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Abstract 
Background and Aims: Microscopic colitis [MC] is currently regarded as an inflammatory bowel disease that manifests as two subtypes: 
collagenous colitis [CC] and lymphocytic colitis [LC]. Whether these represent a clinical continuum or distinct entities is, however, an open ques-
tion. Genetic investigations may contribute important insight into their respective pathophysiologies.
Methods: We conducted a genome-wide association study [GWAS] meta-analysis in 1498 CC, 373 LC patients, and 13 487 controls from 
Europe and the USA, combined with publicly available MC GWAS data from UK Biobank and FinnGen [2599 MC cases and 552 343 controls in 
total]. Human leukocyte antigen [HLA] alleles and polymorphic residues were imputed and tested for association, including conditional analyses 
for the identification of key causative variants and residues. Genetic correlations with other traits and diagnoses were also studied.
Results: We detected strong HLA association with CC, and conditional analyses highlighted the DRB1*03:01 allele and its residues Y26, N77, 
and R74 as key to this association (best p = 1.4 × 10-23, odds ratio [OR] = 1.96). Nominally significant genetic correlations were detected between 
CC and pneumonia [rg = 0.77; p = 0.048] and oesophageal diseases [rg = 0.45, p = 0.023]. An additional locus was identified in MC GWAS ana-
lyses near the CLEC16A and RMI2 genes on chromosome 16 [rs35099084, p = 2.0 × 10-8, OR = 1.31]. No significant association was detected 
for LC.
Conclusion: Our results suggest CC and LC have distinct pathophysiological underpinnings, characterised by an HLA predisposing role only in 
CC. This challenges existing classifications, eventually calling for a re-evaluation of the utility of MC umbrella definitions.
Key Words: Microscopic colitis; collagenous colitis; GWAS; HLA; genetics

1.  Introduction
Microscopic colitis [MC] is currently classified as an idio-
pathic form of inflammatory bowel disease [IBD], charac-
terised by chronic non-bloody watery diarrhoea.1 Because 
endoscopic exploration of MC usually lacks macroscopic fea-
tures, MC diagnosis relies on histological examination from 
colon biopsies. By these means, MC is classically subtyped 
into collagenous colitis [CC] based on the presence of a thick-
ened [>10 μm] subepithelial collagen band, and lympho-
cytic colitis [LC] where the collagen band is normal [~3 
μm] but intraepithelial lymphocytes infiltrate the mucosa.2 
Epidemiological studies from Europe and the USA report an 
increased prevalence, especially in older women, and a rising 
MC incidence in recent decades [4.9 per 100 000 person-
years for CC and 5.0 for LC], with figures nearing those ob-
served for the two major forms of IBD, Crohn’s disease [CD] 
and ulcerative colitis [UC].2,3 The diagnosis of MC and its 
subtypes requires accurate histological examination, and no 
disease- or disease subtype-specific markers exist.

The aetiology of MC, CC, and LC and their underlying 
pathophysiological mechanisms are still poorly understood.1,4 
Pathogenetic models include impaired epithelial barrier func-
tion, bacterial infections, genetics, bile acid malabsorption, 
and use of certain medications (non-steroidal anti-inflamma-
tory drugs [NSAIDs], and proton pump inhibitors).1 Given 
the strong association with autoimmune conditions like 
coeliac disease, thyroiditis, and type 1 diabetes mellitus, MC 
is often considered a disease of autoimmune origin,5 and re-
cent large-scale epidemiological data on comorbidities sup-
port this notion particularly for CC.5 A burning question is 
whether CC and LC represent a clinical continuum caused 
by common pathogenetic mechanisms, or rather independent 
entities with overlapping clinical manifestations.

Familial clustering has been reported for MC more than 
20 years ago, suggesting the existence of genetic predisposing 
factors.6 However, it was only in 2017 that the first convin-
cing association with the human leukocyte antigens [HLA] re-
gion was described in a study of immune-related genes [using 

Immunochip arrays] in 314 CC patients from Sweden and 
Germany.7 This association was further confirmed in 804 CC 
patients from the USA,8 and in a genome-wide association 
study [GWAS] of 423 MC diagnoses [lacking CC and LC 
classification] extracted from the electronic medical records 
of UK Biobank participants.9 As of today, no genetic investi-
gation has been performed separately for CC and LC beyond 
HLA and immune-related loci; hence the genetic architecture 
of these conditions, including eventual differences and or/
similarities, remains uncharacterised.

In this study we aimed to fill this knowledge gap, by per-
forming GWAS meta-analyses of MC, CC, and LC, using the 
largest collection of multiple, population-based biobanks and 
case-control cohorts from Europe and the USA.

