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ABSTRACT
Objective  Epigenetic mechanisms, including DNA 
methylation (DNAm), have been proposed to play 
a key role in Crohn’s disease (CD) pathogenesis. 
However, the specific cell types and pathways 
affected as well as their potential impact on disease 
phenotype and outcome remain unknown. We set out 
to investigate the role of intestinal epithelial DNAm in 
CD pathogenesis.
Design  We generated 312 intestinal epithelial 
organoids (IEOs) from mucosal biopsies of 168 
patients with CD (n=72), UC (n=23) and healthy 
controls (n=73). We performed genome-wide 
molecular profiling including DNAm, bulk as well 
as single-cell RNA sequencing. Organoids were 
subjected to gene editing and the functional 
consequences of DNAm changes evaluated using an 
organoid-lymphocyte coculture and a nucleotide-
binding oligomerisation domain, leucine-rich repeat 
and CARD domain containing 5 (NLRC5) dextran 
sulphate sodium (DSS) colitis knock-out mouse model.
Results  We identified highly stable, CD-associated 
loss of DNAm at major histocompatibility complex 
(MHC) class 1 loci including NLRC5 and cognate gene 
upregulation. Single-cell RNA sequencing of primary 
mucosal tissue and IEOs confirmed the role of NLRC5 
as transcriptional transactivator in the intestinal 
epithelium. Increased mucosal MHC-I and NLRC5 
expression in adult and paediatric patients with CD 
was validated in additional cohorts and the functional 
role of MHC-I highlighted by demonstrating a relative 
protection from DSS-mediated mucosal inflammation 

in NLRC5-deficient mice. MHC-I DNAm in IEOs 
showed a significant correlation with CD disease 
phenotype and outcomes. Application of machine 
learning approaches enabled the development of a 
disease prognostic epigenetic molecular signature.
Conclusions  Our study has identified epigenetically 
regulated intestinal epithelial MHC-I as a novel 
mechanism in CD pathogenesis.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Epigenetics including DNA methylation may 
play a key role in the pathogenesis of Crohn’s 
disease (CD). However, exact mechanisms 
remain ill defined.

WHAT THIS STUDY ADDS
	⇒ Genome-wide molecular profiling as 
well as functional analyses of over 300 
patient-derived intestinal organoids has 
identified epigenetically regulated major 
histocompatibility complex (MHC)-I as a novel 
mechanism in CD.

	⇒ Our study demonstrates epigenetically 
regulated MHC-I function in the human 
intestinal epithelium suggesting a paradigm 
shift towards the intestinal epithelium as a non-
classical antigen-presenting cell type.

	⇒ Human gut organoids provide unique 
opportunities to investigate intestinal epithelial 
cell intrinsic mechanisms in CD making them 
ideal tools for drug testing and discovery.
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INTRODUCTION
A hallmark of IBD, in particular Crohn’s disease (CD), is 
the persistent chronic relapsing mucosal inflammation that 
favours specific gut segments such as the terminal ileum 
(TI).1 Furthermore, despite successful resolution of mucosal 
inflammation in response to medical treatments, relapsing 
inflammation tends to recur in the same anatomical loca-
tion. This phenomenon suggests the presence of stable 
molecular changes leading to altered function in local tissue-
specific, resident cell types. Although altered function of 
the intestinal epithelium has been implicated in CD patho-
genesis,2 3 underlying mechanisms remain ill defined. One 
of the main obstacles to improving our understanding of 
intestinal epithelial cell (IEC)-specific mechanisms operative 
in human CD has been the lack of suitable, patient-derived 
experimental models. Human intestinal epithelial organoids 
(IEOs), which can be generated from mucosal stem cells 
and retain epigenetic signatures of host-derived tissues,4–7 
provide a novel opportunity to investigate the contribution 
of IEC intrinsic molecular mechanisms.8 A major advantage 
of IEOs in the context of IBD is the ability to study IECs 
without exposure to their local inflammatory environment, 
thereby eliminating potentially confounding factors influ-
encing gene expression and cellular function. As IEOs are 
derived from constantly dividing intestinal mucosal stem 
cells, disease-associated alterations that persist in culture 
would reflect IE cell-intrinsic and heritable pathologies. 
Thus, here we focused on DNA methylation (DNAm) as one 
of the main epigenetic modifications known to be operative 
in mammals that can cause heritable changes in cellular func-
tion in the absence of alterations to the DNA sequence.9–12 
DNAm is considered a highly stable epigenetic mark, which, 
once fully established, underpins lifelong tissue identity by 
regulating fundamental aspects of cellular function.11 12 We 
and others have provided evidence for the important role 
of DNAm in regulating IEC function in vivo and in intes-
tinal organoids.13–15 Furthermore, altered DNAm has been 
linked to the pathogenesis of chronic, complex, multifacto-
rial diseases including IBD.9 16–19

Here, we generated a living biobank of 312 IEO lines 
derived from mucosal biopsies of small (duodenum (DUO) 
and TI) and large bowel (sigmoid colon (SC)) of 168 
patients diagnosed with CD (n=72), UC (n=23) and healthy 
controls (n=73). Genome-wide DNAm and transcriptional 
profiling of IEOs and matching primary intestinal epithe-
lium was performed. In addition, the functional role of 
disease-associated DNAm changes was investigated using 
genetically modified human and murine IEOs, and a murine 
dextran sulphate sodium (DSS) colitis model. A range of 
computational approaches were used to identify CD-associ-
ated DNAm changes and their correlation to prospectively 
collected disease phenotype and outcomes.

