
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

Balasubramanian et al. Stem Cell Research & Therapy           (2026) 17:71 
https://doi.org/10.1186/s13287-025-04872-8

Stem Cell Research & Therapy

*Correspondence:
Paloma Ordóñez-Morán
paloma.ordonezmoran@nottingham.ac.uk

Full list of author information is available at the end of the article

Abstract
Background  Intestinal epithelial stem cells (SCs) and their transit-amplifying (TA) progeny are critical for mucosal 
repair and regeneration. However, their behaviour under chronic inflammatory conditions, such as those observed in 
Inflammatory Bowel Disease (IBD), remains incompletely understood.

Methods  We investigated the impact of chronic inflammation on intestinal stem/progenitor cells by integrating bulk 
RNA sequencing from the largest IBD biopsy cohort to date with single-cell transcriptomic analysis and experimental 
assays using patient-derived intestinal organoids.

Results  Active inflammation was associated with a reduction in canonical LGR5⁺ intestinal stem cells and a 
concurrent expansion of OLFM4⁺ populations, consistent with an inflammation-induced epithelial repair program. 
Notably, SC/TA cells from both inflamed and non-inflamed IBD tissues exhibited persistent transcriptional changes 
that were distinct from those in healthy controls. Single-cell analysis identified transcriptionally heterogeneous SC/
TA subpopulations, including a previously uncharacterized inflammation-associated cluster enriched in immune 
signalling pathways. Pseudotime trajectory analysis demonstrated a shift in differentiation toward deep crypt 
secretory (Paneth-like) cell lineages under inflammatory conditions.

Conclusions  Chronic intestinal inflammation reshapes the epithelial stem and progenitor cell compartment, 
promoting altered differentiation and the emergence of immune-responsive epithelial states. These findings highlight 
the plasticity of the human intestinal epithelium in IBD and point to new avenues for therapeutic strategies aimed at 
maintaining epithelial integrity during chronic inflammation.

Keywords  Inflammation, Stem cells, Progenitors, Regeneration, Gene expression, Inflammation bowel disease, 
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Introduction
Inflammatory Bowel Disease (IBD) is increasingly rec-
ognized by the World Health Organization as a major 
global health concern, especially given its rising preva-
lence in high-income countries and growing incidence 
among younger populations [1–3]. IBD encompasses 
chronic, relapsing-remitting inflammatory disorders 
of the gastrointestinal tract, with Crohn’s disease (CD) 
and Ulcerative Colitis (UC) being the primary subtypes. 
These conditions are driven by an abnormal immune 
response directed at the intestinal lining, resulting in 
symptoms such as abdominal pain, diarrhea, fatigue, and 
weight loss. Over time, approximately 70% of individuals 
with CD and 20–30% of those with UC require surgical 
intervention due to complications like strictures, fistulas, 
abscesses, or failure of medical therapy and malignancy 
[2, 3]. Although the exact aetiology of IBD remains unre-
solved, current evidence supports a multifactorial origin 
involving genetic susceptibility, environmental triggers, 
and immune system dysregulation.

During chronic inflammation, epithelial cells are per-
sistently exposed to pro-inflammatory cytokines and 
oxidative stress, leading to the activation of signalling 
pathways such as Hippo-YAP1 and Wnt/β-catenin, which 
are crucial for maintaining intestinal homeostasis [4–6]. 
This inflammatory environment compromises the gut 
barrier by altering epithelial function and increasing tis-
sue permeability, thereby intensifying immune responses 
[7, 8]. These changes negatively impact the proliferation 
of intestinal stem cells (SC) and transit-amplifying pro-
genitors (TA), while also promoting cell death, ultimately 
weakening epithelial integrity [9]. SC, which reside at 
the intestinal crypts, are essential for sustaining epithe-
lial renewal by generating TA that divide and differenti-
ate into the diverse mature cell types lining the intestine 
[10–12]. It is unclear how SC and TA (SC/TA) attempt 
to repair or adapt to the inflammatory environment, 
or what specific signals drive their response in a timely 
manner in healthy and IBD tissue. It is particularly rele-
vant to know how these cells adapt under stress: whether 
they shift towards rapid proliferation to replace damaged 
cells, lean towards self-renewal to preserve the stem cell 
pool or undergo differentiation.

Bestrophin-4 (BEST4)⁺ cells, are a subpopulation of 
mature absorptive epithelial cells characterized by the 
expression of the ion channel BEST4 [13]. These cells 
have an important physiological relevance because their 
unique gene expression profile shows that they have 
a specialized functions in pH regulation, electrolyte 
transport, antimicrobial defense, and immune commu-
nication [14]. BEST4+ cells are emerging as an impor-
tant cell type in IBD and their loss in inflammation has 
been reported [14–16], Disruptions among BEST4⁺ cells 
could impact barrier function, antimicrobial defense, 

and local immune environments, processes highly rel-
evant to IBD pathophysiology. However, the underlying 
mechanisms, functional consequences, and potential for 
barrier permeability and regeneration remains unclear. 
One of the main reasons for limited progress in this area 
is the absence of BEST4⁺ cells in mice [17–20]. Integrat-
ing them into our human studies of SC/TA populations is 
relevant for better understanding the origins of BEST4+ 
as they may arise from distinct stem or transit-amplify-
ing cells and understanding their role during chronic 
inflammation. Overall, the functional relevance of SC/TA 
and BEST4+ cells and its dynamic changes in IBD could 
reveal key insights into tissue repair, novel therapeutical 
approaches and the understanding of IBD progression.

In this study, we set out to identify the dynamic molec-
ular response of intestinal SC, TA and BEST4+ epithelial 
cell types during inflammation by comparative analysis 
of omics data and experimental approaches using IBD 
patients tissue data, DSS-treated UC mouse mod-
els and IBD patient-derived organoids (PDOs). Using 
our multimodal approach, we assessed changes in cell 
type markers, identified biological processes, and path-
way modulations associated with inflammation. Our 
approach offers the first evidence in a controlled setting 
to trace molecular signatures and adaptive responses 
of distinct epithelial molecular clusters in relation to 
inflammation severity, providing valuable insights into 
how inflammatory processes disrupt SC/TA epithelial 
function and contribute to IBD progression. Modulation 
of these cell types reflects a shift in stemness and differ-
entiation pathways, where specific OLFM4⁺ SC/TA cells 
increasingly remain in a proliferative state under height-
ened inflammation, rather than progressing toward full 
epithelial maturation. Moreover, BEST4+ mature cells 
showed a slight increase in low-inflammation tissue, 
however, their numbers were significantly downregulated 
under high inflammatory conditions. These cells may 
play a regulatory role in maintaining epithelial homeosta-
sis and their reduction during severe inflammation could 
contribute to disease progression in IBD. This epithelial 
remodelling highlights a potential pathogenic imbalance 
between stemness and differentiation in both inflamed 
and non-inflamed IBD epithelium. Furthermore, we 
detected that the differentiation trajectory of IBD stem 
cells is skewed toward the deep crypt secretory cell lin-
eage, also referred to as colonic Paneth-like cells, indi-
cating an aberrant differentiation process. Collectively, 
our findings demonstrate for the first time how intesti-
nal stem cell and progenitor epithelial cell types actively 
engages in adaptive responses to inflammation, balancing 
proliferation and differentiation processes that are criti-
cal for tissue repair and epithelial.
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Fig. 1 (See legend on next page.)
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Results
Profiling epithelial cell heterogeneity based on 
inflammation severity
To understand the epithelial cell heterogeneity under 
varying degrees of inflammation, we investigated the cell 
type distribution based on macroscopic appearance of 
IBD tissue. To that end, we utilized bulk-RNA sequencing 
(RNAseq) data from the largest cohort of IBD patients’ 
biopsies analysed to date (IBD Plexus Study of a Prospec-
tive Adult Research Cohort, SPARC IBD) (UC = 1,097, 
CD = 2,138) of the Crohn’s & Colitis Foundation IBD 
Plexus program which includes clinical, genetic, molecu-
lar, environmental, and patient-reported outcomes from 
individuals with CD or UC [21] (Figure S1A).

