05 3,65   0,139 1,54   1,03E-05 2,33

Bold type indicates statistically significant P-values. SNP, single nucleotide polymorphisms; Chr, chromosome; 
P-value, P-value calculated with 2-tailed Fisher’s exact test; CMH_P, P-value calculated with Cochran-Mantel-
Haenszel test; OR, odds ratio; GWAS, genome-wide association study; NL1, discovery Dutch cohort; NL2, additional 
Dutch samples; FR, French replication-study

Table 4: The three most-associated RCDII-SNPs

Chr SNP Study Cohort Cases Controls Alleles F_RCDII F_CTRL P-value OR

7 rs2041570 Discovery GWAS (NL1) Dutch 38 486 A/G 0,64 0,40 4,25E-05 2,67

Replication (NL2 + FR) Dutch,  
French 56 1 285 A/G 0,63 0,41 1,86E-04 2,13

Meta-study (NL1+NL2+FR) Dutch,  
French 94 2 131 A/G 0,64 0,41 2,37E-08 2,36

13 rs7324708 Discovery (GWAS, NL1) Dutch 38 486 A/G 0,45 0,22 1,60E-05 2,91

Replication (NL2 + FR) Dutch,  
French 56 1 285 A/G 0,31 0,24 0,137 1,38

    Meta-study (NL1+NL2+FR) Dutch,  
French 94 2 131 A/G 0,37 0,23 2,99E-05 1,92

17 rs205047 Discovery (GWAS, NL1) Dutch 38 486 C/T 0,26 0,09 1,54E-05 3,65

Replication (NL2 + FR) Dutch,  
French 56 1 285 C/T 0,13 0,09 0,139 1,54

    Meta-study (NL1+NL2+FR) Dutch,  
French 94 2 131 C/T 0,19 0,09 1,03E-05 2,33

Bold type indicates statistically significant P-values calculated with Cochran-Mantel-Haenszel test in the Meta-
study. Chr, chromosome; SNP, single nucleotide polymorphism; F_RCDII, allele frequency in RCDII cases; F_CTRL, 
allele frequency in controls; P-value, P-value calculated with two-tailed Fisher exact test; OR, odds ratio; NL1, NL2, 
Dutch cohorts; FR, French cohort.
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Figure 3:  Forest plot showing odds ratios and 95% confidence intervals of the association in the 
discovery GWAS for 15 RCDII-SNPs in the Dutch population.

Distribution of HLA-DQ2 and risk allele 
of rs2041570
We observed a different distribution of HLA 
DQ2 alleles in RCDII patients compared 
to celiac patients or controls (Supp. Table 3, 
Supp. Figure 3-A). The majority of RCDII 
patients were homozygous HLA-DQ2 
(64.4% in NL, 69% in FR) and the rest were 
heterozygous (35.6% in NL, 31% in FR). In 
contrast, 42.3% of celiac patients were ho-
mozygous and 52.2% were heterozygous for 
HLA-DQ2. In controls, the most prevalent 
HLA type were those other than DQ2 (58.6% 
in NL, 78.6% in FR) followed by HLA-DQ2 
hetorozygosity (36.2% in NL, 21.4% in FR). 

We also compared the frequencies of the 
non-HLA RCDII-SNP (rs2041570) in these 
three groups. The frequency of risk homozy-
gous genotype AA was similar in celiac patients 
(17% in NL) and controls (16.3% in NL, 18% 
in FR) but almost doubled in RCDII patients 
(38% in NL, 38.5% in FR), (Supp. Figure 3-B, 
Supp. Table 4). The frequencies of Dutch indi-
viduals homozygous for HLA-DQ2 and carry-
ing at least one risk allele A for rs2041570 was 
highest in RCDII (53.5%), compared to CeD 
(28.6%) and healthy controls (3.8%), (Figure 4, 
Supp. Table 5). We observed a similar tendency 

for HLA-DQ2 homozygosity and presence of 
at least one risk allele A for rs2041570 in the 
French cohort (59.2% in RCDII, 0% in con-
trols), (Supp. Table 5).