2.  Materials and Methods
2.1.  Study subjects
2.1.1.  Case-control cohorts
Patients with MC (N = 1876: 1498 with CC; 373 with 
LC; 5 with incomplete forms of MC [MCi]) were re-
cruited at tertiary gastroenterology clinics in Sweden 
[Stockholm, Malmö, and Linköping], Germany [Hamburg], 
The Netherlands [Maastricht], Lithuania [Kaunas], 
Spain [Barcelona, Girona, and Tomelloso], and the USA 
[Cleveland, New York, Rochester Minnesota, and Boston]. 
Most of the individuals have already been described else-
where,7,8,10 and their demographics are reported in Table 
1. Ancestry-matched healthy controls [N = 13 487] from 
Sweden, Germany, The Netherlands, Lithuania, Spain, and 
the USA were from previously published studies or general 
population cohorts.11–13 Additional information on MC 
patients and controls is provided in the Supplementary 
Methods, and their demographics are reported in Table 
1. Ethical approvals were obtained at respective centres 
from relevant local authorities. The overall study was ap-
proved by Stockholm Ethics Review Board [protocol no. 
2016/271-31/1].
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2.1.2.  Population cohorts
UK Biobank [UKBB] is a large, population-based cohort 
with available genotype data and health- and lifestyle-related 
information from approximately 500 000 individuals.14 
Summary statistics of UKBB MC GWAS results from a pre-
vious study were obtained from the GWAS Catalog [https://
www.ebi.ac.uk/gwas/studies/GCST009081] and included 
423 MC cases (identified via hospital admission records using 

the International Classification of Diseases [ICD10] code 
K52.8) and 445 232 controls [the remainder of the cohort].9 
As previously reported,9 K52.8 is an imperfect proxy for MC 
diagnoses [subtype K52.83] in that it also includes eosino-
philic gastritis or gastroenteritis [K52.81] and eosinophilic 
colitis [K52.82]. However, these are extremely rare condi-
tions [prevalence is 5.1/100 000 and 2.1/100 000 for K52.81 
and K52.82, respectively],15 and hence the eventual bias due 

Table 1. Demographics of study subjects, and their inclusion in different analyses

Cohort N Sex, F% Age, mean [±SD] MC meta CC meta LC meta HLA assoc

Case-control

South Europe 1580 42.8 50.8 [±9.0] ● ● ● ●
 � MC 126 74.6 65.7 [±14.4]

 � CC 74 82.4 66.4 [±14.3]

 � LC 52 63.5 64.7 [±14.6]

 � Controls 1454 40 49.6 [±7.0]

North Europe 3651 54.1 52.7 [±14.9] ● ● ● ●
 � MC 783 81.4 64.6 [±12.1]

 � CC 542 83.6 64.5 [±11.5]

 � LC 241 76.8 64.8 [±13.6]

 � Controls 2868 46.7 49.5 [±14.0]

USA [Boston] 510 95.9 64.8 [±12.7] ● ● ● ●
 � MC 179 95.5 64.0 [±12.6]

 � CC 94 94.7 65.1 [±11.2]

 � LC 80 96.3 63.1 [±14.4]

 � MCi 5 100 59.6 [±6.4]

 � Controls 331 96.1 65.2 [±12.8]

USA [Cleveland] 2482 60.6 67.6 [±9.2] ● ● ●
 � MC 215 80 61.6 [±13.6]

 � CC 215 80 61.6 [±13.6]

 � Controls 2267 58.7 68.2 [±8.5]

USA [Others]a 7140 60.2 - ● ● ●
 � MC 573 83.6 -

 � CC 573 83.6 -

 � Controls 6567 58.2 68.2 [±8.6]

Total case-controls 15363 58.2 57.6 [±14.2]

 � MC 1876 82.8 64.1 [±12.7]

 � CC 1498 83.7 64.0 [±12.3]

 � LC 373 79.1 64.4 [±13.9]

 � MCi 5 100 59.6 [±6.4]

 � Controls 13487 54.8 57.6 [±14.2]

Population-based

UKBB 445655 54.3 58.6 [±9.9] ●
 � MC 423 65.6 61.9 [±6.8]

 � Controls 445232 54.2 58.6 [±9.9]

