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1 | INTRODUCTION

Recent advance in immunogenetics opens the door to imple-

Celiac disease is associated with the HLA-DR3-DQAI1*05:01-DQBI*02:01 and
DR4-DQA1%03:01-DQB1*03:02 haplotypes. In addition, there are currently over
40 non-HLA loci associated with celiac disease. This study extends previous ana-
lyses on different HLA haplotypes in celiac disease using next generation targeted
sequencing.

Included were 143 patients with celiac disease and 135 non-celiac disease controls
investigated at median 9.8 years (1.4-18.3 years). PCR-based amplification of
HLA and sequencing with Illumina MiSeq technology were used for extended
sequencing of the HLA class II haplotypes HLA-DRB1, DRB3, DRB4, DRBS,
DQA1 and DQBI, respectively. Odds ratios were computed marginally for every
allele and haplotype as the ratio of allelic frequency in patients and controls as
ratio of exposure rates (RR), when comparing a null reference with equal exposure
rates in cases and controls.

Among the extended HLA haplotypes, the strongest risk haplotype for celiac dis-
ease was shown for DRB3*01:01:02 in linkage with DQAI1*05:01-DQBI1*#02:01
(RR = 6.34; P-value < .0001). In a subpopulation analysis, DRB3*01:01:02-
DQAI*05:01-DQBI1*02:01 remained the most significant in patients with Scandi-
navian ethnicity (RR = 4.63; P < .0001) whereas DRBI*07:01:01-
DRB4*01:03:01-DQA1*02:01-DQBI1*02:02:01 presented the highest risk of
celiac disease among non-Scandinavians (RR = 7.94; P = .011).

The data also revealed 2 distinct celiac disease risk DR3-DQA1*05:01-DQB*02:01
haplotypes distinguished by either the DRB3*01:01:02 or DRB3*02:02:01 alleles,
indicating that different DRB1*03:01-DQB1*02:01 haplotypes confer different risk
for celiac disease. The associated risk of celiac disease for DR3-DRB3*01:01:02-
DQAI#05:01-DQBI1*%02:01 is predominant among patients of Scandinavian
ethnicity.
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ambiguity at cheaper cost® in comparison to conventional
methods such as Sanger sequencing or Sequence-Specific
Oligonucleotides (SSO)/Sequence-Specific Primers

ment HLA typing in risk stratification of diseases in the
clinic.'" Development of human leukocyte antigen (HLA)
genotyping by next generation targeted sequencing (NGTS)
have led to greater allele resolution and less phase

© 2017 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

(SSP).** In addition, NGTS has offered important insights
in “single-molecule sequencing™ of growing number of
polymorphic HLA alleles by typing all exons and introns
through combining clonal (single-molecule) sequencing and

HLA. 2017;90:95-101.
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a high level of parallelism for a potential full understanding
of regulation and expression of these genes.

Celiac disease is an autoimmune small bowel disorder
strongly associated with the HLA-DRBI*03:01:01 (DR3)-
DQAI*05:01-DQBI1#02:01 (DQ2.5-cis) and/or DR4-
DQAI*#03:01-DQBI1#03:02 haplotypes (DQ8).6 Patients
who do not carry either of these 2 haplotypes usually carry
the DQAI*02:01-DQBI1%02:02 (DQ2.2) haplotype together
with DQAIT*05:05-DQBI1*03:01 haplotype (DQ7.5) on the
opposite ~ chromosome, also called DQ2.5-trans
(DQBI1*#02:02 from 1 chromosome and DQAI*05:05 from
the other chromosome). These patients are believed to be at
equal risk as the DQ2.5-cis heterozygotes.®

Outside the HLA complex, genome-wide association
studies (GWAS) have identified additional minor risk var-
iants (single-nucleotide polymorphisms [SNP]) in over
40 non-HLA loci, however none of the identified SNPs
being near the risk of that of the major known HLA high-
risk haplotypes.”® To date, the identified genetic variability
is estimated to be responsible for approximately 54% of the
heritability in celiac disease.”'® This suggests that addi-
tional genes, gene variants and/or environmental factors are
involved in the development of celiac disease.