HLA and non-HLA SNP interaction 
analysis 
Next, we performed logistic regression anal-
ysis to test whether non-HLA SNP and HLA 
alleles independently confer risk to RCDII. 
For this, we used Dutch RCDII patients 
(n=38) and Dutch celiac patients (n=734) 

Figure 4: Distribution of HLA-DQ2 and 
rs2041570 (chr7) risk alleles A in Dutch controls 
(CTRLs), celiac disease patients (CeD) and RCDII 
individuals (RCDII).
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for whom genotype data at both HLA and 
non-HLA SNPs were available. By perform-
ing univariable logistic regression, we ob-
served that both HLA-DQ2 and risk allele 
A at rs2041570 are independently associated 
with the RCDII phenotype (PDQ2=0.0018, 
ORDQ2=2.63; PSNP=0.0004, ORSNP=2.25), 
(Table 5). Combining the potential cofound-
ers (HLA-DQ2, rs2041570, gender) in one 
genetic risk model using multivariable logis-
tic regression analysis improved the associa-
tion with RCDII (PDQ2=0.0016, ORDQ2=2.68; 
PSNP=0.0003, ORSNP=2.35), (Table 5).

To test for potential interactions between 
the SNP of interest and HLA-DQ2 or gen-
der, we included an interaction terms in 
our models. None of the interaction terms 
were significantly associated with RCDII 
and therefore we concluded that there was 
no significant interaction between SNP and 
HLA-DQ2 or SNP and gender (data not 
shown).

RCDII prediction models
Figure 5 shows the receiver operator char-
acteristic (ROC) curves for the ‘HLA-DQ2 
only’ prediction model and for two com-
bined models, ‘HLA + gender’ and ‘HLA + 
gender + rs2041570 (chr.7)’. The AUC esti-
mation improved with adding gender and

Table 5: Univariable and multivariable logistic 
regression analysis in RCDII and CeD patients.

Risk factors Pr(>|Z|) OR L95 U95

Univariable analysis :

gender (female) 0.0785 0.57 0.31 1.07

HLA-DQ2 0.0018 2.63 1.44 4.84

rs2041570 (chr7) risk allele A 0.0004 2.25 1.44 3.54

Multivariable analysis :

gender (female) 0.0582 0.54 0.29 1.02

HLA-DQ2 0.0016 2.68 1.45 4.94

rs2041570 (chr7) risk allele A 0.0003 2.35 1.48 3.73

Pr(>|Z|), probability calculated by Wald 
Z-test; OR, odds ratio; L95, Lower bound 
of 95% confidence interval for odds ratio;  
U95, Upper bound of 95% confidence interval for 
odds ratio

susceptibility variant into the prediction 
model (Figure 5, Supp. Table 6). Combining 
HLA-DQ2 with gender and risk allele A 
for rs2041570 showed the best discrimina-
tion with an AUC of 0.735 compared to the 
‘HLA-DQ2 only’ model AUC of 0.627 (Supp. 
Table 6).

Expression quantitative trait loci 
analysis
In order to assess the possible function-
al role of the three most associated SNPs 
(rs2041570, rs7324708, rs205047); we per-
formed a whole-genome eQTL-analysis 
in RNA-sequencing data of 629 unrelated 
Dutch individuals from the LifeLines-deep 
cohort [31]. The rs2041570 on chromo-
some 7 SNP exhibited a significant cis-eQTL 
effect (P=0.0105) on the protein coding gene 
FAM188B (family with sequence similari-
ty 188, member B), (Supp. Figure 4). There 
was no trans-eQTL effect for any of the three 
SNPs analyzed.

Figure 5: Receiver operator characteristic 
(ROC) curves and area under the curves (AUC) 
for the HLA-DQ2 only model (AUC=0.627; 95% 
CI=0.559-0.696), the combined HLA + gender 
model (AUC=0.655; 95% CI=0.575-0.735) and 
the HLA + gender + rs2041570 (chr.7) model 
(AUC=0.721; 95% CI=0.650-0.792).
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Gene expression analysis in duodenal 
biopsies
To test whether FAM188B gene levels are 
influenced by the disease status, microarray 
expression analysis was performed in bi-
opsies from healthy controls (n=12), celiac 
patients (without villous atrophy (Marsh 1) 
(n=12), and celiac patients with villous atro-
phy (Marsh 3) and RCDII patients (n=11). 
We found no difference in the expression 
levels of FAM188B between the three groups 
of individuals studied (Supp. Figure 5).