FinnGen 93924 56.2 57.5 ●
 � MC 300 - -

 � Controls 93624 - -

Total population-based 539579 54.6 58.4

 � MC 723 - -

 � Controls 538856 - -

SD: Standard Deviation; MC: microscopic colitis; CC: collagenous colitis; LC: lymphocytic colitis; MCi: incomplete forms of MC, UKBB: UK Biobank; 
HLA: Human leukocyte antigen; meta: GWAS meta-analysis; HLA assoc: association tests on HLA alleles and amino acids
*USA [Others] includes MC samples recruited from New York or Rochester Minnesota.
‘-‘: data not available.
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to such diagnoses potentially contaminating the MC group 
is negligible. The publicly available Data Freeze 2 from the 
FinnGen study [https://www.finngen.fi/en/access_results] in-
cludes GWAS results in the form of summary statistics from 
testing several ICD10-defined conditions in 93 924 parti-
cipants over 18 years from Finland.16 Among all FinnGen 
data releases [up to Data Freeze 8, released in Dec 1, 2022], 
Data Freeze 2 is the only release that includes both pheno-
typic and GWAS data for MC, which was defined based on 
code K52.88 of the Finnish version of ICD10. Despite its 
endpoint name [‘COLITCOLLAG’ in FinnGen] this corres-
ponds to ‘Other non-infectious gastroenteritis and/or colitis’ 
[verified at source], which is the same diagnosis as K52.8 in 
UK Biobank. In total, 300 MC cases were included in this 
FinnGen GWAS release, compared with the remainder of the 
cohort [N = 93 624].

The distribution of cohorts and study individuals in rela-
tion to their inclusion in various analyses is reported in Table 
1.

2.2.  GWAS and meta-analyses
According to the samples’ origin and their phenotype in-
tegrity, samples were subgrouped into five separate batches 
[Table 1]. DNA samples from MC cases were genotyped 
using Global Screening Arrays from Illumina, followed by 
rigorous quality control and imputation protocols [detailed 
pipeline in the Supplementary Methods]. GWAS were per-
formed in individual MC, CC, and LC case-control batches, 
using a logistic regression model with Plink2 including age, 
sex, and top 10 principal components as covariates. GWAS 
summary statistics were then harmonised using the R package 
‘EasyQC’ [v9.2], and finally combined into inverse-variance 
weighted fixed effect meta-analyses [for MC, CC, and LC] 
adopting the method implemented in METAL.17 Annotation 
of GWAS results including gene mapping was performed 
using the web-based platform FUnctional Mapping and 
Annotation of Genome-Wide Association Studies [FUMA, see 
Supplementary Methods].

2.3.  Phenome-wide association studies [PheWAS]
For the C-Type Lectin Domain Containing 16A [CLEC16A]/
RecQ Mediated Genome Instability 2 [RIM2] locus, we 
screened the lead SNP [single nucleotide polymorphism] and 
its LD [linkage disequilibrium] proxies [r2 >0.8] for previ-
ously reported GWAS associations extracted from the GWAS 
Catalog [https://www.ebi.ac.uk/gwas/],18 GWAS ATLAS 
[https://atlas.ctglab.nl/],19 and using Phenoscanner v2 [http://
www.phenoscanner.medschl.cam.ac.uk/].20 Only genome-
wide significant associations [p <5 × 10-8] were considered, 
and redundancy was avoided by only reporting associations 
from one database if multiple records were retrieved from dif-
ferent sources.

2.4.  SNP heritability and genetic correlation
The SNP heritability [h2

SNP] of MC, CC, and LC and genetic 
correlations were estimated using LDSC [linkage disequilib-
rium score regression] v1.0.1.21 European ancestry GWAS 
summary statistics for IBD, UC, and CD were obtained 
from the International IBD Genetics Consortium [IIBDGC] 
[https://www.ibdgenetics.org/] and correspond to the latest 
IBD GWAS meta-analysis,22 which includes data from the 
IIBDGC23 and additional British IBD cases.24 Correlations 
between CC and other traits were obtained using the online 

platform Complex-Traits Genetics Virtual Lab [CTG-VL],25 
which integrates summary statistics of 1376 traits from 
multiple sources including UKBB GWAS round 2 [http://
www.nealelab.is/uk-biobank/], the Psychiatric Genomics 
Consortium [PGC], and the Genetic Investigation of 
ANthropometric Traits [GIANT] consortium.

2.5.  HLA imputation and association test
Array-genotyped SNPs within the HLA region [chromo-
some 6 at 29‐34 Mb, hg19 assembly] were extracted from 
each individual for HLA imputation. We imputed classical al-
leles [HLA-A, -C, -B, -DRB1, -DQA1, -DQB1, -DPA1, and 
-DPB1, at the four-digits level] and corresponding amino 
acid residues using HIBAG [HLA Genotype Imputation with 
Attribute Bagging] with its pre-fit, European-specific model 
generated from the HLARES reference panel.26 Only imputed 
alleles and amino acids with frequencies >0.01 were included 
in the downstream analyses. Associations with CC and LC 
were tested using the HLA Analysis Tool Kit [HATK].27 In 
brief, we first harmonised HLA nomenclature based on the 
IMGT/HLA database,28 then generated binary variables rep-
resenting the presence or absence of an HLA allele or amino 
acid residue. Finally, the association of alleles and amino acid 
residues with CC and LC was tested in individual cohorts via 
logistic regression under a dominant genetic model, adjusting 
for sex, age [wherever available], and the top five principal 
components [PCs]. HLA associations were tested under a dom-
inant genetic model based on their known biological function 
[allele-specific antigen presentation properties].29 Association 
results from each cohort were then meta-analysed using the 
inverse-variance weighted model using the R package ‘meta’. 
Bonferroni correction was applied to take into account mul-
tiple testing. For selected HLA alleles and amino acids, con-
ditional analyses were also performed [adopting the same 
logistic regression model and covariates] to identify inde-
pendent risk effects from the HLA locus. Three-dimensional 
structural models of the HLA-DR molecule was downloaded 
from the Protein Data Bank [PDB IDs ‘3PDO’]30 and visual-
ised using PyMOL v.2.5.2 [Schrödinger].