Although celiac disease risk is strongly influenced by
combinations of known DR3 and DR4 HLA haplotypes in
linkage disequilibrium with DQ,"" further exploration of the

TABLE 1
non-celiac disease controls. Grading of intestinal biopsies were used

Proportion of patients with celiac disease (cases) compared to

according to the Marsh-Oberhuber classification and a Marsh score >1 was
compliant with biopsy-proven celiac disease®’

Cases® n = 143 Controls n = 135 P-value
Gender
Female 0.671 0.578 137
Male 0.329 0.422
Age (year)
0- 0.063 0.393 <.0001
5- 0.147 0.356
10- 0.371 0.156
15-18 0.42 0.096
Marsh score
MO-M1 0.175° 0.993 <.0001
M2-M3 0.825 0.007
Ethnicity
Scandinavian 0.951 0.593 <.0001
Non-Scandinavian 0.049 0.407
IgA-tTGA >4 U/mL
Negative 0.078 0.911 <.0001
Positive 0.825 0.089
IgG-tTGA >4 U/mL
Negative 0.092 0.933 <.0001
Positive 0.908 0.067

# One-hundred and twenty children had biopsy-proven active celiac disease.

® Four with treated celiac e disease had MO0-M1, 21 had potential celiac disease.

DRB3, DRB4, DRBS5 and DRB1 haplotypes in relation to
DQ remains mainly unresolved.'> Many previous studies
have tried to assess the risk associated with different HLA
genotypes using statistical methods based on case-control
1314 However, analyzing ultra-polymorphic
sequences in celiac disease are yet to be performed.

The impact of NGTS on genetic analysis in celiac dis-
ease has 2 main aspects. First, NGTS is able to target
extended sequencing of the HLA class II haplotypes DRBI,
DRB3, DRB4, DRBS5, DQA1 and DQBI1. Secondly, NGTS
enables HLA haplotypes analysis and molecular dis-
section of celiac disease associations or identification of
HLA-linked causative variants.'”” The aim of the present
study was to use NGTA to study how HLA-DRB1, DRB3,
DRB4 and DRBS affect the risk of celiac disease inherita-
bility in relation to the DQA1 and DQBI1 haplotypes.

studies.

2 | METHODOLOGY

2.1 | Study population

This case-control study comprised of 278 patients
(174 females and 104 males) recruited as part of the GENEX
study.'® Study participants were investigated with an upper
endoscopy with serial intestinal biopsies taken from the bulb
and duodenum at median age 9.8 years (1.4-18.3 years)
between 2010 and 2012 at the Department of Pediatrics,
Skane university hospital situated in Malmo, Sweden. At day
of intestinal biopsy, serum samples from all patients were
assessed for both IgA and IgG autoantibodies against tissue
transglutaminase (tTGA) using radioligand binding assays
previously described.'” Among the 143 patients selected as
cases, 118 had untreated celiac disease, 4 treated celiac dis-
ease and 21 were persistently tTGA positive and classified as
having potential celiac disease (Table 1). For the 135 patients
selected as controls, celiac disease was ruled out by the find-
ings of intestinal biopsy and/or serology (Table 1). Study
groups were selected to be of Scandinavian ethnicity and
non-Scandinavian ethnicity based on parents’ place of birth.
Parents gave their informed written consent and the local eth-
ical committee approved the study.

2.2 | Genetic sequencing

The NGTS HLA typing approach used PCR-based amplifi-
cation of HLA and sequencing with Illumina MiSeq tech-
nology.'®!” The laboratory steps comprise consecutive PCR
reactions with bar coding incorporated into the PCRs for
individual sample tracking followed by application to the
MiSeq system using the ScisGo v4.0 genotyping system
according to the manufacturer’s instructions (Scisco Genet-
ics Inc., Seattle Waltham). Robust assays for each target
loci of all class II loci including HLA-DR alleles were used
providing a depth of genotyping extending to HLA-DRB3,
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DRB4 and DRBS including exons 1 through 4 for all DR
alleles. The analytical tools to define haplotypes and geno-
types were developed in collaboration with Scisco Genetics
Inc. (Seattle, Waltham). To date, these tools have been
tested with 100% accuracy on 2000 control samples geno-
typed with the NGS approach used in this study.'®'"