DISCUSSION

This is the first GWAS performed in an RCDII 
cohort of European ancestry. We confirmed 
the strongest association is that of genes 
within the HLA locus and discovered 15 ad-
ditional variants at a suggestive significance. 
We then replicated this association for three 
non-HLA SNPS out of these 15 SNPs in an in- 
dependent French RCDII cohort. After 
meta-analysis, one SNP on chromosome 7 
(rs2041570) cleared the genome-wide sig-
nificance level (P=2.4x10-8) with very large 
effect (OR=2.342). Another two SNPs 
on chromosomes 12 (rs7324708) and 17 
(rs205047) showed a trend of association in 
replication cohorts, also with a large effect 
size (OR≈2). 

The actual frequency of RCDII cases 
among celiac disease is unknown but it is 
a rare condition. RCDII may be diagnosed 
using various techniques based on the anal-
ysis of biopsies and presence of IELs with 
abnormal phenotype (iCD3+ sCD3- CD8-). 
However, one of the most widely used tech-
niques, immunohistochemistry, has one big 
disadvantage: it cannot distinguish between 
the expression of the CD3 marker on the cell 
surface (sCD3) or inside the cell (iCD3). In 
contrast, flow cytometry, a more sensitive 
and specific method, allows discrimination 
of the intracellular and surface expression 
of CD3 [16]. Our use of flow cytometry for 

strict RCDII diagnosis and relatively large 
sample size, taking into account the rare 
phenotype occurrence, makes our data-
set unique. We collected a large group of 
well-diagnosed Dutch RCDII patients to 
perform the genome-wide genetic associ-
ation study in order to identify large-effect 
genetic variants.

There is no genome-wide genetic study 
in RCDII to date. The known genetic pre-
dispositions are with the HLA locus on 
chromosome 6, a region well-known to be 
associated with multiple immune and au-
toimmune-related disorders [32, 33], and 
with the protein-coding gene MYO9B (my-
osin IXB) [20]. It is known that HLA-DQ2 
and HLA-DQ8 are associated with celiac 
disease. These molecules bind the gluten 
peptide fragment more tightly than other 
HLA-DQ protein combinations and can eas-
ily trigger an immune response. A detailed 
HLA study in a relatively large RCDII cohort 
by Al-Toma et al. compared the frequen-
cies of HLA-DQ2 and HLA-DQ8 alleles 
in relatively large cohorts of RCDI (n=43), 
RCDII (n=43), CeD patients (n=121) and in 
individuals with EATL (n=30) as well as in 
matching healthy controls (n=183) in Dutch 
Caucasians [13]. The most prevalent geno-
type in RCDII was HLA-DQ2 (97.7%) com-
pared to 79% in RCDI, 91.7% in CeD and 
96.6% patients with EATL. In contrast, this 
genotype was only present in 28.9% of con-
trols. Individuals with a homozygous HLA-
DQ2 were mainly found in RCDII (44.1%) 
or EATL (53.3%) and almost were entirely 
absent in the healthy controls (2.1%). On the 
other hand, in the same study, HLA-DQ8 was 
mainly present in controls (20.2%) followed 
by RCDI (16.2%), celiacs (10.7%) and RCDII 
(9.3%). Only 6.6% of patients with EATL dis-
played this allele [13]. These observations 
are in concordance with a Finnish study 
suggesting that having two copies of HLA-
DQ2 might increase the severity of symp- 
toms in celiac disease and increase the 
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chance of developing RCD or EATL [34]. 
We did not observe any RCDII individu-
al in our Dutch (n=53) or French cohorts 
(n=41) without a positive HLA-DQ2 geno-
type (Supp. Table 3). The HLA-DQ2 homo-
zygosity occurred in the majority of RCDII 
individuals (64.4% in NL, 69% in FR), with 
the next highest percentage presence in celi-
ac patients (42.3% NL) and was, as expect-
ed, almost absent between healthy controls 
(5.2% in NL, 0% in FR).

