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Transcriptomics and eQTLs reveal inflammatory heterogeneity
in the duodenal lining in coeliac disease
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In coeliac disease (CeD), the epithelial lining (EL) of the small intestine is severely damaged by a complex auto-inflammatory
response, leading intraepithelial lymphocytes to attack epithelial cells. To understand the intestinal changes and genetic regulation
in CeD, we investigated the heterogeneity in the transcriptomic profile of the duodenal EL using RNA-seq and eQTL analysis on
predicted cell types. The study included duodenal biopsies from 82 patients, grouped into controls, gluten-free diet treated CeD
and untreated CeD. We identified 1 862 differential expressed genes, which clustered into four sets. Two sets, one upregulated for
cell cycle function (n= 366) and one downregulated for digestion, transmembrane transport, and laminin pathways (n= 543),
defined three sample groups based on inflammation status: non-inflamed, mild inflammation or severe inflammation. The
remaining two sets of genes were enriched for immune (n= 458) and extracellular matrix and barrier functions (n= 495) and were
sufficient to classify samples into their disease conditions. Finally, deconvoluting eQTL effects from epithelial and immune cells
identified 6 and 15 cell-type-mediated eQTL genes, respectively. In sum, we identified genes expressed in the duodenal EL whose
expression reflect heterogeneity in CeD and that may be used as biomarkers to assess CeD condition and its mucosal and immune
status.

Genes & Immunity; https://doi.org/10.1038/s41435-025-00356-0

INTRODUCTION
Coeliac Disease (CeD) is a complex immune-mediated disorder
caused by the intake of dietary gluten, a protein found in wheat,
barley, and rye, in individuals with a genetic predisposition [1].
One of the hallmarks in CeD is the affected mucosa of the
duodenum, which consists of two main compartments—the
epithelial lining (EL) and the lamina propria—separated by the
basal lamina. The duodenal mucosa is characterized by finger-like
structures called villi and invaginations called crypts. The EL is a
monocellular layer that covers the mucosa and contains multiple
epithelial cell (EC) types. In CeD, the villus structure of the
epithelium is affected and characterised by villus atrophy and
crypt hyperplasia [2]. Moreover, immune cells in the form of
intraepithelial lymphocytes (IELs) that normally patrol the EL for
pathogens are strongly enriched in untreated CeD [3].
In CeD, IELs gain a cytotoxic phenotype resulting from a complex

immune reaction. First, dietary gluten is partially digested into
gliadin peptides, which are deamidated by tissue transglutaminase
2 [4, 5]. In the lamina propria, these deamidated gliadin peptides are
presented by HLA-DQ2- and/or -DQ8-expressing antigen-
presenting cells and recognised by gluten-specific CD4+ T cells,
causing the latter population to expand [6, 7]. The activated gluten-
specific CD4+ T cells promote the development of B cells and the
production of auto-antibodies, and activate other T cells that

respond to cytokines like IL-15 produced by ECs, move to the EL and
develop into IELs [3, 8]. In CeD, IELs acquire a lymphokine killer-like
activity by aberrantly expressing NK-lineage genes, including killer
cell lectin-like receptor C2 (KLRC2, also known as NKG2C), natural
cytotoxicity triggering receptor 1 (NCR1, also known as NKp46), and
NCR2 (also known as NKp44). The current thinking is that the
cytotoxic IELs cause the EC damage in CeD [3, 9–12].
Once CeD patients start a gluten-free diet (GFD), some

symptoms may alleviate within weeks, but overall mucosal
recovery varies between patients and is only achieved in half of
CeD patients after one year of GFD [13]. Crypt hyperplasia and
villus atrophy gradually recover over time after gluten is excluded
from the diet, and immune cells implicated in CeD pathogenesis,
like gluten-specific CD4+ T cells in the lamina propria and cytolytic
CD8+ IELs, decrease in numbers [14]. However, at gene expression
level, biopsies from CeD patients on GFD are also distinct from
controls with continuous deregulation of transport and cell cycle
genes, as shown by Dotsenko et al. [15]. Understanding the causes
of variation in CeD severity and recovery can therefore improve
our ability to identify the underlying pathways that lead to disease
(and repair) and help identify biomarkers suggestive of active
disease and mucosal recovery.
To better understand the changes occurring in the EL in CeD,

including after GFD, and the regulatory mechanisms that affect

Received: 18 February 2025 Revised: 18 August 2025 Accepted: 28 August 2025

1Department of Genetics, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands. 2K.G. Jebsen Coeliac Disease Research Centre, Institute of
Clinical Medicine, University of Oslo, Oslo, Norway. 3Department Medicine, University of Chicago, Chicago, IL, USA. 4Committee on Genetics, Genomics and Systems Biology,
University of Chicago, Chicago, IL, USA. 5Oncode Institute, Utrecht, The Netherlands. 6Department of Gastroenterology, Oslo University Hospital, Rikshospitalet, Oslo, Norway.
7These authors contributed equally: Aarón D. Ramírez-Sánchez, Stephanie Zühlke. ✉email: i.h.jonkers@umcg.nl