3.  Results
3.1.  GWAS meta-analysis of microscopic colitis
We conducted five independent GWAS of MC in respective 
cohorts from tertiary centres in Europe [909 cases and 4322 
controls] and the USA [967 cases and 9165 controls] [Table 
1], using a common pipeline for QC, imputation, and asso-
ciation testing [Supplementary Methods]. The results were 
included in a GWAS meta-analysis together with publicly 
available summary statistics from similar analyses in UK 
Biobank [UKBB]9 and FinnGen [using ICD10 codes from 
electronic medical records as proxies for MC diagnoses]. In 
total, data for 8 662 703 high-quality SNP markers and 554 
942 individuals [2599 MC cases and 552 343 controls] were 
included in the MC GWAS meta-analysis. This showed no 
population stratification [lambda = 1.04, LD score regression, 
LDSC intercept = 1.03, Supplementary Figure 1], and identi-
fied 3714 genome-wide-significant [p ≤5.0 × 10-8] associations 
from two independent loci [Figure 1 and Table 2]: one on 
chromosome 6 within the HLA region (lead SNP rs9267445 
with p = 4.3 × 10-39 and odds ratio [OR] = 1.83), near the 
HLA-B and MHC Class I Polypeptide-Related Sequence B 

D
ow

nloaded from
 https://academ

ic.oup.com
/ecco-jcc/article/18/3/349/7285336 by R

ijksuniversiteit G
roningen user on 09 July 2024

https://www.finngen.fi/en/access_results
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
https://www.ebi.ac.uk/gwas/
https://atlas.ctglab.nl/
http://www.phenoscanner.medschl.cam.ac.uk/
http://www.phenoscanner.medschl.cam.ac.uk/
https://www.ibdgenetics.org/
http://www.nealelab.is/uk-biobank/
http://www.nealelab.is/uk-biobank/
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data


HLA Signatures as Pathophysiological Discriminants of Microscopic Colitis Subtypes 353

[MICB] genes, and the other on chromosome 16 [lead SNP 
rs35099084 with p = 2.0 × 10-8 and OR = 1.31] near the gene 
CLEC16A. Based on LDSC analyses, SNP-based heritability 
of MC was estimated around 10% [h2

snp = 0.10; p = 2.0 × 10-

3] [Table 3]. Sex-stratified analyses did not reveal any add-
itional association signal [not shown].

3.2.  rs35099084 locus-specific analyses
The CLEC16A locus was investigated further at different 
levels. Similar association patterns were observed when this 
locus was inspected in individual GWAS, with consistent MC 
genetic risk effects across cohorts [Supplementary Figure 2]. 
Of interest, based on PheWAS analyses of publicly available 
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Figure 1. Manhattan plots of MC, CC, and LC GWAS meta-analysis results. Genome-wide association signals [−log10[P] on the y-axis] for MC, CC, and 
LC are reported for all markers included in the analyses. Genome-wide significant threshold [p ≤5.0 × 10-8] is indicated by grey horizontal lines. Markers 
from the genome-wide significant loci are highlighted in red and are annotated with the nearest gene. Abbreviations: CC = collagenous colitis; HLA = 
human leukocyte antigen; LC = lymphocytic colitis; MC = microscopic colitis.
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data from previous GWA studies, this locus appears to be in-
volved in a number of other immune-related diseases from 
the immunological and respiratory domains, including neu-
trophil and eosinophil counts, asthma, eczema, and others 
[Supplementary Table 1]. This is in line with gene content at 
this locus, as most genes mapped to the region [using FUMA, 
Supplementary Methods] are known to be involved in 
immune-related activities [Table 2, Supplementary Table 2]. 
Fine-mapping analysis [Supplementary Methods] identified 
two independent credible sets of causative variants [posterior 
probability = 0.92, Supplementary Figure 3], likely deriving 
from two independent association signals from the same locus. 
These credible sets contain a total of 45 variants, though none 
with a posterior probability greater than 0.15, possibly due 
to high LD in the region [Supplementary Figure 3]; hence the 
identity of the causal variant from each signal remains elusive. 
However, at least when looking at the lead SNPs from each 
credible set [rs35099084 and rs171471], it is of note that 
both associate with mRNA expression quantitative trait loci 
[eQTL] from multiple tissues and the gastrointestinal tract, 
for the genes CLEC16A and RMI2 [Supplementary Figure 4].