We employed deconvolution analysis using CIBER-
SORTx to quantitatively estimate the epithelial, immune, 
and stromal cells type proportion with a signature matrix 
constructed using single cell-RNAseq (sc-RNAseq) data 
from human intestine as reference [15] (Fig. 1A and S1B). 
The overall quantitative relative abundance of cycling TA, 
and immature enterocytes (2) pool involved mainly in 
metabolic processes, decreased with increasing inflam-
mation severity reflecting an altered capacity within 
the epithelial lining. However, there was an increase in 
immature enterocytes (1), which are involved in tight 
junction repair during inflammation [22]. This rise may 
be a compensatory mechanism, aiming to restore bar-
rier integrity despite the diminished support from the TA 
pool. In parallel, M cells, key players in mucosal immune 
surveillance, were significantly enriched in inflamed tis-
sues, consistent with heightened immune activity (Fig. 
1B and S1C). Well-characterized SC, TA, BEST4+ cell 
type markers and/or Wnt pathway target genes, such 
as LGR5, AXIN2, EPHB2, ASCL2, PROM1, LRIG1 and 
BEST4, were significantly lower expressed in inflamma-
tion vs. normal or possible inflammation of UC (Fig. 1C, 
D) and CD (Figure S1D, E). In contrast, OLFM4, a key 
SC/TA marker strongly associated with cell prolifera-
tion and rapid cellular renewal [23], increased as inflam-
mation intensified (Fig. 1C, D and S1D, E). Clusterin 
(CLU) ‘revival stem cell’ pool marker involved in tissue 
regeneration after injury [24] increased with inflamma-
tion severity (Fig. 1C and S1D). This suggested an adap-
tive response, where OLFM4+ proliferative cells in IBD 

tissue aim to counterbalance the loss of epithelial integ-
rity caused by inflammation.

To understand better the healthy SC/TA response to 
an initial signal of injury and compare it to IBD tissue 
response, we analysed the DSS-mouse model bulk-RNA-
seq [25] (GSE22307), and the sc-RNAseq 26(GSE264408) 
data where EPCAM+ epithelial cells were extracted from 
the total cell population (Fig. 1F). SC/TA and Wnt gene 
expression markers as Lgr5, Sox9, Ephb2 and Axin2 
decreased over the course of inflammation, indicating a 
general decline within the intestinal tissue in vivo that 
are altered by an inflammatory stimulus. Lgr5+ stem cells 
tend to recover at day 4, reflecting an initial response to 
restore this pool in healthy epithelium. We identified 
an upregulation of Clu expression correlated with rising 
levels of S100 Calcium-Binding Protein A9 (S100A9), a 
biomarker commonly upregulated in inflammatory dis-
eases [27] (Fig. 1E-G). Interestingly, Olfm4 increased at 
the protein level as inflammation intensified in the small 
intestine of DSS-treated mice (Fig. 1H). These findings 
show how SC/TA pools balance regeneration and barrier 
integrity during inflammation in healthy and IBD tissue.

Characterization of epithelial cell types in IBD vs. healthy 
tissue using a 3D patient-derived organoid model
To investigate epithelial cell heterogeneity in IBD cells in 
absence of active inflammatory conditions, we derived 
3D-intestinal epithelial organoids from IBD patient’s 
biopsies that retain the unique genetic and phenotypic 
characteristics of patient’s tissue that had been affected 
by chronic inflammation [28–30] (Fig. 1A). The expan-
sion of these cells allowed us to create simplified in vitro 
IBD models that maintain active stem cell niches, and 
ongoing differentiation characteristic of non-inflamed 
(IBD normal) patients’ cells (Fig. 2A). We performed 
bulk-RNAseq of healthy (hPDOs) derived from healthy 
individuals and IBD-PDOs derived from IBD patient’s 
tissue: IBD patient 89 (P89), P90 and P99. All the IBD-
PDOs exhibited similar gene expression profiles, with 
P99 displaying a more pronounced inflammatory pheno-
type (Supplementary Fig. 2A-C). Healthy and IBD-P99 
organoids of early (passage 3) and late passages (pas-
sage 10) were sequenced to assess potential differences 
in molecular characteristics over time in culture. This 
approach allowed us to determine that passage number 

(See figure on previous page.)
Fig. 1  Epithelial cell heterogeneity profile varies with inflammation severity in IBD. (A) Bar plots showing the relative proportions of epithelial cell types 
stratified by endoscopic inflammation scores in SPARC IBD-UC samples. (B) Violin plots depicting significant differences in cell type proportions across 
macroscopic appearance groups (normal, possible inflammation, inflammation). (C) Violin plots of representative epithelial gene markers across the same 
macroscopic groups. (D) Heatmap showing unsupervised clustering of epithelial marker genes based on macroscopic inflammation classification. (E) 
Heatmap (left) and spline curve (right) illustrating dynamic expression of epithelial markers over time in DSS-treated mice (GSE22307). (F) Violin plots of 
selected gene markers in the DSS-treated mouse model from the same dataset. (G) Dot plot of epithelial marker expression in single-cell RNA-seq data 
from DSS-treated mice (GSE264408), categorized by normal, acute, and chronic colitis. (H) Representative immunofluorescence images of mouse small 
intestine sections from control and DSS-treated animals stained for OLFM4 (red) and DAPI (blue). Yellow arrows indicate crypts. Images represent three 
independent biological replicates. Scale bar = 100 μm
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did not have a major influence on their gene expression 
profile (Fig. 2B-I and S2A).

The RNA-seq data was first validated by analysing 
previously reported IBD-PDOs biomarkers [31]: down-
regulated genes (AQP8, CD177, PIGR, PLA2G2A, and 
ZNF257) (Fig. 2B) and upregulated genes (FLNA, HLA-
DRA, HLA-DRB1, KCNJ3, LYZ, MSN, and SLITRK6) of 
IBD- vs. hPDOs (Fig. 2C). We identified 80 upregulated 
and 20 downregulated DEGs in IBD- vs. hPDOs (fold 
change cutoff = 5, p-value < 0.05), where IBD-PDOs 
exhibited upregulation of genes involved in inflammatory 
pathways, such as cytokines and chemokines as IL-1β and 
IL-6 (Fig. 2D, E). By Signalling Pathway Impact Analysis, 
we found other enriched pathways such as Wnt, PI3K-
Akt and Ras, and downregulated pathways such as TGFβ 
signalling in IBD-PDOs vs. hPDOs reflecting the impact 
of chronic inflammation on intestinal non-inflamed IBD 
epithelial tissue which included metabolic shifts, epithe-
lial barrier function and, key signalling pathways involved 
in regeneration (Fig. 2F and S2B).