www.nature.com/geneGenes & Immunity

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41435-025-00356-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41435-025-00356-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41435-025-00356-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41435-025-00356-0&domain=pdf
http://orcid.org/0000-0002-3125-4308
http://orcid.org/0000-0002-3125-4308
http://orcid.org/0000-0002-3125-4308
http://orcid.org/0000-0002-3125-4308
http://orcid.org/0000-0002-3125-4308
http://orcid.org/0000-0002-5159-8802
http://orcid.org/0000-0002-5159-8802
http://orcid.org/0000-0002-5159-8802
http://orcid.org/0000-0002-5159-8802
http://orcid.org/0000-0002-5159-8802
http://orcid.org/0000-0003-2304-7939
http://orcid.org/0000-0003-2304-7939
http://orcid.org/0000-0003-2304-7939
http://orcid.org/0000-0003-2304-7939
http://orcid.org/0000-0003-2304-7939
https://doi.org/10.1038/s41435-025-00356-0
mailto:i.h.jonkers@umcg.nl
www.nature.com/gene


mucosal homeostasis in CeD, we investigated ECs and IELs in the
CeD duodenal EL using RNA-seq and predicted cell-type eQTL
analysis. Using gene expression profiles of EL samples, we could
distinguish three inflammation states: non-inflamed, mild inflam-
mation, and severe inflammation, and these inflammation states
correlated with but were not specific to disease state. We further
analysed gene expression and their interaction with SNPs
associated to CeD to uncover the potential genetic contribution
to disease heterogeneity.

MATERIALS AND METHODS
Ethical considerations and study design
Participants were recruited at Oslo University Hospital, including 113
participants classified as controls (CTRL, n= 40), treated CeD patients (TCD,
n= 39), and untreated CeD patients (UCD, n= 34). CeD diagnosis followed
European Society for Study of Coeliac Disease guidelines. Ethics approval
was granted by the Regional Ethics Committee (6544 and 20521). Further
details are given in the Supplementary Materials and Methods.

Genotyping
DNA from blood samples and genotyped using Infinium Global Screening
Array-24v1.0. Standard quality control (QC) procedures were used to
remove low quality variant calls. Genotypes were imputed with the
Michigan Imputation Server using the Haplotype Reference Consortium
panel v1.172, as described previously [16]. Further details are given in the
Supplementary Materials and Methods.

Preparation of small intestine biopsies and FACS analysis
Biopsies were obtained by upper endoscopy and assessed for Marsh scores
following standard guidelines [1]. Extra biopsies were analysed by FACS,
and stored until RNA extraction. FACS data was generated using the BD
LSR-II system (BD Bioscience) and analysed using FlowJo v10. Further
details are given in the Supplementary Materials and Methods.

RNA isolation and library preparation
Total RNA was extracted using the mirVana™miRNA Isolation Kit (AM1560).
The RNA was quantified and checked for integrity. Samples with a
confirmed RIN > 6 and a concentration > 0.5 ng/μL were sequenced,
resulting in a total of 90 samples that passed the thresholds to continue
analysis. RNA library preparation was performed according to the protocol
“NEBNext Ultra II Directional RNA Library Prep Kit for Illumina” (NEB
#E7760S/L). NovaSeq6000 was used for clustering and DNA sequencing
following manufacturer guidelines. Image analysis, base calling, and QC
were performed with the Illumina data analysis pipeline RTA (version 3.4.4)
and Bcl2fastq (version 2.20). Further details are given in the Supplementary
Materials and Methods.

RNA-seq quantification and QC
The adapters for sequencing were trimmed from fastQ files and aligned to
build human_g1k_v37 ensembleRelease 75 reference genome using Hisat
(version 0.1.5) [17] with default settings. The raw count matrix, containing
53,042 transcripts and 90 samples, was first filtered to 20,498 genes for
further analysis. Based on multiple QC metrics, we removed eight outliers.
The final dataset consisted of 82 samples and 20,468 genes. Further details
are given in the Supplementary Materials and Methods.

DE analysis
The DE effects of different conditions were quantified using the R package
DEseq2 (version 1.34.0) [18], including sex, age, sequencing batch, total
reads, RNA integrity, and %GC content as covariates in the DE model. DE
effects were calculated by comparing UCD vs CTRL, TCD vs CTRL, and UCD
vs TCD. DE effects were filtered on having an absolute L2FC ≥ 1 and an
adjusted p value < 0.01. Further details are given in the Supplementary
Materials and Methods.

Clustering of DE genes and sample groups
DE genes were clustered using k-means clustering (k= 4) on a Euclidean
distance matrix using the R package ComplexHeatmap (version 2.10.0)
[19]. Samples were also clustered following a similar approach to that used

for DE genes, but with k= 3. Further details are given in the
Supplementary Materials and Methods.

Pathway enrichment analysis
Reactome pathways [20] were used to identify the pathways or biological
processes that were enriched for each set of genes. This analysis was
performed using the R package clusterProfiler (version 3.14.3) [21].