3.3.  Subtype-specific GWAS meta-analyses of CC 
and LC
We carried out separate CC and LC GWAS meta-analyses, 
using the same analytical pipeline on individual datasets with 
available subtype information [Table 1]. This included 7 486 
967 SNP markers tested in 1498 cases and 13 487 controls 
for CC, and 7 460 065 SNP markers tested in 373 cases and 
4653 controls for LC. Individual GWAS showed no gen-
omic inflation or population stratification [lambda = 1.03 

and LDSC intercept = 1.01 for CC; lambda = 0.98 and LDSC 
intercept = 0.96 for LC].

CC GWAS meta-analysis highlighted strong associ-
ation with the HLA region, where 2851 markers gave rise 
to genome-wide association signals. These and the corres-
ponding genetic risk effects were even stronger than those 
observed for MC, despite the reduction in sample size [lead 
SNP rs2844531, p = 2.0 × 10-32, OR = 2.0; Table 2]. A sensi-
tivity analysis performed only in CC cases with documented 
exclusion of a coeliac disease diagnosis [negative anti-tissue 
transglutaminase serology and/or duodenal endoscopy] also 
returned identical results with a GWAS signal detected in 
correspondence of the HLA region [Supplementary Figure 
5]. On the contrary, no GWAS-significant signal was de-
tected for LC [Figure 1]. This altogether suggests that the 
HLA association observed in MC may be entirely driven by 
CC. The CLEC16A locus only showed nominal significance 
for the lead SNP rs35099084, both in CC [p = 1.9 × 10-4, 
OR = 0.75] and LC [p = 0.026, OR = 0.77], with consistent 
genetic risk effects across individual cohorts. Similar results 
[and no additional association signals] were obtained when 
stratifying CC and LC cohorts into male and female groups 
[not shown].

3.4.  HLA association as a distinctive feature of CC
We investigated further the HLA signal, which appears to be 
a distinctive feature of CC. We first considered the possibility 
that association with HLA was not detected in LC because 
of the much smaller sample size compared with CC [Table 
1]. However, although at least 600 cases would be needed 
to detect a genome-wide significant signal, the LC cohort 

Table 2. MC and CC GWAS meta-analysis risk loci

Lead SNP[s] rsID CHR EA OA EAF OR [95% CI] P Het.P Gene content*

MC meta-analysis

 � rs9267445* 6 C G 0.120 1.8 [1.7-2.0] 4.3 × 10-39 0.55 HLA [253]**

 � rs35099084 16 C T 0.808 1.3 [1.2-1.4] 2.0 × 10-8 0.66 CLEC16Ape, RMI2pe, SOCS1 pe, TNP2p, 
PRM3p, PRM2 p, PRM1 p, RSL1D1e

CC meta-analysis

 � rs2844531* 6 G A 0.119 2.0 [1.8-2.2] 2.0 × 10-32 0.95 HLA [250]**

MC: microscopic colitis; CC: collagenous colitis; SNP: Single-nucleotide polymorphism; CHR: chromosome; EA: effect allele; OA: other allele; EAF: effect 
allele frequency; OR: odds ratio; CI: confidence interval; Het.P: p-value from Cochran’s Q test for heterogeneity in meta-analyses; HLA: Human leukocyte 
antigen; CLEC16A: C-Type Lectin Domain Containing 16A, RMI2: RecQ Mediated Genome Instability 2, SOSC1: Suppressor Of Cytokine Signaling 1, 
TNP2: Transition Protein 2, PRM1: Protamine 1, PRM2: Protamine 2, PRM3: Protamine 3, RSL1D1: Ribosomal L1 Domain Containing 1.
*GWAS signals from markers rs9267445 [MC] and rs2844531 [CC] come from the same HLA locus.
**Mapped genes at the identified locus [total number in brackets for HLA, which are too many to display], based on FUMA positional [‘p’] and eQTL [‘e’] 
mapping.