To quantify and compare cell type content in both type 
of PDOs, we employed deconvolution analysis using 
CIBERSORTx with a signature matrix constructed using 
sc-RNAseq data from healthy human intestinal epithe-
lial cells as reference [32]. We found that TA and Paneth 
cells were increased in IBD- compared to hPDOs while 
BEST4+ and enterocyte pools were decreased (Fig. 2G). 
By qPCR we detected a significant increase of OLFM4 in 
IBD- compared to hPDOs, however we found no signifi-
cant change in LGR5 and CLU expression (Fig. 2H and 
S2C). Moreover, the bulk-RNAseq gene expression analy-
sis confirmed the significant upregulation of OLFM4 and 
EPHB2 (TA and Wnt target gene, respectively) in IBD- 
vs. hPDOs (Fig. 2I).

IL-22 is a cytokine that has a pivotal role in enhancing 
epithelial proliferation and stem cell-driven regeneration 
[33, 34] which are essential processes disrupted during 
IBD. So, we analysed IL-22 pathway activation in human 
hPDOs to study OLFM4+ proliferative cells function in 
repair and regenerative intestinal mechanisms [35, 36]. 
To that end we extracted EPCAM+ epithelial cells from 
the total population of sc-RNAseq data [35] (GSE189423) 
and analysed the DEGs (Fig. 2D-G). Interestingly, one of 
the top upregulated genes was OLFM4 (Fig. 2I) which we 
further validated by qPCR in our IL-22 treated vs. control 
hPDOs. In parallel, IL-22 treatment reduced goblet cells 
detected by the decrease of MUC2 expression marker 
(Fig. 2J, K). Our findings identify OLFM4+ pool as key 
players of IBD epithelium and in epithelial repair mecha-
nisms induced in healthy epithelium.

Characterization of SC/TA and BEST4+ pools in healthy and 
IBD non-inflamed and inflamed tissue
We next analysed the heterogeneity of intestinal SC/TA 
and BEST4+ cell pools as these are key epithelial cells 
involved in regeneration by using publicly available sc-
RNAseq data [15, 37]. We extracted EPCAM+ epithelial 
cells from IBD non-inflamed (IBD normal) and inflamed 
tissues, and from healthy individual biopsies (UC = 
18, healthy = 12 and, CD = 46, healthy = 25). Cell type 
annotations were standardized by using epithelial refer-
ence dataset (Fig. 3A) (GSE185224) and labels of the cell 
types were transferred into the selected sc-RNAseq data 
using SingleR, ensuring unbiased labelling across data-
sets [38] (Fig. 3B and S3A). We then extracted SC/TA, 
and BEST4+ cell populations data, the latter being part of 
the enterocyte lineage directly derived from progenitors. 
We separated the data into healthy, non-inflamed (or 
normal), and inflamed groups, and observed a decrease 
in the SC/TA and BEST4⁺ pools in IBD inflamed tissue 
compared to healthy samples (Fig. 3C and S3B).

Next, we performed principal component analysis on 
the variable features in a total of 11,268 cells for UC and 
9,894 cells for CD datasets. We identified clusters using 
the Louvain algorithm with results visualised via Uni-
form Manifold Approximation and Projection (UMAP). 
This analysis resulted in 19 transcriptionally distinct 
UC clusters, and 13 CD clusters highlighting the func-
tional heterogeneity and roles of SC/TA and BEST4+ cell 
types (Fig.  3D and S3C). Clusters were further classi-
fied based on the cell type (BEST4+, SC and TA) (Fig. 3E 
and S3D) and health status of the source tissue (healthy, 
non-inflamed and inflamed) (Fig. 3F and S3E). The rela-
tive abundance of these clusters was evaluated based on 
cell types and health status (Fig. 3G, H and S3F, G). We 
used the top 50 gene markers of each cluster to identify 
representative pathways, cell types and gene ontologies 
enrichment analyses (Table S1). Of all the computed 
clusters, UC-C1, -3, -4, -7, -11, -12, -17, -18 and CD-C1, 
-5, -8, -12, -13, aligned clearly with known biologi-
cal processes so we further refined the markers specific 
to these clusters (Fig. 3I, J and S3H, I). Interestingly, we 
identified six gene clusters (UC-C1, -3, -12 and CD-C1, 
-5, -8) that predominantly consisted of TA cells (Fig. 3G 
and S3F) highly enriched in MKI67+ proliferative states, 
showing high expression of proliferative markers like 
PTTG1, and UBE2C (Fig.  3I-K and Table S1). The gene 
clusters UC-C1, -3 and CD-C1, -5 reflected enrich-
ment of genes associated with cell division, M-phase of 
cell cycle, and microtubule cytoskeleton organization in 
mitosis. UC-C12 and CD-C8 were enriched in markers 
of S-phase, DNA synthesis and replication (Fig.  3L and 
S3H).

Furthermore, we observed that IBD-PDOs vs. hPDOs 
had higher expression levels of the top 50 proliferative 
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Fig. 2 (See legend on next page.)
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markers, likely highlighting these cells’ role in adaptive 
proliferative mechanisms (Figure S3I). We further anal-
ysed the top 50 markers from these clusters in the DSS-
mouse model (GSE22307) and observed that the MKI67+ 
cluster markers showed a biphasic proliferative response 
of healthy cells to cellular damage. This response was 
characterized by an initial decrease in proliferation, fol-
lowed by a subsequent replenishment of proliferative 
cells, surpassing the original gene expression levels (Fig-
ure S3J, K). We further validated increased expression of 
OLFM4 in IBD inflamed and non-inflamed vs. healthy 
tissue in most of the clusters (Figure S3L). Together these 
findings highlight relevant and unique dynamics of these 
clusters in the SC/TA and BEST4+ pools during inflam-
mation in healthy and IBD epithelium.

An immune-enriched gene cluster present exclusively in 
SC/TA and BEST4+ pools of IBD inflamed tissues
We further investigated clusters UC-C18 and CD-C12 
as these were predominantly composed of IBD cells and 
were absent in healthy tissue (Fig. 3H and S3G). Enrich-
ment analysis of the top 50 gene markers from each 
cluster showed their involvement in immune-related 
pathways such as IL-17, TNFα, NF-kB and Oncostatin 
M (Fig. 4A and S4A). Notably, top marker genes such 
as ANXA1, REG4, TFF1, and TIMP1, previously linked 
to mucosal healing, epithelial restitution, and regenera-
tion, were highly expressed within these clusters [39–42]. 
Markers for UC: ANXA1, REG4, TFF1, CD55, TIMP1, 
and PI3; and for CD: PI3, IGGL5, REG4, DUOXA2, 
TIMP1, and CXCL1) were chosen for further analysis as 
their expression was specific to UC-C18 and CD-C12, 
respectively (Fig. 4B and S4B). These markers were pres-
ent in SC, TA and BEST4+ cell types (Fig. 4C, D and 
S4C, D). In SPARC IBD UC and CD data, the top genes 
of UC-C18 and CD-C12 were able to stratify patients 
according to their macroscopic appearance. Moreover, 
the average expression of these genes was significantly 
upregulated in inflammation and possible inflammation 
groups when compared to the normal group. Interest-
ingly, this upregulation was also statistically significant 
in inflammation vs. possible inflammation group (Fig. 