The strong association of RCDII and SNP 
rs7259295 in protein-coding gene MYO9B 
was previously reported in a Dutch popula-
tion [20]. However, this SNP was not pres-
ent in our discovery GWAS platform. We 
searched for its proxy SNPs (r2≥0.8) using 
the SNAP tool [25] and CEU population but 
it was not present in the 1000 Genomes Pilot 
dataset [35] nor in the HapMap 3 (release 2) 
dataset [36]. Therefore, we were not able to 
test the association of this SNP.

It has been suggested that RCDII might 
be an independent disorder from celiac dis-
ease. Our association analyses using differ-
ent study designs (RCDII vs. controls; celiacs 
vs. controls; RCDII vs. celiacs) have revealed 
a different genetic background for RCDII 
and celiac disease based on our 15 RCDII-
SNPs, supporting the hypothesis of RCDII as 
an independent disorder.

Performing eQTL-analysis of the three 
most associated SNPs in RNA-sequencing 
data from peripheral blood mononuclear cells, 
we observed a cis-eQTL effect of rs2041570 
(chromosome 7) on the protein-coding gene 
FAM188B with the risk allele A being sig-
nificantly associated (P=0.0105) with a low-
er expression of FAM188B (Supp. Figure 4). 
However, microarray analysis in duodenal 
biopsies did not show any difference in the 
FAM188B gene expression across diverse 
groups of individuals (healthy controls, ce-
liacs, RCDII patients). Subsequently, we 
studied microarray expression data from 
the aberrant intraepithelial lymphocytes 

delivered from RCDII patients from the 
Schmitz et al. study [37] deposited in Gene 
Expression Omnibus (GEO) database under 
accession number GSE33078. We did not 
observe any difference or trend in expression 
when comparing aberrant IELs with control 
CD4+ or CD8+ T-lymphocytes from the same 
RCDII individual, nor when compared to ce-
liac or Crohn’s patients (Supp. Figure 6). The 
FAM188B gene is not well studied; there are 
only two publications linked to FAM188B 
or its synonymous name (FLJ22374) in the 
PubMed database. Both studies are about 
nephrolithiasis in the Japanese population 
[38, 39], however the role of FAM188B in 
the pathogenesis of nephrolithiasis was not 
explained. Therefore, we predicted the most 
likely function of this gene by using co-ex-
pression information from a compendium 
of RNA-sequencing data that has been devel-
oped in our lab (http://129.125.135.180:8080/
RNANetwork/?gene=; manuscript in prepa-
ration). Using the Gene Ontology (GO) term 
biological process, we extracted the top 20 
pathways linked to FAM188B. Out of these 
pathways, 12 were connected to the toll-like 
receptor signaling pathway (Supp. Table 7). 
These results suggest a role for FAM188B in 
the innate immunity that may be part of the 
ethiopathology of RCDII.

Findings from this study place RCDII in 
a new perspective, highlighting the differ-
ences in the genetic background of RCDII 
and celiac disease and indicating that the 
two diseases share symptoms but may not 
share a disease mechanism. There is an on-
going debate among clinicians as to whether 
an individual with RCDII who never posi-
tively responded to the gluten-free diet (the 
only treatment for celiac disease) actually 
has celiac disease. Moreover, this consid-
eration raises the fundamental question 
whether RCDII is truly a severe phenotype 
of celiac disease or whether it is an inde-
pendent disorder sharing symptoms such as 
intestinal inflammation, intestinal villus at-
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rophy and malnutrition, with celiac disease. 
Some authors propose that RCDII might 
be a low-grade intraepithelial lymphoma 
[16, 40], which is consistent with malignant 
characteristics such as monoclonal TCR and 
abnormal markers of IELs surface present 
in RCDII [40]. Therefore, prof. Mulder and 
prof. Collier have proposed a new term: “pre-
EATL” (pre-enteropathy-associated T-cell 
lymphoma) for the RCDII phenotype (per-
sonal communication; Mulder and Collier, 
manuscript in preparation).