Scoring of mucosal status in samples
The mucosal status score for each sample was calculated using the
methodology implemented in the R package singscore (version 1.14) and
the pipeline recommended by authors [22]. As gene sets, the input
included all possible combinations of DE genes included for each
previously identified cluster. Using singscores to distinguish between
CeD conditions, we calculated the receiver operating characteristic (ROC)
curve and area under the curve (AUC) using R package pROC (version
1.18.5). Further details are given in the Supplementary Materials and
Methods.

eQTL analysis
For bulk eQTL mapping, we tested for effects between genes and CeD-
associated SNPs [23, 24] located within 250 kb of a gene centre. QTL
mapping was performed using an eQTL pipeline that was described
previously [25]. For deconvolution of eQTL effects in cell types, we
employed the method Decon-QTL [26], testing for the same effects as in
the bulk eQTL mapping. As cell counts, we used proportions of major
immune and epithelial cells. Cell-type-mediated QTLs were considered
suggestive at a p value < 0.01. Further details are given in the
Supplementary Materials and Methods.

Statistical methods
Statistical analyses were performed in R (version 3.6.3) [27], unless
otherwise specified. Visualisation of results was done using the R package
ggplot2 (version 3.3.0) [28].

RESULTS
Marsh score and disease condition are the main drivers of the
transcriptomic landscape
To study the transcriptional heterogeneity in CeD, we analysed EL
isolated from intestinal biopsies from adult individuals, classified
into three groups: disease controls (CTRL, patients undergoing
upper endoscopy where suspicion of CeD was low but a duodenal
biopsy clinically justified), treated CeD cases (TCD, CeD patients
under GFD that came to planned follow-up biopsy) and untreated
CeD cases (UCD, CeD patients that came to endoscopy based on
serological and clinical suspicion of CeD). From these biopsy
samples, we isolated cells for subsequent flow cytometry analysis,
and RNA extraction to generate poly(A)-RNA-seq libraries,
followed by sequencing. After quality control, we retrieved
transcriptomic profiles of 25 CTRL, 28 TCD and 29 UCD samples
(Table 1, extra phenotypic information from samples is provided in
Supplementary table 1), in which 20,498 genes were consistently
detected across all libraries (Fig. 1A).
We performed PCA to assess the variables that explain the

transcriptomic landscape. We explored the first 10 principal
components (PCs) by correlating them with different variables
(Supplementary Figures 1–2). We observed that PC1 was
correlated with Marsh score, disease classification, and crypt ratio
length (calculated as the ratio of expression of apolipoprotein
(APO) A4 and marker of proliferation (M) KI67) [29, 30] (Fig. 1B).
Sex, age, and technical characteristics (sequencing depth,
sequencing batch, %GC content, and RNA integrity) were the
main determinants for PCs 2–10, and these characteristics were
subsequently used as covariates in all analyses (Supplementary
Figure 1).
To evaluate the effects of CeD and treatment with GFD on gene

expression in the EL of the small intestine, we performed
differential expression analysis contrasting UCD vs CTRL, TCD vs
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CTRL, and UCD vs TCD. In total, we identified 1 862 differentially
expressed (DE) genes (Fig. 1C, absolute Log2 Fold change
(L2FC) > 1, adjusted p value < 0.01) (Supplementary Table 2). The
UCD vs CTRL comparison showed the highest number of DE genes
(n= 1612), followed by UCD vs TCD (n= 1226), whereas TCD vs
CTRL exhibited only 30 DE genes. Most of the UCD vs CTRL and
UCD vs TCD DE genes (%) overlap and are concordant in direction
(Fig. 1D, Supplementary Figure 3). Thus, treated CeD and control
individuals are similar, whereas the untreated CeD condition is
associated with large changes in gene expression in cells present
in the EL.
Taking direction into consideration, we performed enrichment

analysis to explore the function of the DE genes (Fig. 1E, adjusted
p value < 0.05) (Supplementary Table 3). As expected, UCD vs CTRL
and UCD vs TCD exhibited remarkably similar enriched pathways.
Upregulated genes such as cell-division cycle 45 (CDC45),
minichromosome maintenance 2 (MCM2), and origin recognition
complex 1 (ORC1) caused enrichment for “cell cycle pathways”. In
the same comparisons, the downregulated genes collagen 4A1
(e.g., COL4A1), vitronectin (VTN), and laminin A5 (LAMA5) caused
enrichment for “extracellular matrix function”. In addition, the
“digestion and absorption pathways” were enriched via down-
regulation of genes encoding the digestive enzymes lactase (LCT)
and trehalase (TREH), as well as solute carrier family genes (e.g.,
SLC2A5). It is likely that these observations are associated with
increased proliferation of IELs and ECs in crypts and loss of
differentiated absorptive ECs in the villi, which are both hallmarks
of CeD [1, 31, 32].
For the TCD vs CTRL comparison, we found an enrichment for

Mitogen-Activated Protein Kinase (MAPK) pathways based on the
upregulated genes (e.g., MAPK11). This suggests that, although
treated CeD samples resemble control samples, recovery may not
be complete, or that TCD samples display persistent alterations in
the epithelium because they previously went through an auto-
inflammatory state.