2.3 | Statistical analysis

A frequency matching strategy, matching cases and controls
by gender was applied. Allelic association analysis of multi-
allelic genes of HLA-DRB1, DRB3, DRB4, DRBS5, DQA1
and DQBI1, were performed. Alleles of DRB3, DRB4 and
DRB5 at the DR locus do not jointly reside on the same
chromosome. Effectively, these 3 genes are designated as a
“single gene” DRB345 for the analytic purpose. For each
gene, allelic frequencies were computed among cases, con-
trols, and combined cases and controls, under the Hardy-
Weinberg equilibrium. To test if the allele is significantly
associated with celiac disease, an allele-specific score test
was applied.?® The score test is to evaluate the allele-
specific score under the null hypothesis with no allelic asso-
ciations, and is referred here as H-score, because it was
developed specifically for testing haplotype-association. H-
score has an asymptotic normal distribution, which is then
used to compute P-value under the null hypothesis. To
retain meaningful interpretation on allele-specific odds
ratios, it is assumed that under the null hypothesis for a ref-
erence allele, its allelic frequency in cases should be compa-
rable to that in controls, and thus their ratio equals 1. In
comparison with this assumed reference allele, odds ratios
were computed marginally for every allele as the ratio of
allelic frequency in cases over that in the controls, that is,
ratio of exposure rates (RR). RR of less than 1 implies a
protective allele, and RR of greater than 1 is a risk allele.
Within the DR locus, alleles of DRB1 are in linkage dis-
equilibrium with alleles of DRB345. Similarly, DQA1 and
DQBI are in high linkage disequilibrium with each other in
the DQ locus. Further, DR and DQ loci are physically close
to each other, and many of their alleles are highly associated
with each other. Since phases of these individual genes are
unresolved, statistically-driven haplotype analysis on
DRBI1-DRB345, DQA1-DQB1 or DR-DQ were performed.
Without assigning haplotypes directly, the statistical
approach is to numerate all possible haplotype configura-
tions with empirically computed prior probabilities, and pro-
duces estimates of haplotype frequencies for all possible
haplotypes, provided that expectation numbers of corre-
sponding haplotypes are 10 or more copies in the combined
cases and controls. For both allelic and haplotypic associa-
tion analyses, the R function “haplo.cc” (http://cran.r-
project.org/web/packages/haplo.stats/index.html) was used.
Just as those statistics produced for allelic association analy-
sis, haplotypic frequencies were computed among cases,
controls and pooled case-control. Then, the function “haplo.
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cc” produces H-scores and P-values for all included haplo-
types. Following the same principle of choosing the null ref-
erence haplotype, in other words, comparing haplotypic
frequencies between cases and controls, the haplotype-
specific RR was computed.

During the evaluation of allelic associations within indi-
vidual genes, the bootstrap technique was used for random
sampling with replacement to form a bootstrap sample to
estimate allele-specific rate of ratios (allelic frequency)
among cases over controls, which is equivalent to odds ratio
given the assumption that 2 allelic frequencies are the same
between cases and controls. By using 1000 bootstrap sam-
ples, we estimated associated standard errors and thus asso-
ciated confidence intervals for individually estimated RRs.

3 | RESULTS

3.1 | Haplotypic associations of HLA-DR and DQ

The result from the complete haplotype analyses of the DR
and DQ alleles is listed in Table S1 (Supporting informa-
tion).  DRBI*03:01:01-DRB3*01:01:02-DQA1%05:01:01-
DQBI1*02:01:01, DRB1%04:01:01-DRB4*01:03:01-DQA1*0
1:03:01-DQBI1%03:02:01, DRB1*04:04:01-DRB4*01:03:01-
DQAI#03:01:01-DQB1%03:02:01 and DRB1*11:01:01-DRB
2%02:02:01-DQA1*#05:05:01-DQBI1*03:01:01 were all hap-
lotypes associated with celiac disease (P-value < .01)
(Table 2). In contrast, DRBI*01:02:01-DRB3*01:01:02-
DQAI*01:01:02-DQBI1%05:01:01, DRBI1*07:01:01-DRB4*0
1:01:01-DQA1*02:01-DQB1%02:02:01, DRB1*07:01:01-DR
B4*01:03:01-DQA1*02:01-DQB1%02:02:01, DRB1*07:01:0
1-DRB4*01:03:01-DQA1*02:01-DQB1*#03:03:02, DRBI*1
0:01:01-DQAI1*#01:05:01-DQB1*05:01:01, DRBI1*11:01:01-
DRB3*02:02:01-DQA1*05:05:01-DQB1*03:01:01, DRBI*1
3:01:01-DRB3*01:01:02-DQA1*01:03:01-DQB1*%03:01:01,
DRBI1*15:02:01-DRB5*01:01:01-DQA1*01:02:01-DQBI*0
6:02:01 were protective for celiac disease (P-value <.05)
(Table 2).