MATERIALS AND METHODS 
Patient recruitment, sample collection and clinical data 
recording
Patients were prospectively recruited at Cambridge University 
Hospitals, and biopsy samples obtained during diagnostic endos-
copy. Diagnosis of CD and UC was made according to inter-
national guidelines.20 Patients with normal macroscopic and 
histological appearance of their intestinal mucosa and complete 
resolution of any GI symptoms were classified as non-IBD, 
healthy controls. All patients were followed for a minimum of 
18 months post diagnosis. Mucosal biopsies were obtained from 
DUO, TI and SC.

Patient and public involvement
Public and patient/parent engagement activities to inform our 
research included regular IBD family days as well as a bimonthly 
research newsletter and family events (see online supplemental 
file for further details).

Human IEO culture generation and biobank
IEOs were generated from intestinal crypts as previously 
described.15 21 Following the expansion of IEOs over a minimum 
of 2 weeks in culture, frozen stocks were generated. Imaging was 
performed using an Incucyte and Opera Phoenix high-content 
imaging system (for further details, see online supplemental 
materials and methods).

Single-cell RNA sequencing
Single-cell RNA sequencing of IEOs and primary intestinal 
mucosal samples was performed using the 10× Genomics 
Chromium platform following dissociation into single cells as 
described previously.22–24

Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR)- mediated gene editing of human IEOs
CRISPR-mediated KO for nucleotide-binding oligomerisation 
domain, leucine-rich repeat and CARD domain containing 5 
(NLRC5) in IEOs was performed using a ribonucleoprotein-
based method as described previously (online supplemental 
materials and methods).25

NLRC5-mCherry PiggyBac plasmid construct and IEOs 
transfection
The human NLRC5 cDNA (myc-NLRC5) was obtained from 
AddGene (#37509). PiggyBac (PB)-mCherry transposon back-
bone plasmid, the PB transposase and rtTA-hygromycin resis-
tance (rtTA-HygRes) plasmids were a generous gift from B.K. 
Koo (Institute for Basic Science, Korea). Transfection of IEOs, 
clonal selection and confirmation of successful overexpression 
were performed as described previously with minor modifica-
tions (online supplemental materials and methods).

Tissue freezing, sectioning and RNAscope
Human mucosal biopsies undergoing RNAscope analysis were 
processed and experiments were performed at the Cellular 
Generation and Phenotyping facility at the Wellcome Sanger 
Institute as described previously (online supplemental materials 
and methods).24

Mice
Mice were maintained at a Home Office-approved facility in the 
UK under specific pathogen-free conditions. Nlrc5 floxed and 

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ Organoid-specific MHC-I DNA methylation correlates 
with clinical outcome highlighting the potential for the 
development of clinical biomarkers.

	⇒ As organoids retain patient-specific epigenetic signatures, 
they can now be used for the development of novel drugs 
specifically targeting MHC-I.
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deficient mice (Nlrc5fl/fl and Nlrc5-/- mice on a C57BL/6 back-
ground) were donated by G. Guarda.26 Spleens from OT-I Rag-
deficient mice were donated by G. Griffiths. Colitis was induced 
using DSS, details provided as online supplemental file.

Murine IEO culture, organoid peptide stimulations and coculture 
with OTI T cells
Nlrc5-/- or Nlrc5fl/fl mouse organoids were set up from two age 
and sex-matched mice per genotype, as previously described and 
used for cytokine stimulation as well as coculture experiments 
(online supplemental materials and methods).27 28

Data analyses
Publicly available datasets
Details for all publicly available datasets analysed are listed in 
online supplemental table S2.

DNAm and bulk RNA-seq data and analysis
Genome-wide DNAm was profiled using either the Illu-
mina Infinium Human Methylation 450 BeadChip, or the 
Illumina EPIC platform.29 30 DNAm data were processed as 
described previously with minor modifications. Further details 
on weighted gene coexpression network analysis (WGCNA), 
differential DNAm, pathway enrichment analyses and machine 
learning approaches to generate a prognostic and diagnostic 
DNAm signature as well as risk scores are provided in the online 
supplemental materials and methods. Bulk RNA-seq data were 
processed using standard computational approaches as described 
previously.19 An average major histocompatibility complex class 
I (MHC-I) gene expression score comprising the genes NLRC5, 
TAP1/2, PSMB8/9, HLA-A/-B/-C/-E/-F/-G, IRF1 and B2M was 
calculated, subtracted by the aggregated expression of 100 
control gene sets (see online supplemental file).

Single-cell RNA-seq data analyses
Single-cell RNA-seq data were analysed as described previously 
using a number of software packages including CellRanger.23 24 
Details on scRNA-seq data analysis are provided as online supple-
mental materials and methods.

Statistical analysis
Statistical analysis was performed using GraphPad Prism soft-
ware or R. Plots with CIs show mean±SEM unless otherwise 
indicated. For in vivo experiments, sample sizes were deter-
mined based on previous experiments.31 For t-tests, assumptions 

of normality and equal variance were confirmed using the 
Shapiro-Wilk test and by confirming higher to lower SD ratios 
were below 2.