Classification of CeD states into conditions characterised by
severely inflamed, mildly inflamed, or recovered epithelium
K-means clustering analysis indicated the presence of three groups
in our data set using an optimal k= 3 determined using three
different approaches (Fig. 2A, Supplementary Figure 4). For this, we
used all DE genes and expected to identify groups primarily
consisting of CTRLs, TCDs, and UCDs. However, when taking the
distribution of samples in each group and the pathway analysis into
consideration, the groups can be better defined as non-inflamed
(group 1), mildly inflamed (group 2), and severely inflamed (group 3)
than as CTRL, TCD, and UCD. This implies that inflammation status,
rather than disease condition or Marsh score, is the main driver of
this clustering (Fig. 2A). The non-inflamed cluster (group 1) consists
of CTRLs and TCDs, as expected, whereas the mild inflammation

cluster (group 2) is very heterogeneous: Some CTRL individuals are
likely clustered in group 2 due to ongoing non-CeD-associated
inflammation, and the TCD individuals in group 2 may not have fully
recovered or do not strictly adhere to GFD. Lastly, the UCD patients
in group 2 may be in an early or non-severe phase of inflammation.
In the severe inflammation group (group 3), only UCD cases are
observed. To further validate our inflammation groups, we tested
their association with disease condition, Marsh scores, and IEL
counts. We observed a strong association with both Marsh scores
and disease condition (adjusted p value < 0.00001, Fisher-Freeman-
Halton test), as well as a significant association with IEL counts
(adjusted p value < 0.001, Fisher’s Exact Test) (Supplementary table
1). Overall, this data suggests that both the UCD and TCD groups
display heterogeneous transcriptomic features and that our cohort
can better be classified based on the gene expression and
inflammatory state of the EL.
To identify gene functions contributing to inflammation state

groups, we defined four gene clusters using K-means clustering
(k= 4, Supplementary Figure 5). Genes in these clusters have roles
in distinct biological pathways (Fig. 2B) (Supplementary Table 3):

● Cluster 1: Upregulated in the severely inflamed group;
enriched for cell cycle and proliferation genes, including
genes of the MCM protein complex, CDC genes, and polo-like
kinase 1 (PLK1).

● Cluster 2: Upregulated in severely inflamed group and to a
lesser extent in the mild inflammation group; enriched for
genes associated with immune pathways and interleukin
signalling, e.g., cathepsin G (CTSG), interleukin (IL) 21 R, IL10, C-
X-C Motif Chemokine Ligand genes (e.g., CXCL10 and CXCL8),
and interferon gamma response genes including IFNG, signal
transducer and activator of transcription 1 (STAT1), guanylate-
binding protein genes (e.g., GBP1, GBP5, and GBP4), and
suppressor of cytokine signalling 3 (SOCS3).

● Cluster 3: Downregulated in the severely inflamed group;
enriched for genes that contribute to extracellular matrix
organisation, including collagen genes (e.g., COL1A2, COL3A1,
COL18A1, and COL4A1), matrix metallopeptidase genes (e.g.,
MMP2 and MMP9), laminin (e.g., LAMA4), and integrin genes
(e.g., ITGA9 and ITGA5), and to immunoregulatory interactions,
including sialic acid–binding IG-like lectin genes (e.g., SIGLEC1,
SIGLEC7, and SIGLEC9), transmembrane immune signalling
adapter TYROBP, natural cytotoxicity triggering receptor 2
(NCR2), killer cell lectin-like receptor C1 (KLRC1), and CD40
ligand (CD40LG).

● Cluster 4: Downregulated in severely inflamed samples but
highly expressed in non-inflamed ones. This cluster is enriched
for digestion (e.g., guanylate cyclase activator 2 A (GUCA2A),
GUCA2B, sucrase-isomaltase (SI), LCT, and TREH), SLC-mediated
transmembrane transport (SLC genes and lipocalin 15

Table 1. Descriptive characteristics of the cohort displayed as number (percentage) or median (interquartile range). See Supplementary table 1 for
additional information.

Total cohort Controls Treated CeD Untreated CeD

Size 82 25 28 29

Marsh classification

0 44 (54%) 25 (100%) 19 (68%)

1 7 (9%) 7 (25%) 1 (3%)

2 2 (2%) 2 (7%)

3 29 (35%) 28 (97%)

Sex

Male 36 (44%) 17 (68%) 8 (29%) 11 (38%)

Female 46 (56%) 8 (32%) 20 (71%) 18 (62%)

Age (years) 44 (32–58) 43 (31–60) 45 (36–55) 41.5 (26–58)
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(LCN15)), and laminin interaction pathways (e.g., LAMA1,
LAMA5, LAMB2, LAMB3, and COL7A1).

The changes in the pathways appear to be associated with
specific CeD phenotypes. An increase in cell proliferation (cluster 1)

of both ECs and IELs may be related to crypt hyperplasia and
lymphocyte proliferation, whereas villus atrophy leads to disrup-
tion of digestion and absorption in the duodenum and could
result from a problem in the basal lamina structure that
contributes to a lack of mature enterocytes (cluster 4). Finally,
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CeD is associated with an increased type II interferon response
(cluster 2), causing a disruption of extracellular matrix and
immunoregulatory interactions (cluster 3).