3.2 | Haplotype frequency stratified by ethnicity

The results from the stratified haplotype analyses of the DR
and DQ alleles are given separately for Scandinavian
(Table 3) and non-Scandinavian (Table 4) ethnicity, respec-
tively. Ten patients carried a variant of the celiac risk haplo-
type DQ2.5 (DRBI*03:01:01-DRB3*01:01:02-DQAI%05:
01:01-DQBI*02:01:01). Instead of DRB3*01:01:02, these
patients carried DRB3*02:02:01. Seven of the 10 patients
were of Scandinavian descent and out of these 7, 6 carried
the DRB3*01:01:02-DQA1*05:01-DQB*02:01(DQ2.5) hap-
lotype and 1 carried the DRB4*01:03:01-DQAI1%02:01-
DQBI1*02:02:01 (DQ2.2) risk haplotype on their opposing
chromosome. Three patients were of non-Scandinavian
descent and they carried either a DQA1*02:01-DQB1*02:01
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TABLE 2 Frequency and ratio of exposure rates (RR) of extended HLA haplotypes in association with celiac disease in cases (n = 143) and

controls (n = 135)

HLA-DR-DQ haplotype

DRB1

DRB345

DQAL

DRBI*01:01:01
DRBI1*01:02:01
DRBI*03:01:01
DRBI*03:01:01
DRBI*04:01:01
DRBI*04:01:01
DRBI*04:02:01
DRBI*#04:04:01
DRBI*04:04:01
DRBI*04:07:01
DRBI*07:01:01
DRBI*07:01:01
DRBI*07:01:01
DRBI#08:01:03
DRBI1%#08:03:02
DRBI*10:01:01
DRBI*11:01:01
DRBI*11:04:01
DRBI*12:01:01
DRBI*13:01:01
DRBI*13:01:01
DRBI*13:02:01
DRBI*13:03:01
DRBI*14:54:01
DRBI*15:01:01
DRBI*15:02:01
DRBI*16:01:01

DRB3*01:01:02
DRB3%02:02:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:02
DRB4*01:03:01
DRB4*01:01:01
DRB4*01:03:01
DRB4%*01:03:01

DRB3%02:02:01
DRB3%02:02:01
DRB3%02:02:01
DRB3*01:01:02
DRB3*02:02:01
DRB3*03:01:01
DRB3*01:01:02
DRB3%02:02:01
DRB5*01:01:01
DRB5*01:02

DRB5%02:02

DQAI*01:01:01
DQAI*01:01:02
DQAI*05:01:01
DQAI*05:01:01
DQAI*#03:01:01
DQAI*03:03:01
DQAI*03:01:01
DQAI*03:01:01
DQAI*%03:01:01
DQAI*03:03:01
DQAI*#02:01

DQAI*02:01

DQAI*02:01

DQAI%04:01:01
DQAI*06:01:01
DQAI*01:05:01
DQAI*#05:05:01
DQAI*05:05:01
DQAI*#05:05:01
DQAI*01:03:01
DQAI*#01:03:01
DQAI*01:02:01
DQAI*#05:05:01
DQAI*01:04:01
DQAI*01:02:01
DQAI*01:03:01
DQAI%#01:02:02