RESULTS
Molecular profiling of patient-derived IEOs reveals stable loss 
of MHC-I and NLRC5 DNAm in the intestinal epithelium of 
patients with CD
We generated IEOs from 168 patients diagnosed with CD 
(n=73), UC (n=24) healthy controls (n=71, table 1 and online 
supplemental table S1). Following in vitro culture of organoids 
for 1–2 passages (average 2–3 weeks), genome-wide DNAm 
profiling was performed, and frozen organoid stocks stored in 
an organoid biobank (figure 1A, table 1 and online supplemental 
tables S1 and S2). Organoid growth, viability and structure were 
monitored over time with no major disease-associated differ-
ences observed on a microscopic level (figure 1Aii and online 
supplemental figure S1A). Next, to identify disease-associated 
DNAm changes that are retained in IEOs, we applied a WGCNA 
to TI organoid methylation. WGCNA enables unsupervised 
identification of highly correlated groups of CpGs (termed 
modules) as well as their correlation with phenotypes (ie, CD, 
UC, controls). As shown in figure 1B, analyses revealed several 
modules that significantly correlated with a diagnosis of CD with 
the most strongly correlated module (module 17, p <0.001) 
demonstrating a loss of DNAm in patients with CD (figure 1Bi). 
Gene ontology analyses preformed on genes containing CpGs 
forming module 17 showed significant enrichment scores for 
pathways related to ‘antigen processing and presentation via 
MHC-I’. Genes-encoding key components of MHC-I signalling 
include PSMB8/9, HLA-B,-C and F, TAP1/2 and B2M (figure 1Bii 
and online supplemental figure S1B). Similar results were 
obtained when applying WGCNA analyses to IEOs derived 
from the SC (online supplemental figure S1C). Results were 
further confirmed by performing differential DNAm analyses, 
identifying a total of 234 hypomethylated CpGs in both TI and 
SC organoids derived from patients with CD that were found 
to be enriched for MHC-I related pathways (online supple-
mental figure S1D). Importantly, among the most significant 
loci showing loss of DNAm in patients with CD were two CpGs 
located within the promoter region of NLRC5 (cg07839457 and 
cg07862320), a known transcriptional regulator/transactivator 
of MHC-I32 33 (figure 1C and online supplemental figure S1E).

Average DNAm loss of NLRC5 and MHC-I related genes in 
CD compared with control organoids was found to reach 20% 
in both TI and SC, while no differences were observed in the 

Table 1  Patients and intestinal organoids

Patients Organoid lines

Diagnosis Number
Gender
Female/male

Age at diagnostic 
endoscopy (average±SD) Gut segment Number

Inflamed versus 
non-inflamed

Culture duration (average 
passage no ±SD)

Controls 71 41/30 9.77±4.24 Duodenum 20 0/20 2.55 (SD=2.31)

Terminal ileum 57 0/57 3.33 (SD=3.51)

Sigmoid colon 52 0/52 2.73 (SD=1.55)

UC 24 16/8 10.62±3.59 Duodenum 8 0/8 2.63 (SD=1.60)

Terminal ileum 16 0/16 2.81 (SD=1.38)

Sigmoid colon 18 16/2 2.33 (SD=1.19)

Crohn’s disease 73 29/44 12.61±2.42 Duodenum 26 8/18 1.65 (SD=0.75)

Terminal ileum 56 37/19 2.50 (SD=2.30)

Sigmoid colon 61 49/12 2.30 (SD=1.58)

Total 168 314
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Figure 1  Stable loss of major histocompatibility complex class I (MHC-I) gene DNA methylation (DNAm) in intestinal epithelial organoids (IEOs) 
derived from patients with Crohn’s disease (CD). (A) (i) Overview of experimental set-up and sample generation. (ii) Representative brightfield images 
of IEOs. Scale bars: 300 µm. (B) (i) Correlation heat map of comethylated CpG modules identified by weighted gene coexpression network analysis 
(WGCNA) in terminal ileum (TI) IEOs. Module 17 (ME17) demonstrates hypomethylation and the strongest association with CD diagnosis (R=−0.43, p 
value<0.001). (ii) Gene set enrichment analysis performed on module 17, showing a significant loss of DNAm in CD organoids compared with healthy 
controls and UC in TI. (C) DNAm (beta value) of four representative MHC-I related Differetial Methylated Positions (DMPs) showing CD-associated 
loss of DNAm in TI and sigmoid colon (SC) but not duodenum (DUO) organoids (DUO=54, TI=127 and SC=131). (D) Average DNAm (beta value) of 
all CpGs located in MHC-I related genes for IEOs split by diagnosis, gut segment and inflammatory status. (E) (i) Correlation of nucleotide-binding 
oligomerisation domain, leucine-rich repeat and CARD domain containing 5 (NLRC5) promoter DNAm between early and later passage IEOs from the 
same individuals including patients diagnosed with CD (blue), UC (yellow) and controls (grey, n=22 patients. (ii) DNAm (beta values) of CpGs located 
in NLRC5 and TAP1 at high passage (>7) IEOs (cohort 1, n=22). (F) Average MHC-I (i) and NLRC5 (ii) DNAm as well as NLRC5 gene expression (iii) 
in control patient-derived TI IEOs stimulated with proinflammatory cytokines interferon γ (IFNγ) and tumour necrosis factor α (TNFα) (n=5). (False 
Discovery Rate (FDR) * < 0.05, FDR **< 0.01, FDR***< 0.001, FDR**** < 0.0001, ns=not significant.)
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DUO (figure  1C and online supplemental figure S1E,F). To 
investigate IE MHC-I DNAm more broadly, we computed a 
summary methylation score by calculating average DNAm levels 
of all CpGs associated with genes known to be involved in the 
MHC-I pathway (see the Methods section). Interestingly, intes-
tinal epithelial MHC-I DNAm shows distinct regional variation 
in healthy individuals with the lowest levels observed in the TI 
(figure 1Di). Furthermore, as shown in figure 1Dii, global loss 
of MHC-I DNAm was observed in IEOs derived from patients 
with CD compared with healthy controls in both the TI and SC, 
but not in the DUO. Loss of MHC-I DNAm was also observed 
in the SC of patients with UC compared with controls, although 
not reaching statistical significance. Importantly, CD-specific 
loss of DNAm is, at least in part, independent of the presence 
of mucosal inflammation. Specifically, as shown in figure 1Diii, 
lower MHC-I DNAm was also observed in IEOs derived from 
non-inflamed TI mucosal biopsies obtained from patients with 
CD. In contrast, no significant loss of MHC-I DNAm was 
observed in DUO organoids derived from patients with CD 
despite the presence of mucosal inflammation (figure 1Div). The 
fact that disease-associated MHC-I DNAm changes are retained 
in IEOs following multiple passages/cell divisions indicates a 
high degree of stability, as well as mitotic heritability. Indeed, we 
found that CD-associated DNAm changes remained stable even 
when cultured in vitro over prolonged periods (ie, over several 
months) and in the absence of inflammatory stimuli. As shown 
in figure 1Ei, NLRC5 DNAm was highly correlated in organoids 
profiled in early (1–6 passages) versus late (>6 passages) IEOs 
and CD-associated loss of NLRC5 and TAP1 DNAm retained 
in late passage IEOs (figure  1Eii and online supplemental 
figure S1G). Furthermore, stimulation of IEOs with IBD rele-
vant inflammatory cytokines IFNγ and tumour necrosis factor 
α (TNFα), while inducing strong transcriptional changes, did 
not alter MHC-I DNAm (figure 1F, online supplemental figure 
S2A,B), further highlighting the stability of these epigenetic 
marks and their independence of the inflammatory milieu.