Differences in cell cycle, absorption, digestion, and basal
lamina pathways confirm mucosal damage in UCD and TCD
Despite our finding that the overall transcriptome did not show a
1-to-1 relation with disease condition, we explored whether
expression patterns of gene subsets can indicate disease status
and predict the transcriptional heterogeneity observed in CTRL,
UCD, and TCD. The first step is to consider the APOA4:KI67 ratio as
a proxy for villus health [29, 30, 33]. We observed that Marsh score
correlated significantly with the APOA4:KI67 ratio (Supplementary
Figure 1). Although the APOA4:KI67 ratio changes do distinguish
between UCD and CTRL/TCD, we could not distinguish TCD and
CTRLs (Fig. 2C, adjusted p value < 0.01, Dunn test, Bonferroni
correction), and thus it is not useful to set a clear threshold to
differentiate between the severe, mild, or non-inflamed groups. As
expected, representative DE genes of each cluster also correlated
well with the APOA4:KI67 ratio (Fig. 2D).
Next, we performed DE analysis on genes from the groups that

appeared most variable: UCD severely inflamed (group 3) vs mildly
inflamed (group 2), TCD mildly inflamed (group 2) vs non-inflamed
(group 1), and UCD mildly inflamed vs TCD mildly inflamed (Fig.
2E, absolute L2FC > 1, adjusted p value < 0.01) (Supplementary
Table 4). This uncovered DE genes for each comparison, mostly
between patient conditions with different inflammation levels.
Additionally, to assess the putative inflammation observed within
controls present in Group 2, we compared gene expression in
controls classified in Group 2 versus those in Group 1. This
comparison yielded 40 DEGs (Supplementary table 4), most of
which were downregulated and enriched for pathways such as
“GPCR ligand binding,” “Binding and Uptake of Ligands by
Scavenger Receptors,” “Aquaporin-mediated transport,” “Metal
ion SLC transporters,” and “Laminin interactions” (Supplementary
table 5). These results suggest that some controls may exhibit
signs of epithelial dysfunction, due to unknown causes. However,
due to the limited number of DEGs identified and low number of
controls with intermediate-inflammation, we are cautious in
drawing definitive conclusions.
Most of the DE genes deregulated between UCD patients from

inflammation group 3 vs 2 overlapped with DE genes of UCD vs
TCD/CTRL (Fig. 2F) and had similar functions to cluster 1 and
cluster 4 genes (Supplementary Fig. 6) (Supplementary Table 5):
the upregulated DE gene set was enriched for cell cycle pathway
genes and the downregulated gene set was enriched for
‘Digestion’ and plasma-lipoprotein-related pathways, indicating a
decrease of functional enterocytes. These findings might suggest
that UCD patients with mild inflammation are still in an early
phase of active CeD, without full-blown damage to the EL.
To assess the heterogeneity among TCD individuals—most of

whom clustered similarly to controls—and to detect DEGs associated
with the CeD condition that may have been missed, we compared
TCD individuals in the mild inflammation and non-inflamed groups.
Most DE genes overlapped with DE genes of UCD vs TCD/CTRL and to
cluster 1 and 4 (Fig. 2F). Upregulated genes were enriched for cell

cycle (e.g., CDC genes, MCM10, and CDK1), attributable to residual
crypt hyperplasia or lymphocyte expansion [31, 32, 34, 35], and
downregulated genes were related to diverse transport mechanisms
(e.g., SLC and AQP genes) and laminin interactions (e.g., LAMB3,
LAMC2, and LAMB2) (Supplementary Fig. 6), which may be caused by
a lack of mature enterocytes and a disruption of the basal lamina of
the EL, respectively. Our results suggest that within the TCD group
there are patients still in recovery. The TCD individuals in the non-
inflamed group were similar to controls, indicating a healthy mucosa.
However, when comparing mildly inflamed UCD vs TCD patients
(group 2), we observed a small number of DE genes, which could
indicate partial recovery after GFD or mild damage due to non-
gluten-related inflammatory response.
Overall, the transcriptomic state of the EL is thus a good

indicator of the inflammatory state and may prove helpful to
further classify CeD patients as non-inflamed, mildly inflamed, or
severely inflamed.

Immune- and extracellular-matrix-associated genes classify
untreated and treated CeD patients
Genes in clusters 1 and 4 reflect inflammation and dysfunction in
the small intestine but do not effectively distinguish CTRL, TCD, or
UCD samples. To address this, we applied a rank-based single-
sample gene set scoring method using DE gene clusters (Fig. 3A,
Supplementary Table 6). This approach aims to separate samples
such that active CeD cases score positively and CTRLs negatively
(or vice versa) by using sets of DE genes [22]. Clusters 2 and 3
yielded the strongest distinctions, with the lowest adjusted p
values for UCD vs CTRL (p= 1.29 × 10−¹⁵) and TCD vs CTRL
(p= 1.88 × 10−³). ROC curves and AUC analysis confirmed that
clusters 2 and 3 effectively differentiate the three CeD conditions
(Fig. 3B) (Supplementary Fig. 8). Specifically, clusters 2 and 3
provided clear separation between UCD (median= 0.28,
IQR= 0.23–0.34) and CTRL (median=−0.29, IQR=−0.36 to
−0.21), with an AUC of 1, outperforming the APOA4:KI67 ratio.
TCD samples scored intermediate (median=−0.08, IQR=−0.15
to 0) but retained high classification performance, with an AUC of
1 for UCD vs TCD and 0.923 for CTRL vs TCD. These results indicate
that clusters 2 and 3 are robust markers for classifying CeD
conditions.
To validate the ability of cluster 2 and 3 genes to define disease

state, we applied them to an external transcriptomic dataset of 51
CeD patients and 44 healthy controls [36]. Combining clusters 2
and 3 achieved an AUC of 0.97, correctly predicting 43/44 CTRL
and 43/51 UCD cases (Fig. 3C, D) (Supplementary Fig. 9, 10). We
thus conclude that these genes in clusters 2 and 3 have the
potential to distinguish between UCD, TCD, and CTRL. Moreover,
since these genes are already deregulated in mild inflammation
UCD individuals, with immune genes upregulated and extra-
cellular matrix genes downregulated, we propose them as early
responders in CeD inflammation.