Table 3. Genetic correlations between MC, CC and IBD

Traitsa IBD
[SNPh2: 0.29; P = 6.7 × 10-29]

UC
[SNPh2: 0.24, P = 7.7 × 10-26]

CD
[SNPh2: 0.42, P = 2.6 × 10-21]

rg SE p rg SE p rg SE p

MC
[SNPh2: 0.10; p = 0.002]

0.32 0.11 0.0035 0.30 0.12 0.012 0.25 0.11 0.024

CC
[SNPh2: 0.10, p = 0.005]

0.30 0.11 0.0089 0.29 0.12 0.019 0.21 0.11 0.054

aSNP heritability [SNPh2] and its significance [as assessed via LDSC analyses] are reported for all traits.
Abbreviations: CC = collagenous colitis; CD = Crohn’s disease; IBD = inflammatory bowel disease; MC = microscopic colitis; SE = standard error; SNP = 
single-nucleotide polymorphism; UC = ulcerative colitis.
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[373 cases and 4653 controls] still had >80% statistical 
power to detect association <2 × 10-6 for an SNP with the 
same frequency and risk effect as the HLA lead marker in CC 
[rs2844531, MAF = 0.12, OR = 2.0]. Moreover, a simulation 
including 10 000 rounds of random CC case sampling and as-
sociation testing to reproduce LC sample size-based analyses 
[Supplementary Methods] returned results more significant 
than those observed for LC 100% of the time [p-value range 
2.5 × 10-4 - 4.2 × 10-17 vs 1.8 × 10-2 as detected for LC]. This 
confirms the specificity of the HLA signal in relation to CC 
risk, and suggests this region is not relevant to LC.

3.5.  HLA variants and residues most relevant to 
CC risk
In order to refine the CC risk signal coming from the HLA re-
gion, and to identify associations with individual HLA alleles 
and specific amino acid residues, we carried out HLA imput-
ation using HIBAG. We detected a total of 94 HLA alleles and 
534 amino acid residues present in at least 1% of individuals 
for the loci HLA-DQA1, HLA-DQB1, HLA-DRB1, HLA-
DPB1, HLA-A, HLA-B, and HLA-C. HLA testing in CC re-
turned strong association signals for multiple alleles from the 
ancestral haplotype 8.1, including DRB1*03:01 [OR = 1.96, 
Bonferroni-corrected p-value [Pc] = 1.3 × 10-23], B*08:01 
[OR = 1.84, Pc = 2.3 × 10-19], DQA1*05:01 [OR = 1.92, 

Pc = 6.0 × 10-22], DQB1*02:01 [OR = 1.90, Pc = 1.3 × 10-21], 
C*07:01 [OR = 1.58, Pc = 3.5 × 10-10] [Supplementary Table 
3]. DRB1*03:01 appeared to be most likely responsible for 
the association signal, since it showed strongest association 
from the 8.1 haplotype, and no residual association was ob-
served when conditioning on this allele in further analyses 
[Figure 2 and Supplementary Table 3].

When HLA associations were tested at the amino acid 
level, strongest associations were detected for tyrosine [Y] 
at amino acid position 26, asparagine [N] at position 77, 
and arginine [R] at position 74, all from the HLA-DRB1 
molecule [best Pc = 1.4 × 10-23 for R74 and N77, OR = 2; 
Supplementary Table 3]. Of note, these are all exclu-
sively found in the HLA-DRB1*03:01 allele (other alleles, 
DRB1*03:02 and HLA_DRB1*09:01, also carry these res-
idues but are extremely rare [respective allele frequencies 
0.00015 and 0.0033 in our study] and were not tested here), 
and arelocated in the peptide-binding groove where inter-
action with the antigen to be presented to T cells occurs 
[Figure 3]. Conditioning on any of these alleles in additional 
analyses abrogated all association signals at the amino acid 
level [whereas association was still detected for DRB1 res-
idues when conditioning on the most significant residues 
from other 8.1 alleles] [Figure 2]. This again suggests that 
HLA-DRB1*03:01 is the major driver of the association 
with CC.

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

A C B DRB1 DQA1 DQB1 A C B DRB1 DQA1 DQB1

20

10

0

30

20

10

0

Unconditioned

Conditioned on HLA-DRB1*03:01

Conditioned on HLA-DQA1*05:01

Conditioned on HLA-DQB1*02:01

–l
og

10
(P

)

–l
og

10
(P

)

Conditioned on HLA-B*08:01

Conditioned on HLA-C*07:01 Conditioned on HLA-C N66

Conditioned on HLA-B D9

Conditioned on HLA-DQB1 S28

Conditioned on HLA-DQA1 I107

Conditioned on HLA-DRB1 Y26/R74/N77

Unconditioned

N66

D9
Y26 R74 N77

I107 S28
C*07:01

B*08:01
DRB1*03:01 DQA1*05:01

DQB1*02:01

HLA alleles HLA amino acid residues

Figure 2. HLA associations in CC, alleles, and amino acids. The plots show HLA association signals observed in CC [−log10[P] on the y-axis], relative 
to tested HLA classical alleles [left] and amino acid residues [right] [reported in full in Supplementary Table S4]. Association results after conditioning 
on selected HLA alleles and amino acids are also reported as indicated [Y26/R74/N77 corresponds to results for R74 for illustrative purposes, and 
identical or nearly identical results were obtained respectively for Y26 and N77, both also showing no residual association signal]. The grey horizontal line 
indicates the genome-wide association threshold 5 × 10-8. Abbreviations: CC = collagenous colitis; HLA = human leukocyte antigen.