Taken together, these findings suggested stable loss of DNAm 
in MHC-I pathway genes, including the promoter region of 
NLRC5 in the intestinal epithelium of patients with CD.

CD-associated loss of intestinal epithelial DNAm in MHC-I is 
associated with increased gene transcription in vivo and in 
vitro
Next, we analysed genome-wide DNAm and transcriptional 
profiles of primary IE obtained from patients newly diagnosed 
with CD, UC and healthy controls (cohort 2, figure 2A, online 
supplemental table S2).19 Results confirmed CD-associated 
global loss of MHC-I DNAm and at individual CpGs including 
NLRC5 in both TI and SC epithelium (figure  2Bi,Ci, online 
supplemental figure S3Ai). A significant loss of MHC-I DNAm 
was also observed in the SC epithelium of patients with UC, 
although to a lesser extent than CD (figure 2Ci). To survey broad 
intestinal epithelial MHC-I transcription, we calculated a global 
MHC-I expression score (supplementary methods). We found 
a highly significant inverse correlation between MHC-I DNAm 
and gene expression in TI and SC epithelium (figure 2Bii,Cii, 
online supplemental figure S3Aii,B). Next, we tested the stability 
of IE MHC-I DNAm in vivo by analysing primary IEC DNAm 
obtained from patients with IBD at diagnosis and several months 
after the initiation of treatment.28 Consistent with findings in 
IEOs, CD-associated epigenetic changes including loss of NLRC5 
promoter DNAm were also stable in patients after several months 
of treatment (figure  2D). Consistent with these findings, we 

observed a highly significant correlation between genome-wide 
IEC DNAm at diagnosis and repeat assessment (figure 2E and 
online supplemental figure S3C). Lastly, to confirm the impact of 
disease-associated loss of MHC-I DNAm on gene transcription 
in vitro, we compared NLRC5 expression levels in IEOs derived 
from patients with CD with UC and healthy controls. As shown 
(figure 2F,G), IEOs derived from patients with CD harbouring 
lower NLRC5 promoter DNAm had significantly higher NLRC5 
expression levels compared with UC and non-IBD controls 
(online supplemental figure S3D). Importantly, lower NLRC5 
promoter DNAm levels in patients with CD was also found to 
be associated with a higher level of gene expression in response 
to IFNγ compared with organoids derived from control patients 
(figure 2G).

These findings validated stable loss of MHC-I and NLRC5 
DNAm in primary epithelium of patients with CD as well as 
showing cognate gene upregulation.

NLRC5 functions as transcriptional transactivator for MHC-I in 
the intestinal epithelium and augments the effect of IFNγ
We next investigated NLRC5-dependent regulatory mechanisms 
in the context of inflammation. Applying CRISPR/Cas9 gene 
editing and the piggyBac transposon system to human IEOs, 
we generated NLRC5 KO and inducible NLRC5-overexpressing 
organoids, respectively (figure 3A). Following stimulation with 
inflammatory cytokines IFNγ and TNFα, IEOs were subjected 
to transcriptional profiling (figure 3A). NLRC5 overexpression 
resulted in significant upregulation of MHC-I genes to levels 
comparable to IFNγ-treated wild-type (WT) IEOs (figure 3B,C, 
online supplemental figure S4A). Flow cytometric analysis and 
immunostaining confirmed increased MHC-I protein expression 
on the surface of the IE (online supplemental figure S4B). Impor-
tantly, exposure of IEOs overexpressing NLRC5 to IFNγ led to 
a further increase in MHC-I expression, suggesting an additive/
potentiating effect of NLRC5 on intestinal epithelial MHC-I 
(figure 3B,C). TNFα had little impact on MHC-I gene transcrip-
tion (figure 3C, online supplemental figure S4A). In contrast, the 
treatment of human NLRC5 KO IEOs with IFNγ led to reduced 
induction mRNA and protein levels of MHC-I genes compared 
with the WT IEOs (figure  3D,Ei,ii and online supplemental 
figure S4C). Pathway enrichment analyses performed on NLRC5-
inducible genes confirmed a highly significant enrichment score 
for ‘Antigen processing and presentation of peptide antigen via 
MHC-I’ (online supplemental figure S4D). Above results were 
confirmed in organoids derived from NLRC5-deficient mice 
(Methods, online supplemental figure S5). Lastly, in keeping 
with the in vitro results, NLRC5 expression in primary purified 
IE from patients with CD, UC and control correlated signifi-
cantly with expression of individual MHC-I genes (figure  3F, 
online supplemental figure S6).