Deconvolution of eQTL analysis pinpoints genes affected by
genetics in the immune and epithelial cell compartment
As genetics are likely to contribute to the heterogeneity between
patients, we evaluated how single nucleotide polymorphisms

Fig. 1 Study design and transcriptome features of duodenal epithelial lining (EL) in CeD. A Study design. 82 duodenal biopsies from
controls (CTRL), GFD-treated CeD cases (TCD), and untreated CeD cases (UCD) were processed to isolate EL cells in single-cell suspension for
cytometry (cell counts) and bulk RNA sequencing.) RNA libraries were used to study transcriptome features and derive bulk and cell-mediated
eQTLs. B Principal component analysis (PCA) of 82 samples based on the 1 000 most variably expressed genes, coloured by Marsh score (left)
and CeD condition (right). Dots represent samples; first two PCs are shown. C Differentially expressed (DE) genes identified in TCD vs CTRL,
UCD vs CTRL, and UCD vs TCD. Genes were classified as upregulated (red) or downregulated (blue) based on Log2 Fold change (L2FC) > 1 and
adjusted p value < 0.01. See Supplementary Table 2 for details. D Overlap of DE genes visualized by upregulated (left) and downregulated
(right) sets using Euler diagrams (top) and Upset plots (bottom). E Pathway enrichment of DE genes from (D) using the Reactome database.
Dot size represents gene ratio in pathways; shading reflects −log10(adjusted p value).
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(SNPs) associated with CeD by genome-wide association studies
affect the expression of the genes in the associated genetic loci
[23, 24, 37]. To minimise the multiple-testing burden, we
performed cis-eQTL analysis using the lead SNPs in each CeD-
associated locus and including genes within 250 kb of the lead

SNP [24, 38]. Despite minimising the multiple-testing burden,
most of the bulk and cell-type-mediated cis-eQTLs detected are
only suggestive, likely due to power limitations given the low
sample numbers. Nonetheless, we uncovered 25 eQTL genes with
a suggestive significant effect (p value < 0.005) when analysing
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bulk-RNA results obtained from the EL (Fig. 4) (Supplementary
Table 7). The top 5 eQTL genes were zinc finger protein 57 (ZFP57),
two HLA genes (HLA-G and HLA-K), membrane-
metalloendopeptidase-like 1 (MMEL1), and IL18R1. The first three
genes are in the HLA locus on chromosome 6. The other two are
located on chromosome 1 and 2, respectively. The MMEL1 and
IL18R1 SNP-gene pairs were previously reported by the eQTLGen
Consortium, which used whole-blood RNA [39], indicating that
these eQTLs are not specific to duodenal tissue.
We also deconvoluted eQTL effects in both major cell types in

our samples: epithelial and immune cells. For this, we applied
Decon-QTL [26], which imputes cell-type-mediated eQTLs using
known cell proportions (Supplementary Table 8). In total, we
observed 6 EC and 15 immune cell eQTL genes, of which 3 and 9
genes, respectively, were uniquely identified in cell type specific
eQTL analysis (Fig. 4A, p value < 0.01). IL18R1 and IL18RAP were
eQTL genes in both bulk tissue and immune cells, but not in ECs,
indicating that these genes may be involved in CeD-associated
pathways in IELs (Fig. 4B,C). Neither of these genes were DE
however, indicating that genetic effects may function indepen-
dently of variation in gene expression, even though both can
contribute to disease state. Other immune-cell-mediated eQTL
genes are membrane spanning 4-domains A14 (MS4A14), which is
expressed in myeloid cells [40], and T cell activation RhoGTPase
activating protein (TAGAP), a gene that we have previously found
to be dysregulated in cytotoxic T cells in circulation in CeD before
seroconversion [41]. The functions of the remaining eQTL genes
specific to ECs or immune cells are less clear (Supplementary Table
7).

DISCUSSION
To assess the gene expression profile of the EL in CeD specific
disease states, we characterised the transcriptomic landscape of
duodenal EL in treated and active CeD and control patient
samples. We defined three groups based on the inflammation
status (non-inflamed, mild inflammation, and severe inflamma-
tion) that were correlated with but not specific to disease state.
UCD patients were found to display mild or severe inflammatory
transcriptional features, whereas TCD patients exhibited a
transcriptional phenotype similar to that of CTRL individuals or
to UCD patients with mild inflammation. Two clusters of genes
enriched for immune and extracellular matrix and barrier function
(Fig. 5) yielded the best classification into specific conditions
(CTRL, TCD, and UCD). Overall, we observed a marked hetero-
geneity in gene expression profiles of the EL of UCD and TCD
individuals.
Determination of DE genes from duodenal EL can help uncover

the genes and pathways that are involved in the tissue damage
associated with CeD and shed light on the causes of the
phenotypical heterogeneity in the disease. Our data uncovered
genes explaining inflammation status (and presumably villous
atrophy) and disease severity. UCD cases are characterised by
upregulation of cell cycle and proliferation genes (e.g., MCM and
CDC genes, PLK1, and CLK1) and downregulation of digestive (e.g.,