Study population

DQB1 Pool Cases Controls RR P-value
DQBI1*%05:01:01 0.032 0.017 0.048 0.345 .038
DQBI1*05:01:01 0.013 0.003 0.022 0.136 .046
DQBI*02:01:01 0.262 0.444 0.070 6.343 <.0001
DQOBI*02:01:01 0.035 0.035 0.033 1.061 .880
DQBI%03:02:01 0.101 0.157 0.041 3.821 <.0001
DQBI*03:02:01 0.011 0.010 0.011 0.979 .943
DQBI1%03:02:01 0.005 0.000 0.011 0.000 .166
DQBI1%03:02:01 0.065 0.094 0.033 2.848 .006
DQBI*03:02:01 0.011 0.014 0.007 2.000 451
DQBI*03:01:01 0.005 0.003 0.007 0.429 .528
DQBI*02:02:01 0.027 0.035 0.019 1.842 225
DOBI*02:02:01 0.025 0.028 0.022 1.273 .661
DQBI1%03:03:02 0.014 0.010 0.019 0.526 423
DQBI*%04:02:01 0.025 0.010 0.041 0.244 .021
DQBI*03:01:01 0.005 0.000 0.011 0.000 .073
DOBI*05:01:01 0.022 0.007 0.037 0.189 .013
DQBI*03:01:01 0.038 0.010 0.067 0.149 .003
DQBI*03:01:01 0.022 0.014 0.030 0.467 .200
DQBI*03:01:01 0.009 0.003 0.015 0.200 156
DQBI*06:03:01 0.020 0.004 0.037 0.108 .005
DQBI*06:03:01 0.021 0.010 0.033 0.303 .048
DQBI*06:04:01 0.023 0.014 0.033 0.424 .156
DQBI*03:01:01 0.011 0.000 0.022 0.000 .027
DQBI*05:03:01 0.009 0.007 0.011 0.636 .606
DQBI*06:02:01 0.083 0.035 0.133 0.263 <.0001
DQBI*06:01:01 0.013 0.000 0.026 0.000 .005
DQBI*05:02:01 0.007 0.000 0.015 0.000 .038

(DQ2.2) risk haplotype or a DQAI*0505:DQBI*0301
(DQ7.5) risk haplotype on the opposing chromosome
(Table S1). DRBI#03:01:01-DRB3*01:01:02-DQAI1%05:01:
01-DQBI*02:01:01 showed the highest risk for developing
celiac disease in relation with other haplotypes (P-value
<.0001). Among the non-Scandinavians, DRBI1*07:01:01-
DRB4*01:01:01-DQAI1%02:01-DQBI1%02:02:01 showed the
highest risk of celiac disease in relation to the other 2 risk
haplotypes, DRBI1*%03:01:01 DRB3*02:02:01 DQAI*05:01
:01 DQBI*#02:01:01 and DRBI*11:04:01-DRB3*02:02:01-
DQAI1*05:05:01-DQBI1%#03:01:01.

4 | DISCUSSION

The use of NGTS adds new insight into HLA risk alleles in
celiac disease and highlighted by the finding that the haplo-
type with the highest risk of developing celiac disease DR3-
DQ2.5 (DRBI#03:01:01-DQAI1%05:01:01-DQB1*02:01:01)
is differentiated at the DRB3 locus. The most frequent of
these haplotype in the Scandinavian population is

DRB3*01:01:02 in linkage with DQA1*05:01-DQB1*02:01
(hereafter called “8.1AH” for the extended ancestral haplo-
type: HLA-A1, B8, DRB3*01:01, DRBI*03:01, DQBI*02:01)
and the less frequent version of this haplotype carries a
DRB3*02:02:01 in linkage with DQAI1*¥05:01-DQBI1*02:01
(hereafter called 18.2AH for the extended ancestral haplotype:
HLA-A30, B18, DRB3*02:02, DRBI*03:01, DQBI*02:01).
Even though both of these haplotypes are associated with
celiac disease, no patient carried the 18.2AH alone. Celiac dis-
ease patients who carried the 18.2AH haplotype on 1 chromo-
some, all carried another celiac disease risk haplotype
[i.e. either the DRB3*01-DQAI1*05:01-DQBI1*02:01 (DQ2.5),
DQAI#02:01-DQBI1*02:01 (DQ2.2) or DQAI*0505-DQBI
*0301 (DQ7.5) haplotype] on the opposite chromosome
(Table S1). The absence of patients carrying a single risk hap-
lotype 18.2AH underscore that other HLA-linked loci are
involved in the disease process. If only DQ alleles were
involved, the 2 haplotypes A8.1AH and 18.2AH (which are
identical at the DQA1 and DQBI1 loci) should carry the same
risk. This study as well as a previous Sardinian study®' sug-
gests that 18.2AH has a recessive pattern of inheritance. In
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TABLE 3 Frequency and ratio of exposure rates (RR) of extended HLA haplotypes in association with celiac disease stratified by Scandinavian ethnicity