4E, F and S4E, F). We observed that the average gene 
expression of this signature increased with inflammation 
status from day 0 to 6 of DSS-treated mice (GSE22307) 
(Fig. 4G and S4G). In IL-22 treated hPDOs sc-RNAseq 
data (GSE189423) we found that ANXA1, CD55, PI3 and 
TIMP1 were increased in IL-22 treated human organ-
oids vs. control and all of them were expressed in LGR5+ 
stem cells (Fig. 4H, I). Hence, the UC-C18 and CD-C12 
gene signature, represent inflammatory biomarkers of the 
epithelial compartment, and show promise in molecu-
larly stratifying IBD patients based on their macroscopic 
appearance.

Inflammation-dependent adaptive dynamics of epithelial 
cells categorized by a novel inflammation-linked gene 
signature associated with disease severity in IBD
We aimed to identify a reliable inflammation-associated 
gene signature to molecularly stratify patient samples 
according to the degree of inflammation and understand 
epithelial dependent inflammation dynamics. We curated 
an inflammation-related gene list (n = 476) (Table S2) and 
compared their average gene expression in different clini-
cal classifications of inflammation severity. We catego-
rized the samples by clinical disease activity and found 
not significant differences between the groups defined by 
Mayo score for UC (mild, moderate, severe, and remis-
sion) and short Crohn’s Disease Activity Index (sCDAI) 
for CD (Fig. 5A and S5A). However, when samples were 
categorized by macroscopic appearance recorded during 
endoscopy of IBD patients (normal or non-inflamed, pos-
sible inflammation, and inflammation) they formed three 
significantly distinct groups (Fig.  5B and S5B). We then 
confirmed that S100A9 gene expression was significantly 
upregulated in the inflamed samples when compared to 
possible inflammation or normal ones (Fig. 5C and S5C). 
We further confirmed S100A9 protein upregulation in 
inflamed vs. non-inflamed regions of IBD patient’s tissue 
samples (Fig. 5D).

We validated the categorization of these groups by 
using an inflammation-related gene signature (n = 42) 
from a prior UC study [15] (Figure S5D, E). In addition 
to the expected upregulation of inflammatory genes in 

(See figure on previous page.)
Fig. 2  Characterization of epithelial cell alterations in IBD using a patient-derived organoid (PDO) model. (A) Representative brightfield microscopy im-
ages of healthy (hPDOs) and IBD-derived PDOs (IBD-PDOs). Scale bar = 100 μm. Bulk RNA-seq analysis of hPDOs (n = 7, results of 2 independent batches 
with early passage (n = 3, 3 independent wells) and late passage (n = 4, 4 independent wells) and IBD-PDOs ( n = 13, results of 3 independent donors, P89 
(n = 4, 4 independent wells), P90 ( n = 3, 3 independent wells) and P99 (n = 6, results from 2 independent batches with early passage (n = 3, 3 independent 
wells) and late passage (n = 3, 3 independent wells). (B–C) Heatmaps showing expression of previously reported IBD-related markers (Dotti et al. 2017) 
in hPDOs and IBD-PDOs: (b) downregulated and (c) upregulated genes. (D) Volcano plot of differentially expressed genes (DEGs) between hPDOs and 
IBD-PDOs (adjusted p < 0.05, log₂ fold change > 5). Red dots represent significant DEGs; grey dots are non-significant. Total genes analysed: 26,771. (D) 
Heatmap of top DEGs distinguishing hPDOs from IBD-PDOs. (F) Bubble plot showing enriched pathways in IBD-PDOs vs. hPDOs using Signaling Pathway 
Impact Analysis (SPIA). (G) Bar plot indicating estimated epithelial cell-type proportions in hPDOs and IBD-PDOs by computational deconvolution. (H) Bar 
plots showing mRNA expression levels of LGR5, OLFM4, and CLU in hPDOs (n = 4) and IBD-PDOs (n = 5). Results of 3 independent experiments. (I) Heatmap 
of selected epithelial gene markers in hPDOs and IBD-PDOs. (J) Brightfield images of hPDOs treated with IL-22 or vehicle control. Scale bar = 500 μm. 
Representative images from three independent biological replicates. (K) Bar graphs showing increased OLFM4 and decreased MUC2 mRNA expression in 
IL-22-treated hPDOs relative to control, as assessed by qPCR (n = 3) Results of 3 independent experiments
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the inflamed vs. normal group, we found that possible 
inflammation category also showed elevated expres-
sion of inflammatory markers compared to the normal 
group suggesting an underlying genetic predisposition 
to inflammation that is not clear in tissue macroscopic 
assessments. Overall, we found that the macroscopic 
appearance is a reliable classifier of inflammation sever-
ity, hence, it was maintained for further analyses.

We then performed differential gene expression analy-
sis to compare the inflammatory profile across these 
groups using the curated inflammation-related gene 
signature (n = 478). In UC, we found 112 differentially 
expressed genes (DEGs) between inflammation vs. nor-
mal samples, 38 DEGs between possible inflammation 
vs. normal samples, and 29 DEGs between inflammation 
vs. possible inflammation samples (Table S3). A Venn 
diagram illustrated that 26 genes (26-GIN-UC) were 
consistently differentially expressed across all three com-
parisons (Fig.  5E). In addition, multiple dimensionality 
(MDS) analysis showed that this gene signature was effec-
tive in clustering the samples according to the clinical 
classifier of their macroscopic appearance highlighting 
their potential in distinguishing inflammation (Fig.  5F). 
In CD, we found 380 DEGs between inflammation vs. 
normal samples, 304 DEGs between possible inflamma-
tion vs. normal samples and 35 DEGs between inflamma-
tion vs. possible inflammation samples A Venn diagram 
illustrated those 30 genes (30-GIN-CD) shared among 
the three comparisons and MDS plots demonstrated 
effective sample stratification (Table S3 and Figure S5F, 
G). To further evaluate both gene signatures (26-GIN-UC 
and 30-GIN-CD), we performed unsupervised hierarchi-
cal clustering analysis on the SPARC IBD cohort which 
aligned with macroscopic appearance effectively cluster-
ing the samples according to the inflammation category. 
Enrichment analysis of these two gene signatures showed 
strong representation of inflammatory response path-
ways as TNFα and IL-6/JAK/STAT (Fig. 5G, H and S5H, 
I). Comparison of inflamed vs. normal samples from the 
proteomics SPARC IBD dataset (UC and CD) confirmed 
that members of inflammatory pathways such as inter-
leukins IL-10, -24, -17 were amongst the significantly dif-
ferentially expressed proteins (p-value < 0.05) (Fig. 5I and 
S5J). Protein-protein interaction analysis showed that 
proteins related to focal adhesion, extracellular matrix 

reorganisation were downregulated, whereas proteins 
related to pro-inflammatory and profibrotic mediators 
were upregulated (data not shown).