Taken together, results demonstrate that NLRC5 upregulates 
intestinal epithelial MHC-I and is capable of potentiating the 
effect of IFNγ.

Increased intestinal epithelial MHC-I expression in patients 
with CD affects the stem cell compartment
To gain further insight into the cell type-specific dynamics 
of MHC-I expression within IBD IE subsets, we performed 
single-cell RNA sequencing (scRNA-seq) on small bowel biop-
sies obtained from patients with IBD and controls (cohort 3, 
figure  4A, online supplemental table S2).24 Major differences 
in MHC-I expression levels were observed between IEC subsets 
that correlated with their location along the crypt-villus axis 
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Figure 2  Loss of major histocompatibility complex class I (MHC-I) DNA methylation (DNAm) correlates with increased gene expression in primary 
intestinal epithelium of patients with Crohn’s disease (CD). (A) Overview of patient cohort, sample preparation and data generation. (B, C) DNAm and 
gene expression in purified terminal ileum (TI) (B) and sigmoid colon (SC) (C) epithelium. (i) Average DNAm (beta value) of all and selected MHC-I 
pathway-related CpGs showing significant, CD-associated loss of DNAm. (ii) Correlation between beta values and corresponding gene expression 
(R=Spearman’s rank correlation). (D) Nucleotide-binding oligomerisation domain, leucine-rich repeat and CARD domain containing 5 (NLRC5) 
promoter DNAm in the IE of healthy, patients with UC and CD at the point of diagnosis and during reassessment. (E) Correlation of NLRC5 promoter 
DNAm in intestinal epithelial organoids (IEOs) obtained from the same patient at diagnosis and reassessment (Spearman’s rank correlation). (F) 
NLRC5 promoter DNAm in TI IEOs derived from patients with CD, UC and control (n=3 IEO per condition, two-way analysis of variance (ANOVA) with 
Turkey’s test for multiple comparisons. ****p<0.0001). (G) NLRC5 mRNA expression in TI IEOs derived from patients with controls, UC and CD at 
baseline and on interferon γ (IFNγ) treatment (10 ng/mL for 6 hours). Data are normalised to the mean of control lines and shown as mean±SEM (two-
way ANOVA with Turkey’s test for multiple comparisons. **P<0.01, *p<0.05, ns=not significant). n=3 IEO lines in each group for three independent 
experiments.
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Figure 3  Nucleotide-binding oligomerisation domain, leucine-rich repeat and CARD domain containing 5 (NLRC5) acts as transcriptional 
transactivator of intestinal epithelial cell (IEC) major histocompatibility complex class I (MHC-I) and potentiates the effect of interferon γ (IFNγ). 
(A) Overview of experimental set-up. (B) Heatmap showing gene expression (RNAseq) of MHC-I pathway genes in terminal ileum (TI) intestinal 
epithelial organoids (IEOs)±NLRC5 overexpression (dox), and ±exposure to IFNγ (n=4 independent replicates). (C) RNA transcription of HLA-A/-B/-C/-
E/-F/-G in response to IFNγ and tumour necrosis factor α (TNFα) in wild type (WT) and NLRC5OE TI IEOs. (D) Relative expression for MHC-I pathway 
genes in WT (NLRC5+/+) and corresponding NLRC5 deficient (NLRC5−/−) TI IEOs±IFNγ (n=3 replicates. Two-way analysis of variance (ANOVA) with 
Bonferroni’s test for multiple comparisons, **p<0.01, ***p<0.001, ****p<0.0001). Data are representative of two independent experiments. (E) 
Immunofluorescence spinning disc microscopy of organoids described in D, ±IFNγ (48 hours). (i) Representative images of untreated (BSA) and treated 
(IFNγ) WT (NLRC5+/+) and NLRC5 deficient (NLRC5−/−) TI IEOs taken by Opera Phoenix. Scale bar=2 mm. (ii) HLA-A,B,C mean intensity quantification 
of BSA and IFNγ NLRC5+/+ and NLRC5−/− TI IEOs. (n=3 independent replicates. Two-way ANOVA with Bonferroni multiple comparisons test, **p<0.01, 
***p<0.001, ****p<0.0001.) (F) Correlation between mRNA gene expression of NLRC5 and (i) HLA-B and (ii) HLA-E, in purified TI and sigmoid colon 
(SC) epithelium (cohort 2) (Spearman’s rank correlation).
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Figure 4  Crohn’s disease (CD)-associated increased intestinal epithelial major histocompatibility complex class I (MHC-I) expression affects the 
stem cell compartment and follows a crypt-villus gradient. (A) Summary of experimental set-up. (B) (i) Schematic representation of intestinal epithelial 
cell (IEC) subtypes and their location within the small bowel (terminal ileum (TI)) crypt-villus structure (TA—transiently amplifying cells). (ii) Uniform 
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arrows. Representative images are shown. Scale bar=100 µm and zoom in scale bar=10 µm.
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(figure  4B,C). Specifically, crypt-based epithelial stem cells, 
paneth cells and transiently amplifying cells demonstrated rela-
tively low MHC-I expression levels compared with differenti-
ated enterocytes located at the villus tip (figure 4C). Importantly, 
increased MHC-I expression levels were observed in TI epithe-
lial cells of CD compared with healthy control and patients 
with UC (figure  4C, right lower panel). Moreover, increased 
expression reached statistical significance in most epithelial 
cell subsets including stem cells (figure 4D). This distinct crypt-
villus gradient of IEC MHC-I expression was confirmed in the 
colonic epithelium of healthy individuals in two publicly avail-
able cohorts (cohort 4, online supplemental figure S7A,B, online 
supplemental table S2,23 cohort 5, online supplemental figure 
S7C, online supplemental table S2).34 Additionally, performing 
scRNAseq on IEOs stimulated with IFNγ confirmed a strong 
induction of MHC-I in all epithelial cell subsets and a crypt-
villus expression gradient (online supplemental figure S7D–F). 
Lastly, RNAscope performed on TI biopsies further confirmed 
increased expression of NLRC5 and TAP1 in the intestinal 
epithelium of patients with CD and colocalisation with CD8+ 
T cells, indicating an epithelial cell-lymphocyte cross-talk via 
MHC-I (figure 4E).