GUCA2A, GUCA2B, SI, LCT, and TREH), transmembrane transport
(SLC genes), and basal lamina genes (e.g., LAMA1, LAMA5, LAMB2,
LAMB3, and COL7A1) (Fig. 2). DE genes were further classified into
four clusters, leading us to distinguish cluster 1 as enriched for cell
proliferation functions and cluster 4 as enriched for digestion,
absorption, and laminin functions. These pathways are mainly
deregulated in UCD and are indicative of an expanding IEL
population and EC proliferation that in turn may result in crypt
hyperplasia [31, 32, 35, 42]. The downregulation of digestive,
transport, and laminin interaction pathways suggest a loss of
intestinal epithelial functions, perhaps due to the loss of
enterocytes due to villous atrophy. Downregulation of transport-
related genes is in line with previous observations by Laforenza
et al. and Dotsenko et al, who found alteration of expression of
aquaporin genes (AQP7, AQP10, and AQP11) and solute carrier
genes (SLC5A1 and SLC15A1) in the same direction [15, 43].
Similarly, in intestinal biopsies of CeD patients, Veberke et al.
found a weaker staining of proteins related to extracellular matrix,
such as collagen IV, laminin and fibronectin, indicating a
concordance with the trends we observe in our study [44]. In
our TCD cases, we observed that increased expression of cell cycle
and proliferation genes, along with decreased expression of
digestive, transmembrane transport, and basal lamina genes,
differentiates the non-inflamed from the mildly inflamed states.
This expression pattern suggests that the epithelial layer and
enterocyte function remain incompletely restored. Dotsenko et al.
observed similar pathway alterations when they compared long-
term GFD-treated CeD patients to healthy controls, concluding
that the treated patients still lacked a fully healthy intestine [15].
Overall, cluster 1 and cluster 4 genes recapitulate the mucosal
inflammation status of EL in CeD, making it possible to identify
mild or severe inflammation in untreated CeD cases and non-
inflamed or mild inflammation in treated CeD cases.
Leonard et al. [45] also studied the duodenal transcriptome of

UCD, TCD patients, and CTRLs, observing that most DE genes
(89%) corresponded to the comparisons of active CeD biopsies
versus any other condition. They identified DE genes and enriched
pathways similar to our findings, including genes associated with
CeD (IFNG, CDC45, and MCM2), interleukins (IL10 and IL17A),
chemokines (CXCL3, CXCL9, CXCL10, and CXCL11), and cell
adhesion molecules (CLDN18). However, when comparing TCD
cases versus controls, they reported more DE genes (290 vs 30 DE
genes). Similarly, Dotsenko et al. found 167 DE genes in the same
comparison [15]. We speculate that this divergence may be
attributed to the sample size, processing/preparation methods, or
tissue cell composition. For instance, this study focuses on the
epithelial lining (EL), while Leonard et al. [45] analyzed whole
duodenal biopsies, which include the lamina propria. The lamina
propria may better recapitulate the residual immune dysregula-
tion after GFD in CeD cases. Indeed, immune-associated genes
were not enriched in our DE analysis within TCD (mild
inflammation vs non-inflamed) and within UCD (severe vs mild
inflammation), supporting the idea that lamina propria may be a
better context to observe the immune response before and after
GFD [46].