We further validated these gene signatures in three 
different transcriptomic datasets of dextran sulphate 
sodium (DSS)-treated UC mouse model that tracks 
inflammatory responses and disease progression over 
time [43]. We identified the upregulation of the 26-GIN-
UC and 30-GIN-CD signatures with increasing inflam-
mation, observing the onset, peak, and resolution of 
inflammation in a time-dependent manner (Fig. 5J-L, and 
S5K).

We then evaluated the effectiveness of the new identi-
fied gene signatures in stratifying IBD samples according 
to inflammation degree. First, we performed unsuper-
vised hierarchical clustering on SPARC IBD UC samples, 
identifying five distinct groups based on their UC-C18 
gene expression profiles. This clustering reflected the 
underlying biological patterns (endoscopic assessment/
macroscopic appearance) thereby providing a novel unbi-
ased approach for IBD samples stratification. We found 
that these groups corresponded to varying inflammation 
potential grades, ranging from 1 to 5, with 1 represent-
ing low inflammation and 5 representing severe inflam-
mation. We validated this classification with the average 
expression of the 26-GIN-UC (Fig. 5) and UC-C18 gene 
signatures, which showed a progressive increase with 
the degree of inflammation, confirming the appropri-
ate stratification of the samples (Fig.  6A-C). Notably, 
S100A9, showed a significant upregulation in the most 
inflamed samples, reinforcing the robust and unbiased 
framework for classifying IBD samples based on inflam-
mation degree (Fig. 6D).

We overlaid the average expression of specific SC/
TA and differentiated cell markers with both inflamma-
tory signatures. LGR5 expression, showed varying lev-
els in different inflammation degrees, with an overall 
decrease in the highest inflammation degree 5 and weak 
negative correlation with (r = -0.085) with UC-C18 sig-
nature. The spline curve model shows the dynamic shift 
in LGR5 expression in the different inflammation degrees 
(Fig.  6E and S6). OLFM4 expression exhibited a sub-
sequent upregulation in degrees 3 to 5 with an overall 
positive correlation (r = 0.579) with the UC-18 signature 
(Fig.  6F and S6). Similarly, the revival stem cell marker 

(See figure on previous page.)
Fig. 3  SC, TA and BEST4⁺ epithelial subpopulations in healthy, non-inflamed, and inflamed UC tissue. (A) UMAP embedding of epithelial cells from the 
reference dataset (Burclaff et al., 2022), annotated by cell type. (B) UMAP showing cell type predictions in the UC dataset (SCP259), highlighting SC/TA 
and BEST4⁺ epithelial subpopulations. (C) Bar plot quantifying SC/TA and BEST4⁺ cells across tissues with normal appearance, possible inflammation, and 
active inflammation. (D) UMAP displaying 19 transcriptionally distinct epithelial clusters (UC-C0 to UC-C18) identified in the UC dataset, indicating cellular 
heterogeneity within SC/TA and BEST4⁺ populations. (E–F) UMAPs annotated by (E) predicted cell type and (F) tissue health status. (G) Bar plot showing 
the distribution of UC clusters across epithelial cell types. (H) Bar plot showing the distribution of UC clusters by tissue health status. (I) Dot plot and (J) 
heatmap illustrating representative gene markers for biologically distinct epithelial clusters. (K) Feature plots showing expression of PTTG1 and UBE2C in 
SC/TA and BEST4⁺ cells within the UC dataset (SCP259), demonstrating transcriptional diversity across disease states. (L) Bar plot showing enriched path-
ways from Gene Ontology (GO-Biological Processes 2023) for the top 50 genes in cluster UC-C1 (left), -C3 (middle) and –C12 (right)
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Fig. 4  Immune-enriched gene clusters within SC, TA and BEST4⁺ epithelial populations in inflamed UC. (A) Bar plot showing enriched Hallmark gene sets 
from MSigDB for the top 50 genes in cluster UC-C18. (B) UMAP plots showing expression of selected UC-C18 marker genes (ANXA1, REG4, TFF1, CD55, 
TIMP1, and PI3) in SC/TA and BEST4⁺ cells from the UC dataset (SCP259). (C) Dot plot showing expression of the selected UC-C18 markers across epithelial 
cells stratified by tissue source: healthy, non-inflamed UC, and inflamed UC (SCP259). (D) Dot plot showing expression of the same UC-C18 markers across 
SC, TA, and BEST4⁺ epithelial subtypes, stratified by tissue condition. (E) Heatmap showing average expression of UC-C18 marker genes across SPARC 
IBD-UC epithelial samples, stratified by macroscopic appearance (normal, possible inflammation, and inflammation). (F) Violin plots showing UC-C18 
gene expression patterns in SPARC IBD-UC samples grouped by macroscopic appearance. (G) Spline curve showing average expression dynamics of UC-
C18 marker genes in DSS-treated mouse colitis dataset (GSE22307). (H) Dot plot showing UC-C18 marker expression in SC, TA, and BEST4⁺ populations 
from hPDOs treated with IL-22 or vehicle control (GSE189423). (I) Dot plot showing expression of UC-C18 markers stratified by LGR5 expression status in 
epithelial cells (GSE189423)
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Fig. 5  A novel inflammation-linked gene signature associated with inflammation severity in IBD. (A–C) Violin plots showing average expression of curat-
ed inflammatory genes (n = 476) in SPARC IBD-UC samples grouped by (A) disease activity, (B) macroscopic appearance, and (C) S100A9-based classifica-
tion into normal (n = 747), possible inflammation (n = 141), and inflammation (n = 219) groups. (D) Representative confocal immunofluorescence images 
of S100A9 (red) and DAPI (blue) staining in inflamed and non-inflamed IBD tissues. Scale bar = 100 μm. (E) Venn diagram showing the intersection of 
significantly differentially expressed genes to define a 26-gene inflammation network in UC (26-GIN-UC). (F) Multidimensional scaling (MDS) plot showing 
sample distribution by gene expression profile across inflammation groups in the SPARC IBD-UC cohort. (G) Heatmap showing unsupervised clustering 
based on the 26-GIN-UC signature across the same cohort. (H) Significantly enriched pathways identified using Enrichr (MSigDB) from the 26-GIN-UC 
gene set. (I) Volcano plot showing differentially expressed proteins between inflamed and normal samples (red = significant proteins, adjusted P < 0.05; 
green = non-significant). Enriched upregulated (right) and downregulated (left) pathways are annotated from STRING analysis. (J–L) Heatmaps and spline 
curves showing dynamic expression of the 26-GIN-UC signature in DSS-treated mice from datasets: (J) GSE22307, (K) GSE214600, (L) GSE42768. P < 0.01 
(**), P < 0.0001 (****)
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Fig. 6  Adaptive epithelial responses in UC stratified by degree of inflammation. (A) Spline curve showing the average expression of the 26-GIN-UC and 
UC-C18 gene signatures across increasing inflammation scores. (B–C) Box plots showing expression levels of (B) 26-GIN-UC and (C) UC-C18 gene signa-
tures across low to high inflammation categories. (D) Spline curve (top) and box plot (bottom) of S100A9 expression stratified by inflammation severity. 
(E–H) Spline curves (top) and box plots (bottom) showing gene expression across inflammation severity for (E) LGR5, (F) OLFM4, (G) CLU, and (H) BEST4. 
(I–L) Spline curves (top) and box plots (bottom) for epithelial differentiation and proliferation markers (I) VIL1, (J) AVIL, (K) FABP1, and (L) PCNA across 
inflammation categories
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CLU increased with severity of inflammation with posi-
tive correlation (r = 0.542) (Fig. 6G and S6), while BEST4 
was upregulated in degree 2 but its expression gradu-
ally decreased in degree 3 and 4 (Fig.  6H). VIL1, gene 
expressed in enterocytes lining the intestinal villi and 
crypts, showed a dynamic expression from degree 2 
to degree 4 (Fig.  6I). AVIL, gene marker for brush bor-
der integrity and actin dynamics and FABP1 enterocyte 
marker were both decreased upon severity of inflamma-
tion (Fig. 6J, K). We observed that proliferation markers 
such as PCNA exhibited a general increase when com-
pared degree 5 vs. degree 1 (Fig.  6H) that reflects the 
balance between inflammation-induced epithelial injury 
and the subsequent regenerative response. Moreover, 
we observed a similar trend of negative correlation of 
BEST4, VIL1, AVIL and FABP1 with UC-18 expression 
(r = -0.3, -0.35, -0.536, -0.496, respectively). (Figure S6). 
We obtained very similar results for CD dynamic shifts 
(CD-C12, and 30-GIN-CD) (Figure S7). We evaluated 
the robustness of these signature using patient level hold 
out test our models performed very well for “Normal” 
samples, while classification of inflamed states was more 
modest and the intermediate “Possible inflammation” 
cases were not well predicted as it likely represents a het-
erogeneous mix of early, partial, or ambiguous lesions, 
and may also capture endoscopic uncertainty (Figure S7p, 
q). To address this, we also applied unsupervised cluster-
ing of the gene signature followed by dendrogram-based 
cutting to derive an alternative, data-driven ordering 
(Fig.  6). This approach produced a molecularly defined 
progression of five groups that may better reflect under-
lying biology. This complementary analysis highlights 
that transcriptomic ordering can resolve heterogeneity 
within inflamed states. In addition, we also evaluated 
whether clinical parameters had an effect on the ability 
of this gene signature to stratify inflammation. We found 
that the gene signature score remained strongly associ-
ated with macroscopic appearance after adjusting for sex, 
race, and smoking status, with direction and magnitude 
consistent across models for both UC and CD. None of 
the covariates materially altered the effect of the signa-
ture, indicating that the association is independent of 
demographic or smoking-related factors (Supplementary 
Table S5, S6).