HLA-DR-DQ haplotype

Scandinavian ethnicity

DRB1

DRB345

DQAL

DQB1

DRBI*01:01:01
DRBI*01:02:01
DRBI*03:01:01
DRBI*03:01:01
DRBI*04:01:01
DRBI*04:01:01
DRBI*04:02:01
DRBI*04:04:01
DRBI*04:04:01
DRBI*04:07:01
DRBI*07:01:01
DRBI*07:01:01
DRBI*07:01:01
DRBI1*#08:01:03
DRBI*08:03:02
DRBI*10:01:01
DRBI*11:01:01
DRBI*11:04:01
DRBI*12:01:01
DRBI*13:01:01
DRBI*13:01:01
DRBI*13:02:01
DRBI*13:03:01
DRBI*14:54:01
DRBI*15:01:01
DRBI*15:02:01
DRBI*16:01:01

DRB3*01:01:02
DRB3%02:02:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:02
DRB4%01:03:01
DRB4*01:01:01
DRB4*01:03:01
DRB4*01:03:01

DRB3*%02:02:01
DRB3*02:02:01
DRB3*02:02:01
DRB3*01:01:02
DRB3*02:02:01
DRB3*03:01:01
DRB3*01:01:02
DRB3*02:02:01
DRB5*01:01:01
DRB5*01:02

DRB5*02:02

DQAI*01:01:01
DQAI*01:01:02
DQAI*05:01:01
DQAI*05:01:01
DQAI*03:01:01
DQAI*03:03:01
DQAI1#03:01:01
DQAI%03:01:01
DQAI*03:01:01
DQAI%03:03:01
DQAI*02:01

DQAI*02:01

DQAI%#02:01

DQAI%04:01:01
DQAI*06:01:01
DQAI*01:05:01
DQAI*05:05:01
DQAI*05:05:01
DQAI*05:05:01
DQAI*01:03:01
DQAI*01:03:01
DQAI*01:02:01
DQAI*05:05:01
DQAI*01:04:01
DQAI*01:02:01
DQAI*01:03:01
DQAI*01:02:02

DQBI1*#05:01:01
DQBI#05:01:01
DQBI*02:01:01
DOBI*02:01:01
DQBI*03:02:01
DQBI*03:02:01
DQBI#03:02:01
DQBI#03:02:01
DQBI*03:02:01
DQBI*03:01:01
DQBI*02:02:01
DQBI*02:02:01
DQBI*03:03:02
DOBI1%#04:02:01
DQBI*03:01:01
DQBI*05:01:01
DQBI*03:01:01
DQBI*03:01:01
DQBI*03:01:01
DQBI*06:03:01
DQBI*06:03:01
DOBI*06:04:01
DQBI*03:01:01
DQBI*05:03:01
DQBI*06:02:01
DQOBI*06:01:01
DQBI*05:02:01

Pool Cases Controls RR P-value
0.039 0.018 0.075 0.240 .002
0.007 0.004 0.012 0.333 285
0.329 0.463 0.100 4.630 <.0001
0.016 0.026 0.000 >1 .038
0.127 0.165 0.062 2.661 .002
0.012 0.011 0.012 0.917 .890
0.081 0.099 0.050 1.980 .092
0.014 0.015 0.012 1.250 .849
0.030 0.033 0.025 1.320 .629
0.023 0.022 0.019 1.158 .843
0.016 0.011 0.031 0.355 263
0.028 0.011 0.056 0.196 .005
0.014 0.007 0.025 0.280 127
0.030 0.011 0.062 0.177 .002
0.007 0.004 0.012 0.333 285
0.021 0.004 0.050 0.080 .001
0.021 0.007 0.044 0.159 .009
0.019 0.015 0.025 0.600 439
0.009 0.007 0.012 0.583 .588
0.095 0.037 0.194 0.191 <.0001

contrast, the 8.1AH haplotype is inherited to affected indivi-
duals with an additive effect, and often as a single risk haplo-
type where the opposite haplotype can be any haplotype. The
18.2AH haplotype confers perhaps a synergistic effect together
with the 8.1AH haplotype increasing the risk of celiac disease
in those individuals carrying both of these variants, while the
18.2AH haplotype does not seem to confer risk on its own.
These analyses of the different extended DRB1-DRB345-DQ
haplotypes suggest that the risk of celiac disease cannot be
assigned to the DQ locus alone.