Fig. 2 Heterogeneity of the EL gene expression allows classification of duodenal biopsies into non-inflamed, mild inflammation, and
severe inflammation. A Heatmap of DE gene expression (n= 1862) across samples. Rows represent genes, columns represent samples. Genes
are clustered into four clusters and three groups, shown alongside CeD condition, Marsh score, and APOA4:KI67 ratios. Scaled and centred
gene expression is displayed as Z-scores. B Pathway enrichment analysis of gene clusters using Reactome. Top five pathways per cluster (y-
axis) are shown with the number of contributing genes in brackets. C Statistical comparison of APOA4:KI67 ratios, a crypt length indicator,
using Dunn’s test with Bonferroni correction (adjusted p < 0.01). D Correlation of representative DE genes from each cluster [1–4] with
APOA4:KI67 ratios. Each plot shows VST-transformed gene expression vs. APOA4:KI67 ratio, with dot colour indicating CeD condition. (E)
Overview of significant DE genes resulting from comparisons between Group 2 UCD and CTRL, within TCD (Group 2 vs 1), and within UCD
(Group 3 vs 2) on the x-axis. Directions of DE are indicated by colour: upregulated (red) and downregulated (blue). See Supplementary Table 4
for complete gene lists. F Overlap of DE genes from all comparisons, divided into upregulated (left) and downregulated (right) sets, visualized
with Euler diagrams (top) and Upset plots (bottom).
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Fig. 3 Differentially Expressed (DE) gene clusters 2 and 3 distinguish CeD status. A Singscores (y-axis) for clusters 2 and 3 (left), cluster 2
(centre), and cluster 3 (right), grouped by CeD condition (x-axis). Statistical analysis: Kruskal-Wallis and Dunn post-hoc tests. B ROC curves with
AUC values for CeD condition classification using cluster-specific singscores. Comparisons: CTRL vs TCD (black), TCD vs UCD (blue), and UCD vs
CTRL (red). C Singscores (y-axis) of an external validation cohort stratified by CeD condition (x-axis) for clusters 2 and 3 (left), cluster 2 (centre),
and cluster 3 (right). Statistical tests as in panel A. D ROC curve and AUC for classifying external samples into CTRL or active CeD using cluster-
specific singscores (red).
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DE genes in clusters 2 and 3 were consistently upregulated and
downregulated, respectively, in UCD, regardless of disease
severity, and effectively distinguished UCD from CTRL and TCD
(Fig. 3). These genes may play a role in CeD onset, being
deregulated independently of intestinal dysfunction and prolif-
eration. Cluster 2 genes are enriched in immune-related pathways,
including interferon gamma (e.g., IFNG, STAT1, and GBP1) and
interleukin signalling (e.g., IL21R, IL17A, and IL10). They also
include highly upregulated genes in CeD-associated IELs (e.g.,
KLRC2, RTKN2, BUB1B, TNFRSF9, and CISH) [11, 12, 47] and genes
like IFNG, GBP5, CXCL10, and UBD, known to be upregulated in
active CeD prior to diagnosis [48]. Cluster 3 genes are enriched in
extracellular matrix organization (e.g., COL23A1, MMP2, and DCN)
and immunoregulatory interactions (e.g., TYROBP, SIGLEC1, and
CD40LG). Some downregulated cluster 3 genes (e.g., GNLY, KLRC1,
TYROBP, FCER1G, GZMK, and SH2D1B) are implicated in natural IEL
function in healthy mucosa [12]. Cluster 2 and 3 genes clearly
distinguish UCD from TCD and CTRLs, while cluster 1 and 4 are
more indicative of villous atrophy and tissue damage in UCD or
incomplete recovery in TCD (Supplementary Fig. 7). Finally, TCD
singscores for clusters 2 and 3 fall between CTRL and UCD,
suggesting incomplete mucosal recovery, consistent with reports
that CeD-associated IELs persist in the EL after starting a GFD
[12, 47]. Thus, cluster 2 and 3 represent a novel means to capture
mucosal status, immune processes, and IEL populations, offering a
valuable tool for understanding CeD development. Furthermore,
our results demonstrate that transcriptomic profiling of biopsies
reveals heterogeneity among treated patients that is not apparent
through histopathological assessment alone. Based on this, we
propose these genes can be used to develop a scoring system that
aids in disease diagnosis. This approach may also help identify

patients who, despite adhering to a GFD, still exhibit signs of
inflammation. This finding is particularly relevant for cases with an
unclear diagnosis.
Our eQTL and deconvolution analysis resulted in more immune-

cell-mediated hits than EC-mediated hits. IL18R1:rs759382 is both
a bulk eQTL and an immune-mediated eQTL, and it was reported
previously as a blood eQTL [39]. Although IL18R1 is not DE, its
ligand, IL18, was downregulated in UCD and present in cluster 4.
IL18R is found on the surface of several cell types, including ECs,
dendritic cells, and subsets of lymphocytes, and thus its
interaction with IL18 may be altered because of genetic
associations in the context of CeD. IL18 and IL18R have pleiotropic
functions in maintaining inflammation in CeD [49, 50] and affect
epithelial barrier function in colitis [51]. The eQTL
MS4A14:rs12226367 was only found in the immune-
compartment-mediated eQTL analysis. MS4A14 is expressed
mainly in monocytes and myeloid cells and is located in the
same locus as other members of the MS4A family [40]. Although
to our knowledge this is a novel eQTL effect, rs12226367 was
previously associated to the expression of MS4A6A [52]. Overall,
we obtained a relatively small number of eQTL genes, likely due to
the lack of power because of the limited size of our cohort.
Moreover, to standardise the eQTL analysis and eliminate the
influence of CeD status, we controlled for CeD condition without
considering inflammation status. This approach may have
hampered the analysis of genetic effects on gene expression in
our data. Conducting additional eQTL analyses in larger and more
precisely stratified cohorts for CeD, and incorporating factors such
as inflammation status, could potentially address this limitation.
This would enable a more thorough exploration of the interactions
between cell-type-mediated eQTL effects and CeD condition.

Fig. 4 Bulk and cell-type-mediated eQTLs in CeD context. A Overlap of eQTL genes represented as Euler diagrams classified as bulk tissue,
epithelial cell, and immune cell eQTLs. Examples of eQTLs visualised as dot plots of gene expression (y-axis) versus (B) genotype (x-axis) and
(C) proportions of immune cells (x-axis). Samples coloured by genotype.
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In conclusion, using cell cycle, digestive, absorptive, and basal
lamina genes, we can stratify CeD patients based on their
inflammation/villus damage status. Remarkably, despite hetero-
geneity in UCD and TCD cases, we were able to accurately classify
untreated CeD patients, treated CeD patients, and controls based
on immune and extracellular matrix genes, which we suggest play
an important role in CeD pathophysiology. Overall, we identified
genes expressed in the duodenal EL whose expression might be
used as biomarkers to assess CeD condition and its mucosal and
immune status.
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