The combination of scatter plots and spline curve 
model provided a comprehensive approach in under-
standing how the average expression of UC-C18 and 
CD-C12 gene signature reflects dynamic changes in dif-
ferent cell type markers. While scatter plots offer a more 
rigid, point-by-point correlation, spline curves capture 
smoother, more continuous transitions in expression pat-
terns within our patient stratifications. Together, these 
methods show inflammation-dependent SC/TA and 
BEST4+ cells dynamics and demonstrate that these pools 

derived UC-C18 and CD-C12 gene signatures reflect 
both broad and subtle dynamic shifts across different 
inflammation degrees.

Exploring molecular mechanisms in IBD by data 
integration of UC and CD sc-RNAseq datasets
We then performed integration of the epithelial cell com-
partments of SCP259 (UC) and SC1884 (CD) to ensure 
comparability across both IBD subtypes, UC and CD. 
This revealed overlapping epithelial cell populations 
(Figure S8A-D). We applied standardised automated cell 
annotations with CellTypist, referencing the pan-gastro-
intestinal (pan-GI) atlas, with minor manual adjustments 
(Figure S8E). This analysis revealed a marked depletion of 
colonocytes in inflamed samples, accompanied by a nota-
ble expansion of deep crypt secretory cells (DCS), which 
are thought to represent the colonic equivalent of small 
intestinal Paneth cells (Figure S8F).

To confirm the combined changes associated with 
inflammation in both IBD subtypes, we performed unsu-
pervised clustering of gene expression profiles based on 
disease status, grouping inflamed UC and CD samples 
into “inflamed”, “non-inflamed” category and “healthy” 
samples (Figure S8G). This analysis identified a core set 
of 20 top differentially expressed genes that were con-
sistently upregulated in inflamed UC/CD but exhibited 
minimal expression in non-inflamed and healthy samples 
(Figure S8H). We used these genes to create an inflam-
matory gene score to assess cell-type-specific expression 
patterns, which revealed that they are predominantly 
expressed in the DCS population, with limited expres-
sion across other cell types (Figure S8I). Transcription 
factor activity mapping across various cell populations 
further identified NFκB activation in DCS as a key fea-
ture of inflamed state, consistent with findings from the 
differential expression analyses comparing IBD inflamed 
vs. non-inflamed cells in DCS and stem cells (Fig.  7A-
D). Trajectory analysis indicated that the differentiation 
trajectory of intestinal SCs is disrupted during inflam-
mation, with a skewing toward DCS lineages (Fig.  7E). 
Genes related to DCS trajectory were expressed higher in 
inflamed tissue relative to the healthy samples (Fig. 7F).

Together, these findings suggest that inflammation 
disrupts normal epithelial differentiation, driving SCs 
toward a DCS-like fate characterized by expression of 
pro-inflammatory genes. Notably, the data identifies 
biomarkers of inflammation-associated stem cell repro-
gramming in the colonic epithelium.

Discussion
Accurately evaluating inflammation severity in IBD 
remains a clinical challenge. Existing approaches such 
as symptom-based scores and biomarker assessments, 
frequently lack the sensitivity and specificity needed to 
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Fig. 7  Integration of UC and CD sc-RNAseq data reveals distinct epithelial mechanisms of inflammation. Differential gene expression and transcription 
factor pathway activation in DCS (A, B) and SCs (C, D) in Inflamed vs. non-Inflamed groups. (E) Basic trajectory pseudotime analysis of the route from SCs 
to DCS. Taking the middle and late expressed genes in this trajectory (KRT8-early, SCG5-middle and ANXA1-late). (F) Bubble plot showing the expression 
of DCS trajectory related genes according to health status
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reliably reflect the extent of inflammation. Endoscopy, 
often followed by histological examination, remains 
the gold standard but is invasive, costly, and not read-
ily accessible in all settings. This underscores the urgent 
need for robust, non-invasive, and reproducible molecu-
lar methods to assess inflammation in IBD. Such tools 
are crucial for improving patient stratification, guiding 
treatment decisions, and deepening our understanding of 
epithelial and immune-driven tissue pathology [44–46]. 
Traditional clinical indices obtained by endoscopies, such 
as the sCDAI for CD and the Mayo score for UC, are 
widely used but often fail to reflect the molecular and cel-
lular heterogeneity of inflammation observed at the tissue 
level [47, 48]. In this study, we found that macroscopic 
appearance assessed during endoscopy closely aligned 
with inflammation-associated gene expression, suggest-
ing its possible future potential to serve as a biologically 
meaningful classifier of inflammation severity rather 
than overall disease activity. Through differential gene 
expression analysis based on macroscopic appearance, 
we identified distinct inflammation-associated gene sig-
natures for UC and CD. These signatures offer an unbi-
ased approach for stratifying patient samples and provide 
valuable insights into epithelial cell diversity, regenerative 
responses, and barrier function across varying degrees 
of inflammation in IBD disease subtypes. These findings 
are preliminary and require prospective validation before 
they can be proposed as clinical tools.