The population prevalence of celiac disease is about
1/91 and the heritability was estimated to 87%, the influence
of common environmental factors to 12% and the contribu-
tion of the unshared environmental component of variance
at the 1% level.** In a register based twin study of celiac
disease cases, the heritability of diagnosed celiac disease
was estimated at 75% (55% to 96%) and the non-HLA herit-
ability contributed to 68% (40%-96%).%>** Surprisingly, the
HLA loci only account for an additional 6% of the heritabil-
ity of diagnosed celiac disease. A possible reason for the
low estimate could be the fact that the HLA alleles were
estimated from population frequencies and not actually gen-
otyped.””> Further exploring the unknown heritability of

celiac disease and including extended HLA genotyping will
perhaps reveal additional HLA alleles outside the DR-DQ
region that are present in the population -carrying
genetic risk.

The translation product of the DRB3*01 and DRB3*02
alleles generate class II heterodimer molecules with the
essentially non-polymorphic alpha (DRA) chain, which are
important to the immune system by presenting peptides
derived from extracellular proteins.26 However, there is a
paucity of information about the functional role of the het-
erodimers made up of DRB3*0l1 and DRB3*02. The
DRB3*02 allele has been shown to be important in hepati-
tis virus clearance’ and DRB3*02 on the DRBI*03:01
haplotype contributed to an increased risk for type 1 diabe-
tes when compared to the DRBI*03:01/%03:01 homozy-
gotes carrying only the DRB3*01 haplotype on both
chromosomes.”’” We note that DRB3*02 may confer a syn-
ergistic effect increasing the risk for type 1 diabetes as
well as celiac disease in combination with another
DRB3*01 or DRB3*02 allele, but a potentially protective
effect for celiac disease, counteracting the DQAI*05:01-
DQBI*#02:01 molecules, unless combined with other HLA
risk haplotypes.
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TABLE 4 Frequency and ratio of exposure rates (RR) of extended HLA haplotypes in association with celiac disease stratified by non-Scandinavian

ethnicity

HLA-DR-DQ haplotype

Non-Scandinavian ethnicity

DRB1

DRB345

DQAL

DQB1

Pool

Cases

Controls

RR

P-value

DRBI*01:01:01
DRBI1*01:02:01
DRBI*03:01:01
DRBI*03:01:01
DRBI*04:01:01
DRBI*04:01:01
DRBI*04:02:01
DRBI%#04:04:01
DRBI*04:04:01
DRBI*04:07:01
DRBI*07:01:01
DRBI*07:01:01
DRBI*07:01:01
DRBI#08:01:03
DRBI1%#08:03:02
DRBI*10:01:01
DRBI*11:01:01
DRBI*11:04:01
DRBI*12:01:01
DRBI*13:01:01
DRBI*13:01:01
DRBI*13:02:01
DRBI*13:03:01
DRBI*14:54:01
DRBI*15:01:01
DRBI*15:02:01
DRBI*16:01:01

In this

study,

DRB3*01:01:02
DRB3%02:02:01
DRB4%01:03:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:01
DRB4*01:03:02
DRB4*01:03:01
DRB4*01:01:01
DRB4%01:03:01
DRB4*01:03:01

DRB3%02:02:01
DRB3%02:02:01
DRB3%02:02:01
DRB3*01:01:02
DRB3%02:02:01
DRB3%03:01:01
DRB3*01:01:02
DRB3%02:02:01
DRB5*01:01:01
DRB5%*01:02

DRB5%02:02

DQAI*01:01:01
DQAI*01:01:02
DQAI*05:01:01
DQAI*05:01:01
DQAI*#03:01:01
DQAI*03:03:01
DQAI*03:01:01
DQAI*03:01:01
DQAI*%03:01:01
DQAI*03:03:01
DQAI*#02:01