To test the similarities and differences 
between RCDII, CeD and EATL, we took 
a genome-wide association study of celiac 
disease [10] and non-Hodgkin lymphoma 
(EATL is a non-Hodgkin lymphoma, NHL) 
[41] and extracted the non-HLA SNPs as-
sociated with the phenotype using the same 
P-value threshold as in our RCDII discov-
ery study (P<5x10-5). Firstly, we searched 
for proxy SNPs (r2≥0.8) using the SNAP 
tool [25], CEU population and the 1000 
Genomes Pilot dataset [35] or the HapMap 
3 (release 2) dataset [36]. Then we gener-
ated Q-Q plots for each disease and calcu-
lated the lambda using the discovery study 
dataset from the Illumina Hap550 platform 
(Supp. Figure 7). The over-dispersion fac-
tors of association test statistics (lambda) 
demonstrated that there are some differenc-
es between these three diseases (λRCDII=1.093; 
λCeD=1.238; λNHL=1.896) but we could not 
unadvisedly state which two diseases are 
more similar due to the large difference in 
the number of plotted SNPs. Secondly, for 
each of the selected GWAS SNPs, we defined 
a disease locus using an arbitrary cut off of 
500kb around the top SNP, annotated them 
with genes from the Gencode version 14 [42], 
extracted all these cis-genes and performed 
an enrichment pathway analysis by using 
co-expression information from a bioinform- 
atics tool developed in our lab (http://gene-
network.nl:8080/GeneNetwork/pathway.
html; manuscript in preparation). This anal-

ysis showed that these loci are enriched for 
immune system processes (CeD), for cancer 
(non-Hodgkin lymphoma) and for ATP-
synthesis pathways and mitochondrial biol-
ogy (RCDII), (Supp. Figure 8). Some of the 
RCDII cis-genes showed a connection to 
cancer. For example, protein-coding gene 
WWOX (WW domain-containing oxidore-
ductase) on chromosome 16 is related to 
different types of cancer (e.g. breast, lung, 
ovarian, primary  acute  leukemia) and its 
expression was strongly associated with 
tumor  histology and is a potent suppres-
sor of tumor growth [43–45]. Other exam-
ples of the RCDII cis-genes include ECT2 
(Epithelial cell transforming sequence 2 
oncogene), NY-BR-1 (ANKRD30A; Ankyrin 
repeat domain-containing protein 30A)  
a breast  tissue-specific  transcription factor 
with  autoimmunogenicity in  breast can-
cer patients and TPP2 (Tripeptidyl peptidase 
II) a gene up-regulated in Burkitt’s lymphoma. 

All our new information suggests that 
RCDII is different from celiac disease or 
non-Hodgkin lymphoma and looks to be 
an independent disease phenotype. We are 
aware that our study is limited, as it is based 
on only two European cohorts with a limit-
ed number of RCDII cases. It is important 
for future work to include additional co-
horts and larger numbers of well-diagnosed 
patients to increase the power of the study 
in order to allow detection of the less fre-
quent risk alleles with moderate effect size. 
Another future step will be to compare 
RCDII not only with controls or celiacs but 
also with less severe phenotypes such as 
RCDI to answer the question of whether all 
RCD or only RCDII patients differ genetical-
ly from celiac patients. One study observed  
a common transition from RCDI to the 
more severe RCDII phenotype in 80% of pa-
tients [46] while another study marked this 
as a rare event observing only one transi-
tion in more than 100 RCDII cases [5]. This 
possible disease progression highlights the 
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importance of the timely diagnosis and pos-
sible treatment. 

We would like to highlight that the soon-
er diagnosis is made the sooner treatment 
can be started, thus eliminating abnormal 
populations of IELs before they can trans-
form to the T-cell lymphoma, and our RCDII 
prediction risk models containing HLA and 
non-HLA genetic variants could be helpful 
for RCDII diagnosis in the future. Early di-
agnostic testing (including analysis of the 
genetic risk) of this severe phenotype will al-
low earlier diagnosis and treatment, and will 
therefore be very beneficial to patients.
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SUPPLEMENTARY MATERIALS

Supp. Figure 1: Quantile-quantile (Q-Q) plots of the expected versus (unadjusted) observed (-logP) 
values for the discovery phase analysis.  The P-values distribution of Fisher’s exact test of association in 
A) the whole dataset (including HLA genes) and in B) the dataset after all HLA SNPs were removed for 
all SNPs that have passed quality control filters. The red line indicates the middle of the first and third 
quartile of the expected distribution of the test statistics. Genomic control inflation factor (λ)
A) shows deviation from the null distribution from the P-value<10-4 which was mostly driven by the 
presence of HLA SNPs. B) shows deviation from the null distribution only in the upper tail, which 
corresponds to non-HLA SNPs with the strongest evidence of association. 
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Supp. Figure 2: Regional association plots for regions harbouring SNPs significantly associated with RCDII in the 
discovery study (GWAS).  