These results indicated distinct MHC-I expression patterns in 
the IE along the crypt-villus axis with increased levels in the CD 
epithelium affecting the stem cell compartment.

Intestinal epithelial MHC-I can activate CD8+ T-cells and 
contribute towards mucosal inflammation in vivo and in vitro
Although all nucleated cells are considered as being capable of 
expressing MHC-I, limited information is currently available on 
the ability of the intestinal epithelium to present antigens and 
activate immune cells such as mucosal lymphocytes. To deter-
mine functional consequences of intestinal epithelial MHC-I in 
vitro and in vivo, we generated small bowel organoids from WT 
and NLRC5-deficient mice. Following exposure to IFNγ, organ-
oids were pulsed with ovalbumin (OVA257-264) Kb-binding 
peptide (SIINFEKL) presented via murine MHC-I molecule 
(H2Kb, figure 5A). Flow cytometric analysis showed increased 
surface staining for MHC-I—ovalbumin (H2Kb-SIINFEKL) in 
organoids pretreated with IFNγ, confirming the ability of IECs 
to present antigen via MHC-I. NLRC5 deficiency led to a signif-
icant reduction in IEC MHC-I—SIINFEKL complex expression 
(figure 5B, online supplemental figure S8A). Next, we generated 
IEOs from the small intestine of OT-I T-cell receptor transgenic 
mice. T-cells from these mice recognise ovalbumin peptides 
when presented by classical MHC-I (H2Kb). Coculture of IEOs 
with peptide-specific cytotoxic T-lymphocytes (CTLs) from 
OT-I mice led to their activation as indicated by increased IFNγ 
expression (figure 5C,D).

To investigate the role of NLRC5 in regulating intestinal 
MHC-I in vivo, we induced mucosal inflammation in WT and 
NLRC5 deficient mice (figure 5E). Following exposure to DSS 
for 6 days, WT mice developed severe intestinal inflamma-
tion, resulting in up to 10% body weight loss at days 7–10. In 
contrast, NLRC5-deficient mice showed only mild symptoms 
and minimal weight loss (figure 5E). Reduced MHC-I expres-
sion on the surface of IECs in NLRC5 KO compared with WT 
mice was confirmed by flow cytometry (figure 5F, online supple-
mental figure S8B). Although at day 14 (8 days post exposure 
to DSS) the body weight of WT mice had recovered, analyses of 
intestinal tissue still revealed histological signs of ongoing small 
and large bowel inflammation in WT compared with NLRC5 
KO mice (online supplemental figure S8E). Furthermore, we 

observed increased size of mesenteric lymph nodes and gut 
weight (figure 5G, online supplemental figure S8E), as well as 
significantly increased infiltration with mucosal inflammatory 
cells (online supplemental figure S8C,D).

Taken together, these findings demonstrate the ability of IECs 
to present antigens via MHC-I and activate CTL in vitro, with 
NLRC5 involved in modulating mucosal MHC-I in the context 
of gut inflammation.

Increased mucosal MHC-I and NLRC5 expression in CD mucosa 
across several patient cohorts
Having demonstrated epigenetically mediated increase of 
MHC-I expression in the intestinal epithelium of patients with 
CD and a key role of NLRC5 in orchestrating mucosal immune 
responses, we speculated that increased transcriptional activity 
should be detectable in whole intestinal mucosal biopsies. We 
therefore analysed mucosal MHC-I gene transcription in two 
publicly available cohorts of patients with IBD and compared 
transcriptional profiles of biopsies with those obtained from 
primary purified intestinal epithelium (cohorts 2, 6 and 7, 
figure  6, online supplemental figure S9 and online supple-
mental table S2).19 35 36 A highly significant increase in MHC-I 
and NLRC5 gene transcription levels was found in TI and SC 
biopsies of patients with CD compared with non-IBD healthy 
controls (figure 6, online supplemental figure S9A,B). Expres-
sion patterns of whole biopsy samples matched those identified 
in primary purified IECs including a CD-specific increase in 
MHC-I and NLRC5 expression in the colonic mucosa compared 
with patients with UC despite showing lower average mucosal 
expression of levels of IFNγ (online supplemental figure S9C).