Understanding how different epithelial cell populations, 
including stem and progenitor cells, react to varying lev-
els of inflammation is essential for unravelling the pro-
cesses of mucosal injury and healing. Our comprehensive 
profiling of epithelial cell heterogeneity across different 
inflammation stages reveals significant and coordinated 
shifts in the different epithelial cell pools. Through a mul-
timodal analytical approach, we observed a reduction in 
TA cells as inflammation severity increased, a trend pre-
viously associated with impaired proliferative capacity 
during chronic inflammation or skewed differentiation 
dynamics [16, 49]. In contrast, we observed that LGR5+ 
stem cells varied across inflammation duration and 
intensity, which possibly suggests a constant compen-
satory mechanism aimed at restoring epithelial barrier 
integrity. Interestingly, OLFM4⁺ proliferative cells exhib-
ited sustained upregulation during inflammation, reflect-
ing a regenerative response to counterbalance epithelial 
damage, and this expression remained elevated even in 
non-inflamed IBD tissue further highlighting the expan-
sion of proliferative stem cells as a hallmark of IBD. Our 
findings revealed that these dynamics were substantiated 
in mouse healthy tissue [50], where inflammation led to 
the decrease of TA pool along with an increase in Clu⁺ 
and Olfm4⁺ stem-like populations. This new identified 
epithelial functional plasticity driven by inflammation 

has potential implications for barrier dysfunction and 
regeneration.

Under inflammatory conditions, the proliferation of 
SC/TA cells is predominantly regulated by pathways such 
as Wnt/β-catenin and Ras signalling. These pathways are 
essential for sustaining the equilibrium between self-
renewal and differentiation within the stem cell niche [6, 
10, 51, 52]. Inflammatory cytokines such as TNFα and 
IL-6 are known to enhance the proliferation of intestinal 
stem cells by activating signalling pathways like STAT3. 
This activation can amplify the inflammatory milieu and 
contribute to an excessive proliferative response within 
the tissue [53–56]. Our mechanistic insights and SC/TA 
dynamics data indicate that while enhanced prolifera-
tion may initially facilitate tissue repair, it can also lead to 
dysregulation in chronic inflammatory settings. This may 
result in depletion of the stem cell reservoir or inappro-
priate differentiation, ultimately weakening the intestinal 
barrier and contributing to the sustained epithelial injury 
seen in IBD [36]. Targeting specific proliferation-related 
pathways within this epithelial clusters may offer thera-
peutic potential by fine-tuning regenerative responses to 
improve barrier integrity while avoiding the overactiva-
tion that contributes to disease pathology.

We found that IBD tissue classified as non-inflamed 
still exhibits subtle transcriptional and cellular alterations 
compared to healthy control, suggesting a baseline state 
of immune activation and epithelial stress even in mac-
roscopically normal regions [16, 57]. To explore epithe-
lial cell-type alterations between IBD and healthy tissue 
in the absence of overt inflammation, we leveraged 3D 
PDO models, which we confirmed that it recapitulates 
the cellular composition and regenerative dynamics of 
the intestinal epithelium [29–31]. IBD-PDOs displayed 
a distinct epithelial profile compared to hPDOs, includ-
ing upregulation of inflammatory mediators and SC/TA 
proliferative markers such as OLFM4. These changes 
were accompanied by a reduction in differentiated epi-
thelial cell types, such as enterocytes and BEST4⁺ cells, 
and an increase in Paneth cell populations, suggesting a 
shift toward a regenerative or stress-associated state. This 
reinforces the concept that epithelial cells in IBD retain 
a molecular imprint of inflammation, even in histologi-
cally normal areas [16, 58, 59]. Additionally, IL-22 path-
way activation in hPDOs showed that OLFM4⁺ cells are 
activated during epithelial repair, supporting their role as 
mediators of regeneration in both homeostatic and dis-
ease settings. We highlight the utility of PDO models to 
dissect functionally epithelial alterations in IBD offering 
insights into therapeutic response.

We further characterized SC/TA and BEST4+ epithe-
lial clusters uniquely enriched in inflamed IBD tissues 
but absent in healthy samples. These clusters were sig-
nificantly enriched for immune-related pathways that 
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are well-established drivers of chronic intestinal inflam-
mation and epithelial remodelling in IBD [60, 61]. This 
enrichment suggests the emergence of inflammation-
specific epithelial transcriptional states during active 
disease. We report here, for the first time, an inflamma-
tion-associated epithelial gene signature specific to stem 
and progenitor cells. This signature successfully stratified 
patients based on their macroscopic inflammation degree 
in both UC and CD. The observed enrichment of SC/TA 
signatures in inflamed tissue aligns with earlier reports 
of crypt hyperplasia and stem cell activation as hallmark 
features of IBD pathology [56, 62]. Thus, these tran-
scriptional states likely represent inflammation-induced 
epithelial remodelling programs, offering a refined 
molecular framework for patient stratification and poten-
tial therapeutic targeting of regenerative responses in 
IBD.

Our data suggest that inflammation alters the dif-
ferentiation trajectory of intestinal stem cells, skewing 
them toward DCS cell lineages, which are implicated in 
epithelial barrier maintenance and immune regulation 
[16]. This shift occurred alongside a relative depletion of 
colonocyte differentiation and was also evident in non-
inflamed IBD-PDOs when compared to healthy controls. 
This adaptability can be crucial in chronic inflammatory 
conditions as stem cells must maintain tissue integrity 
despite continuous stress. However, it also raises ques-
tions about long-term consequences, as chronic inflam-
mation can lead to exhaustion or altered differentiation 
patterns in stem cells, potentially impacting their regen-
erative capabilities over time [63, 64]. These findings 
reflect a broader epithelial remodelling driven by dis-
rupted lineage commitment. Notably, we identified a core 
set of inflammation-associated genes highly expressed 
in DCS, with NF-κB signalling emerging as a prominent 
regulator that requires direct experimental follow-up 
for functional validation. This aligns with previous stud-
ies highlighting the central role of the NF-κB pathway in 
mediating epithelial responses after injury and sustain-
ing chronic inflammation [65, 66]. Furthermore, NF-κB 
activation has been shown to modulate Wnt pathway in 
colonic mouse tissue and specific ablation of RelA/p65 
retards crypt stem cell and progenitors expansion [67, 
68]. Future investigations may help to determine whether 
modulating this pathway in DCS could lead to new thera-
peutic opportunities for IBD. However, selectively target-
ing NF-κB signalling in DCS is technically challenging 
due to the complex cellular composition of the intestinal 
mucosa, intestinal region-specific identity, and the broad 
physiological roles of NF-κB in maintaining epithelial 
integrity and immune balance [65, 66, 69]. Furthermore, 
several studies have demonstrated the complex interac-
tions between individual NF-κB subunits in regulat-
ing colonic susceptibility to inflammation [69–71]. In 

addition, off-target modulation could disrupt homeo-
static mechanisms, potentially leading to adverse conse-
quences such as impaired wound healing, or dysregulated 
inflammatory responses. Overcoming these barriers will 
require advances in targeted delivery systems, and rigor-
ous preclinical validation to ensure safety and specificity 
for future therapeutic applications.