All genotyped SNPs are plotted with their P-values (as –log10 values; left-hand y axis) as a function of genomic 
position (with NCBI Build 36 (hg18); x axis). In each panel, the SNP with the most significant association in the 
GWAS is listed (red diamond). Estimated recombination rates (taken from 1000 Genome Pilot project) are 
plotted (right-hand y axis) to reflect the local structure around the associated SNPs (±500kb) and their 
correlated proxies (red: r2≥0.8, yellow: r2≥0.6, green: r2≥0.4, light blue: r2≥0.2, dark blue: 0.2>r2>0).  
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Supp. Figure 2: Regional association plots for regions harbouring SNPs significantly associated with 
RCDII in the discovery study (GWAS). All genotyped SNPs are plotted with their P-values (as –log10 
values; left-hand y axis) as a function of genomic position (with NCBI Build 36 (hg18); x axis). In each 
panel, the SNP with the most significant association in the GWAS is listed (red diamond). Estimated 
recombination rates (taken from 1000 Genome Pilot project) are plotted (right-hand y axis) to reflect 
the local structure around the associated SNPs (±500kb) and their correlated proxies (red: r2≥0.8, 
yellow: r2≥0.6, green: r2≥0.4, light blue: r2≥0.2, dark blue: 0.2>r2>0). 
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Supp. Figure 3: Distribution of HLA-DQ2 (panel A) and risk allele A at rs2041570 on chromosome 7 (panel B) in 

controls (CTRLs), celiac disease patients (CeD) and RCDII individuals (RCDII) in Dutch (NL) and French (FR) 

cohorts.  

A)        B) 

              

 

 

  

Supp. Figure 3: Distribution of HLA-DQ2 (panel A) and risk allele A at rs2041570 on chromosome 7 
(panel B) in controls (CTRLs), celiac disease patients (CeD) and RCDII individuals (RCDII) in Dutch (NL) 
and French (FR) cohorts. 

Supp. Figure 4: Plot of cis-eQTL results for the strongest associated SNP rs2041570 (chromosome 7) correlated 

with FAM188B gene expression levels (P-value=0.01), with the lowest level of expression for carriers 

homozygous for the rs2041570 allele A.  

 

  Supp. Figure 4: Plot of cis-eQTL results for 
the strongest associated SNP rs2041570 
(chromosome 7) correlated with FAM188B gene 
expression levels (P-value=0.01), with the lowest 
level of expression for carriers homozygous for 
the rs2041570 allele A. 

Supp. Figure 5: Box plots showing the quartile normalized expression values for FAM188B protein-
coding gene from the microarray analysis in biopsies of healthy individuals (CTRL), celiac (CeD) and 
RCDII patients (RCDII). Celiac patients were sub-classified based on the histological Marsh 
classification into moderate (CeD Marsh I (MI)) and severe (CeD Marsh III (MIII)) celiacs. 

 

 

 

  Supp. Figure 5: Box plots showing the quartile 
normalized expression values for FAM188B 
protein-coding gene from the microarray 
analysis in biopsies of healthy individuals 
(CTRL), celiac (CeD) and RCDII patients (RCDII). 
Celiac patients were sub-classified based on the 
histological Marsh classification into moderate 
(CeD Marsh I (MI)) and severe (CeD Marsh III 
(MIII)) celiacs.
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Supp. Figure 8: Pathway enrichment analysis of non-HLA SNPs associated with RCDII (black bars), 
celiac disease (dark grey bars) and non-Hodgkin lymphoma (light grey bars) in GWAS. Panels exhibit 
the top 10 pathways enriched in each phenotype.
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