Together, these results further confirm the strong induction 
of MHC-I and NLRC5 in the inflamed small and large bowel 
mucosa of patients with CD across multiple independent patient 
cohorts.

Intestinal epithelial MHC-I DNAm signatures stratify patients 
with CD and correlate with disease behaviour
Our findings so far have shown a stable loss of MHC-I and 
NLRC5 DNAm in patients with CD, leading to increased gene 
transcription. Combined with the high degree of stability in 
vitro and in vivo, we speculate that epigenetic alterations that 
are present at diagnosis and remain stable throughout the course 
of disease may impact on long-term disease outcome, phenotype 
and severity. Consistent with this hypothesis, unsupervised hierar-
chical clustering based on MHC-I DNAm profiles resulted in the 
separation of patients into three distinct subgroups. Specifically, 
clusters of MHC-I DNA hypomethylation (MHC-I DNAm low) 
were enriched for patients with CD in both small (TI) and large 
bowel (SC) epithelium, while non-IBD/healthy controls repre-
sent the majority of samples within the MHC-I DNAm ‘high’ 
cluster (figure  7A and online supplemental figure S10A, right 
panels). A clear molecular stratification of patients with CD was 
also achieved based on unsupervised clustering of primary IEC 
or whole biopsy MHC-I gene expression profiles across multiple 
patient cohorts (online supplemental figure S11). Importantly, 
average MHC-I DNAm in TI organoids was found to differ 
significantly between patients with regards to several relevant 
disease phenotypes and outcome parameters including perianal 
disease, use of a thiopurine immunomodulator or biologics, as 
well as an overall more severe disease (based on a compound 
summary disease outcome/severity score, figure 7B and online 
supplemental figure S10B). Next, we aimed to develop a refined 
prognostic signature using combined WGCNA and machine 
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learning approaches (see the Methods section). As shown in 
figure 7C, results of analyses identified 28 MHC-I related CpGs 
(online supplemental tables S9 and S10) which allowed strati-
fication of patients with CD into distinct molecular subgroups 
(figure 7Ci) and improved separation of patients with CD based 
on disease severity (figure  7Cii). Development of a risk score 
based on these 28 CpGs (see supplementary methods) allowed 
prediction of a severe disease outcome in patients with CD with 
receiver operator analyses returning 72% area under the curve 
(AUC 0.721, figure 7Ciii). Additionally, as shown in figure 7iv, 
using a cut-off risk score of >0.65 increases the prediction of a 
severe disease outcome from 43.6% to 72.7%, while in patients 
with a risk score <0.33, the posterior probability of a severe 
disease course drops to 18.2% (figure  7Civ). Lastly, applying 
the same computational strategies allowed identification of 53 
MCH-I related CpGs that showed a high diagnostic accuracy 
for CD with an AUC of 0.82 (online supplemental figure S10C).

In summary, substantial variation in IEC MHC-I DNAm 
allows stratification of patients with CD into distinct molecular 
subgroups that correlate with disease phenotype and long-term 
outcome/disease severity.

DISCUSSION
Altered function of the intestinal epithelium has long been 
considered a key factor in CD pathogenesis. However, while 
major attention has been placed on potential mechanisms 
leading to impaired barrier function,3 37 38 the potential role of 
the intestinal epithelium as an antigen-presenting and processing 
cell type has largely been neglected. Here, we have identified 
highly stable DNAm changes as the novel underlying mechanism 
leading to increased MHC-I expression in the intestinal epithe-
lium of patients with CD. Generating adult stem cell-derived 
IEOs allowed us to eliminate the potentially confounding impact 
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Figure 5  Intestinal epithelial cells (IECs) present antigen via major histocompatibility complex class I (MHC-I) and activate CD8+ T cells in vitro 
with nucleotide-binding oligomerisation domain, leucine-rich repeat and CARD domain containing 5 (NLRC5) acting as key modulator of mucosal 
inflammation in vivo. (A) Overview of experimental set-up. (B) Quantification of H2Kb-SIINFEKL and pan-H2Kb flow cytometry on live EpCAM+ cells 
in murine intestinal epithelial organoids (IEOs) stimulated with or without interferon γ (IFNγ) (48 hours) and pulsed with or without OVA257–264 
peptide (SIINFEKL) peptide. Data are representative of two independent experiments run in triplicates. GMFI, geometric mean fluorescence intensity; 
AU, arbitrary units. P values were calculated by two-way analysis of variance (ANOVA) with Bonferroni test for multiple comparisons (**p<0.01, 
****p<0.0001). (C) Overview of experimental design. (D) Quantitative PCR gene expression of Ifng for coculture experiment in murine IEOs±SIINFEKL 
peptide pulse and cocultured with SIINFEKL-activated OTI T-cells. Data are presented as fold change over unstimulated OTI cells minus murine IEOs, 
normalised to Cd8a. P values were calculated using two-way ANOVA with Bonferroni’s multiple comparisons test (***p<0.001, ns=not significant). 
(E) Body weight changes over time during and after a 6-day course of 2% dextran sulphate sodium (DSS) exposure. (n=8 and n=5 Nlrc5fl/fl and 
Nlrc5-/- mice, respectively. P values calculated by multiple t-tests with Holm-Šídák correction for multiple comparisons.) (F) Quantification of H2Kb 
surface expression on EpCAM+ cell populations within the lamina propria extractions of DSS-treated mice. All panels: data are representative of two 
independent experiments (**p<0.01). (G) Colon weight per unit length and mesenteric lymph node (MLN) weight and spleen weight of Nlrc5 wild 
type and knockout mice, on day 14 after initiation of 6-day course of 2% DSS (**p<0.01).
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of mucosal inflammation on DNAm as well as demonstrate 
the stability of DNAm in vitro. Specifically, given the fact that 
CD DNAm changes were retained in patient-derived IEOs and 
remained stable even over prolonged periods of in vitro culture 
indicates that epigenetic changes affect intestinal stem cells and 
are being inherited/passed on during mitosis in the absence of 
an inflammatory milieu. Our findings are in keeping with and 
provide mechanistic insight for previous studies reporting IBD-
associated transcriptional differences in IEOs.19 39–41 Further-
more, CD-associated DNAm changes observed in IEOs were 
validated in purified IECs and found to correlate with gene tran-
scription (figure 2). Indeed, highly significant increased MHC-I 
gene expression was confirmed in mucosal biopsies from two 
large independent cohorts of adult and paediatric patients with 
CD.