D
ow

nloaded from
 https://academ

ic.oup.com
/ecco-jcc/article/18/3/349/7285336 by R

ijksuniversiteit G
roningen user on 09 July 2024

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad165#supplementary-data


356 T. Zheng et al.

3.6.  Genetic correlation between CC and other 
traits
Finally, we sought to further characterise the genetic archi-
tecture of CC by seeking similarities with other traits and 
conditions. LDSC analysis indicated that CC is a [partially] 
heritable trait, with an estimated SNP-based heritability of 
9.6% [p = 4.9 × 10-3], whereas no evidence of heritability 
was detected for LC [not shown]. Using European-ancestry 
summary statistics from the most recent IBD GWAS meta-
analysis22 [see Methods], we compared CC with IBD, UC, and 
CD [also via LDSC analyses] and detected significant overlap 
with IBD [rg = 0.30, p = 0.0089] and UC [rg = 0.29, p = 0.019] 
[Table 3].

Broader analyses of genetic overlap with other traits and 
conditions were conducted using the CTG-VL platform 
[Supplementary Methods]. We found nominally significant 
genetic commonalities between CC and 48 other diseases 
or traits, with strongest correlation observed for ‘ICD10: 
J18 Pneumonia, organism unspecified’ [rg = 0.77, p = 0.048] 
[Supplementary Table 4]. However, none of these correl-
ations remained significant after correction for multiple 
testing.

4.  Discussion
We report here the first investigation of MC subtypes CC 
and LC across the entire genome, based on the analysis of 
multiple cohorts from Europe and the USA. We confirm 
HLA as the strongest genetic driver of CC risk, whereas no 
other unequivocal associations were observed in the rest of 
the genome. We also demonstrate that HLA association is a 
genetic determinant of CC but not LC, thus suggesting these 
subtypes may be associated with different pathophysiological 
mechanisms. This expands our knowledge of these condi-
tions, challenging current views and classifications and even-
tually calling for a re-evaluation of the appropriateness of 
using MC as an umbrella term.

GWAS meta-analyses of MC subtypes CC and LC provided 
most insightful results as to the nature of the potential mech-
anisms beyond predisposition to these conditions. SNP herit-
ability could be detected for CC [but not LC], indicating that 

the former is a [partially] inherited condition. In LDSC correl-
ation analyses compared with IBDs, the genetic architecture 
of CC appeared to be more similar to that of UC than CD, 
confirming and expanding previous observations obtained 
from Immunochip data.10 Broader analyses of genetic simi-
larities between CC and other diseases highlighted nominally 
significant correlations with pneumonia and diseases of the 
oesophagus, including conditions of known or suspected in-
fectious origin such as achalasia and ulcer of the oesophagus. 
For the latter, a role for Helicobacter pylori [H. pylori] infec-
tion has been proposed, although often complicated by the 
co-occurrence of gastrointestinal reflux disease [GERD] with 
oesophageal ulcers.31,32 At the same time, although these gen-
etic correlations are detected independent of the HLA signal 
[see Supplementary Methods for LDSC details],21 HLA-only 
associations like the one observed here for CC appear to be 
typically seen in infectious diseases.33 These findings may be 
worth considering in view of recent large-scale epidemio-
logical surveys reporting higher risk of CC following gastro-
enteritis due to Campylobacter concisus, Clostridium difficile, 
Norovirus, and other infections,34,35 as well as increased risk 
of severe COVID-19 infection in CC.36 Indeed, a decrease in 
microbiome diversity and dysbiosis has also been detected in 
CC patients.37 Altogether, this warrants additional research to 
better understand the potential contribution of infections to 
the pathogenesis of CC.