DQAI*02:01

DQAI*02:01

DQAI%04:01:01
DQAI*#06:01:01
DQAI*01:05:01
DQAI*#05:05:01
DQAI*05:05:01
DQAI*05:05:01
DQAI*01:03:01
DQAI*#01:03:01
DQAI*01:02:01
DQAI*#05:05:01
DQAI*01:04:01
DQAI*01:02:01
DQAI*01:03:01
DQAI*#01:02:02

the polymorphism of HLA-DRBI,

DQBI*05:01:01
DQBI1*05:01:01
DQBI*02:01:01
DQOBI*02:01:01
DQBI*03:02:01
DQBI*03:02:01
DQBI*03:02:01
DQBI1%03:02:01
DQBI#03:02:01
DQBI*03:01:01
DQBI%02:02:01
DQBI*02:02:01
DQBI*03:03:02
DQBI1%04:02:01
DQBI#03:01:01
DOBI*05:01:01
DQBI*03:01:01
DQBI*03:01:01
DQBI*03:01:01
DQBI*06:03:01
DQBI*06:03:01
DQBI*06:04:01
DQBI*03:01:01
DQBI*05:03:01
DQBI*06:02:01
DQBI#06:01:01
DQBI#05:02:01

0.032

0.112

0.032

0.048
0.065
0.081

0.040
0.045

0.040
0.040
0.024

0.000

0.286

0.143

0.000
0.000
0.286

0.000
0.000

0.000
0.000
0.000

0.036

0.091

0.018

0.055
0.073
0.055

0.045
0.045

0.045
0.045
0.027

0.000

3.143

7.944

0.000
0.000
5.200

0.000
0.000

0.000
0.000
0.000

461

.034

011

358
.280
.001

A87
487

405

405
526

study that implement NGTS in HLA haplotype analysis in

DRB3, DRB4, DRBS5, DQA1 and DQBI1 genes is exam-
ined in a sample of patients with celiac residing in south
of Sweden, in order to contribute new data on the associ-
ation between HLA and celiac disease. The results con-
firm that the celiac risk haplotype known as DQ2.5 can
be divided into 2 distinct haplotypes; DRB3*01-
DQAI*05:01-DQB*02:01 (also referred to as 8.1AH) and
DRB3*02-DQAI1%05:01-DQB*02:01 (also referred to as
18.2AH), with a seemingly different risk associated with
each haplotype. Unlike 8.1AH, the 18.2AH haplotype is
likely to confer only a small risk of celiac disease on its
own, despite being identical at the DQAl and
DQBI1 loci.

The predictive strength of NGTS for assessing HLA-DR
and DQ has provided a total of 15 new haplotypes found to
have meaningful haplotypic frequencies in the general
Swedish population and allowed for profound dis-
section using this “HLA-omic” analysis.”® In addition, due
to reduced costs of PCR, novel instrumentations and
approaches in bioinformatics, make NGTS HLA typing
affordable and precise. To our knowledge, this is the first

celiac disease. Although this study showed differences
between DRB3*01-DQAI1#05:01-DQBI1%02:01 and
DRB3*02-DQAI1%05:01-DQBI1*%02:01 on the disease risk,
there are some potential limitations with this study. Firstly,
the sample size was rather small and heterogeneous, which
can affect the full spectrum of studied as well as other
unstudied variants in the population of interest. The number
haplotypes  (DRB3*02-DQAI1*05:01-
DQBI*#02:01) in our population was limited; therefore,
the statistical power to detect the differential effect of
DRB3*02-DQAI1*05:01-DQBI1*02:01 and DRB3*01-DQAI
*05:01-DOBI1*%02:01 was modest. Secondly, the study
included study participants from a single clinical site in Swe-
den which can contain selection probability bias. Sequencing
of the HLA coding region alone will be insufficient for a
complete understanding of celiac disease. Further analyses
are required to determine also the transcription of the funda-
mental genes involved in the HLA functional pathway, along
with physically interacting targets and/or further investiga-
tion of regulatory regions such as those containing transcrip-
tion factor-binding sites.

of informative
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In conclusion, extended HLA genotyping by NGTS found a
differentiated effect of the presence of either DRB3*01:01:02
and DRB3*02:02:01 in linkage with DQA1*05:01-DQBI*02
:01 on the risk of celiac disease. The associated disease risk
of DR3-DRB3*01:01:02-DQA1%05:01-DQB1%02:01
more predominant among patients of Scandinavian ethnicity.
This finding needs to be replicated in larger populations
before these risk estimations of individuals for celiac disease
can be further implemented in the clinical setting.
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