Although the cause of stable DNAm changes in the intestinal 
epithelium of patients with CD remains speculative, our find-
ings provide further evidence to support the emerging concept 
of inflammatory memory and trained innate immunity.42 43 

Specifically, exposure to environmental triggers, occurring at 
critical periods during development, can lead to enduring epigen-
etic changes that determine cellular function. Together, with 
the continued exposure to an ever-wider range of new patho-
gens, pollutants and allergens, this mechanism has already been 
demonstrated in epithelial cells of the skin, lung and intes-
tinal epithelium.43–45 The well-known increase in incidence of 
IBD in countries such as India, China and the Middle East has 
been linked to the adoption of a more ‘urban’ lifestyle, high-
lighting the impact of recent changes in social environment on 
pathogenesis.11

Importantly, our study demonstrates that IEOs faithfully 
retain patient-specific, CD-associated DNAm changes in culture, 
further validating them as powerful translational research tools. 
Specifically, observed correlation between IEO-derived MHC-I 
DNAm signatures and disease severity highlights the major 
potential for these molecular signatures as clinical biomarkers. 
Larger validation studies are now underway to further enhance 
the value of cell-type intrinsic epigenetic signatures as clinical 

Figure 6  Increased major histocompatibility complex class I (MHC-I) gene expression in the small bowel intestinal mucosa of patients with Crohn’s 
disease (CD) across different cohorts and data sets. (A) Overview of sampling sites and data types of cohorts 2, 6 and 7. (B) Average/summary MHC-I 
score and expression of selected MHC-I pathway genes. Expression split by diagnosis in TI biopsy samples from cohort 2 (n=32), cohort 6 (n=322) and 
cohort 7 (n=78).
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Figure 7  Intestinal epithelial cell (IEC) major histocompatibility complex class I (MHC-I) DNA methylation (DNAm) stratifies patients into distinct 
subgroups that correlate with phenotype and disease severity. (A) (i) Unsupervised hierarchical clustering of average MHC-I DNAm in terminal ileum 
(TI) (n=127) intestinal epithelial organoids (IEOs) (cohort 1). Distribution of IEOs based on the MHC-I DNAm score cluster is shown on the right. 
(ii) Unsupervised hierarchical clustering of average MHC-I DNAm in primary purified TI (n=70) IECs (cohort 2). Distribution of primary purified IECs 
based on the MHC-I DNAm score cluster split by diagnosis is shown on the right. (B) Average MHC-I DNAm score in TI IEOs derived from patients 
with Crohn’s disease (CD) comparing disease outcome and phenotype: (i) patients with and without requirement for treatment with azathioprine; (ii) 
patients with and without treatment escalation to biologics; (iii) patients with and without the presence of perianal disease; (iv) patients with overall 
severe versus mild/moderate disease outcome. (C) (i) Unsupervised hierarchical clustering of average MHC-I DNAm in TI CD (n=55) IEOs (cohort 1). 
Distribution of IEOs based on the MHC-I DNAm score cluster split by disease severity is shown on the right. (ii) Box plot of average MHC-I DNAm and 
selected 28 prognostic CpGs in TI CD (n=55) IEOs (cohort 1), for CD samples with severe and mild/moderate disease outcomes, respectively. P values 
were calculated by two-way Welch’s t-test (**p<0.01). (iii) Receiver Operating Characteristic Curve (ROC) curves and area under the curve (AUC) 
scores of logistic regression classifiers for CD severity prognosis using TI CD (n=55) IEOs (cohort 1), based on selected 28 prognostic CpGs, 628 MHC-I 
CpGs and median of random selections of 628 CpGs, respectively. (iv) Fagan’s nomogram of CD severity risk stratification by prognostic risk scores 
(online supplemental figure S10C) based on selected 28 CpGs in TI CD (n=55) IEOs (cohort 1).

https://dx.doi.org/10.1136/gutjnl-2024-332043
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biomarkers. The availability of a large living organoid biobank, 
containing over 300 well-characterised lines, provides unique 
opportunities for the development of novel treatments specifi-
cally targeting intestinal epithelial MHC-I.

The current study does not go on to fully elucidate the 
complex downstream consequences of increased intestinal 
epithelial MHC-I expression and does not identify specific caus-
ative factors for the observed epigenetic changes. More work 
is required to fully understand the potential impacts of our 
observations.

Our study has identified epigenetically regulated intestinal 
epithelial MHC-I as a novel mechanism in CD pathogenesis. 
These findings support a paradigm shift towards the role of the 
intestinal epithelium as a non-classical antigen-presenting cell 
type directly driving chronic intestinal inflammation through 
increased interaction with mucosal lymphocytes.
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