HLA associations and their in-depth analysis provided valu-
able insight into the pathophysiology of CC and LC. These 
associations were exclusively detected in the former: although 
LC sample size was considerably smaller than in CC [respect-
ively 373 vs 1498 cases], reduced statistical power was not 
the reason for the lack of HLA associations in this group, as 
our simulation analyses clearly demonstrated [LC sample size 
was adequately powered to detect associations of the mag-
nitude observed in CC]. Thus, our results suggest that HLA 
association is a distinctive feature of CC and not LC, which 
bears implications on the current view of these conditions as 
similar clinical entities jointly classified under the unifying 
MC umbrella term. This has been a matter of debate for a 
long time,38 and the results presented here challenge this view 
and warrant additional thoughts on the utility and eventual 
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Figure 3. Functional relevance of key HLA amino acids associated with CC risk. A three-dimensional ribbon model of the peptide-binding portion of the 
HLA DR molecule is represented as top view [left] and side view [right]. The structure obtained from Protein Data Bank [PDB ID code 3PDO] displays 
the key CC-predisposing residues tyrosine at position 26 [Y26], asparagine at position 77 [N77], and arginine at position 74 [R74], all contributing to the 
specificity of the peptide-binding groove of the HLA-DRB1*03:01 molecule. Abbreviations: CC = collagenous colitis; HLA = human leukocyte antigen.
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appropriateness of using ‘microscopic colitis’ to interchange-
ably refer to CC or LC. At the same time, HLA genotype may 
help to better define disease forms that do not entirely fulfil 
histological criteria for a differential diagnosis into CC or LC, 
though still exhibiting characteristic features typical of MC 
[including response to MC treatments] and are therefore cat-
egorised as incomplete MC [MCi].1,2,39 Additional evidence 
has been recently accumulating also at the molecular level, 
that CC and LC are more diverse than initially thought, es-
pecially when looking at immune-related activities and cell 
types, as well as RNA-seq gene expression data.40–42 In this 
context, the direction of HLA associations is also intriguing, as 
strong and exclusive HLA associations have been reported in 
GWAS of other conditions characterised by fibrotic processes, 
involving the same alleles [HLA-DRB1*03:01] and amino 
acid residues identified here as strongest risk factors for CC.43 
This includes conditions like fibrotic idiopathic interstitial 
pneumonia, frontal fibrosing alopecia, and idiopathic retro-
peritoneal fibrosis that, like CC, are characterised by collagen 
deposition.43–45 The knowledge that HLA-DRB1*03:01, or 
one or more of its residues 26, 74, and 77, ais likely to mediate 
the CC-predisposing role, might help in the identification of 
eventual self or microbial pathogenic epitopes, as the antigen-
binding properties of many HLA molecules have been thor-
oughly characterised. HLA-DR molecular modelling shows 
that modifying neutral amino acids to a positively charged 
hydrophilic arginine at position 74 can significantly affect the 
properties of pocket 4 in the peptide-binding groove,46 one of 
the regions key to determining overall peptide binding affinity 
and avidity. Tyrosine 26 and asparagine 77, strongly linked 
to arginine 74, also contribute to the peptide-binding specifi-
city of the HLA-DR molecule.43,47 These amino acid positions 
have already been highlighted in previous studies of rheuma-
toid arthritis [RA] and primary biliary cholangitis [another 
disease characterised by fibrosis],48,49 in fact earlier studies 
reported that residue 74 [and 71] in the DR4 rheumatoid 
arthritis-associated molecule is key to the preferential binding 
of a fragment derived from human collagen II [residues 
256–271].50 Hence, these amino acids may determine specific 
HLA-DR pocket signatures that accommodate CC-triggering 
peptides of as yet unknown characteristics.

Finally, in our initial GWAS meta-analysis of MC, we also 
detected a genome-wide, significant association for a risk 
locus tagged by SNP rs35099084 on chromosome 16p13.13. 
In particular, this locus appears to harbour two independent 
signals linked to quantitative changes [eQTL] at the level of 
mRNA expression for the genes CLEC16A and RMI2. The 
product of the CLEC16A gene is a membrane-associated 
endosomal protein ubiquitously expressed and involved in 
the control of mitophagy,51 also shown to contribute to the 
process of peptide loading onto HLA class II molecules in 
myeloid and B cells.52 Of note, genetic variation in this gene is 
associated with other immune-mediated traits and conditions 
including asthma and eosinophil counts.53,54 RMI2 codes for 
a poorly characterised protein that is a component of the 
BTR complex [comprising Bloom helicase, Topoisomerase 3, 
and RMI1/2 scaffold proteins], which plays a role in DNA 
repair and genome stability,55 and associations with eosino-
phil counts and immune diseases, including IBD and pri-
mary biliary cirrhosis, have been reported also for this gene 
[Supplementary Table 1]. The results from the CLEC16A 
locus therefore point to a potential involvement of eosino-
phils and immune-related activities as mechanisms underlying 

the observed associations with MC, as well as CC and LC 
given the similar genetic risk effects observed, thus eventu-
ally reflecting at least some degree of non-HLA, immune-
mediated overlap between these conditions. However, this 
association signal requires confirmation via replication in 
additional studies.

In conclusion, we report here the first genome-wide ana-
lysis of CC and LC predisposition, which strongly suggests 
that they have distinct pathophysiological underpinnings, 
characterised by an important predisposing role of HLA-
related mechanisms only in CC. This challenges existing para-
digms and clinical definitions that see them grouped together 
under an overarching diagnosis of MC, calling for an even-
tual re-evaluation of the utility of such classifications. The 
identification of specific HLA risk alleles and their key res-
idues warrants further studies aimed at the characterisation 
of putative colitogenic peptides.
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