In summary, our findings highlight how inflamma-
tion-induced alterations in epithelial stemness, and 
differentiation contribute to the dysfunction of the 
intestinal barrier in IBD. The capacity of stem and pro-
genitor cells to adapt under inflammatory stress offers 
valuable insights for enhancing tissue repair strategies. 
Targeting these adaptive mechanisms may support the 
development of novel therapies that sustain epithelial 
regeneration, minimize disease flares, and foster long-
term remission. Understanding the link between epi-
thelial plasticity and specific inflammatory cues may 
ultimately guide precision treatments aimed at improving 
clinical outcomes and patient well-being.

Methods
Ethical review
The research complies with all relevant ethical regula-
tions and guidelines. Intestinal biopsy samples were 
obtained from the Queen’s Medical Centre of Notting-
ham (UK) with patient consent from IBD patients and 
histologically healthy individuals in accordance with ethi-
cal guidelines (17/EM/0126).

Animal DSS-experiments were performed in accor-
dance with protocols approved by the Service de la Con-
sommation et des Affaires Vétérinaires of Canton Vaud, 
Switzerland (VD1052/VD1053). The work has been 
reported in line with the ARRIVE guidelines 2.0. Section 
expanded in the “Declarations” section.

IBD plexus cohort
The patient cohort included in this study was derived 
from the Study of a Prospective Adult Research Cohort 
with IBD (IBD Plexus Study of a Prospective Adult 
Research Cohort, SPARC IBD) (UC = 1,097, CD = 
2,138)), a part of the Crohn’s & Colitis Foundation IBD 
Plexus program [21]. This includes a geographically 
diverse research cohort of patients with IBD using stan-
dardized data and biosample collection methods and 
processing techniques. We included patients from the 
SPARC IBD cohort in our analysis, who had a history 
of UC and CD and had available bulk-RNAseq of biop-
sies. We also included plasma proteomics, where appli-
cable, for patients within the cohort. SCDAI for CD and 
6-point MAYO for UC patients scores were calculated for 
patients with sufficient data at enrolment and assigned a 
disease severity classifier (Table 1):
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Data acquisition for bioinformatic analysis
All the data processing and analysis was done in RStudio 
(Version 4.2.0 and 4.3.0) or Python.

IBD plexus data
The raw counts of bulk-RNAseq of UC and CD patients 
derived from biopsy samples within the SPARC IBD 
cohort were batch corrected using Combat_seq, fol-
lowed by normalisation and log transformation. Multi-
dimensionality Scaling (MDS) analysis was performed 
to check the sample distribution. SPARC IBD samples 
were compared against different levels of histological 
inflammation: erosions or ulcers (or inflammation) vs. 
normal, erosions or ulcers vs. possible inflammation (or 
non-inflamed) and erosions or ulcers vs. possible inflam-
mation, for a curated inflammatory gene list (n = 476) 
(Supplementary Table 2). Differential gene expression 
analysis for the different groups in IBD Plexus Cohort 
was conducted using edgeR [72] and limma [73]. P-val-
ues threshold was set at 0.05 and adjusted using the Ben-
jamini-Hochberg method.

Human sc-RNAseq data
Pre-processed and annotated sc-RNAseq data contain-
ing EPCAM+ epithelial cells from human tissue was 
obtained from Single Cell Portal of the accession num-
bers SCP259, SCP1884 and the reference dataset from 
Gene Expression Omnibus (GEO) under the accession 
number GSE185224. SCP259 contained cells from both 
non-inflamed and inflamed tissues data from UC, and 
healthy individuals’ biopsies (UC = 18, healthy = 12). 
SCP1884 was a comparable dataset with CD patients 
and normal individuals’ biopsies (CD = 46, healthy = 25). 
Cells with mitochondrial gene content exceeding 5%, fea-
tures fewer than 200 and more than 2,500 were excluded 
to retain the highest quality cells. Each dataset was pro-
cessed according to standard workflow using Seurat [74] 
(version 5, package in R. Cell annotation was uniformly 
performed using SingleR to predict labels using the refer-
ence dataset. The counts matrix from both the datasets 
was used as the query, while the GSE185224 reference 
counts were used for the reference labels. Cell type labels 
were predicted using the Wilcoxon differential expres-
sion method. The predicted labels were added to the 
Seurat object and was subset to include only cells with 

“TA”, “BEST4+” and “SC” labels and this was used for fur-
ther analysis.

For single-cell dataset integration studies, SCP259 
and SCP1884 raw matrices were imported using scanpy 
(v1.10.4) and cells were filtered to exclude cells with 
greater than 20% mitochondrial counts and greater 
than 6000 features. Next, cells were processed through 
scrublet and predicted doublets excluded. Counts per cell 
were normalised to a target of 1 × 104 and then log-trans-
formed. Highly variable genes were selected followed by 
principle-component analysis (PCA), nearest-neighbour 
estimation (n_neighbours = 5, n_pcs = 17, knn = True) 
and UMAP projection followed by leiden clustering 
(resolution, 0.3). To correct for batch-effects across 
the two datasets, batch-balanced k-nearest neighbours 
(bbknn) correction was performed using the ‘Subject’ as 
batch key and leiden cluster as confounder. PCA, near-
est neighbour, UMAP projection and leiden clustering 
were repeated using the same settings. Automated cell-
type annotation was performed using CellTypist major-
ity voting using the Pan-GI cell atlas model (: ​h​t​t​p​​s​:​/​​/​c​e​
l​​l​g​​e​n​i​​.​c​o​​g​.​s​a​​n​g​​e​r​.​​a​c​.​​u​k​/​g​​u​t​​c​e​l​​l​a​t​​l​a​s​/​​c​e​​l​l​t​​y​p​i​​s​t​_​m​​o​d​​e​l​s​​/​2​
_​​f​u​l​l​​_​h​​e​a​l​​t​h​y​​_​r​e​f​​e​r​​e​n​c​​e​_​A​​P​_​a​l​​l​_​​o​r​g​a​n​s​_​f​i​n​a​l​m​o​d​e​l​.​p​k​l). 
Each leiden cluster was annotated with the predicted cell 
label. To check the validity of annotation, cluster specific 
gene expression was ranked, using the Wilcoxon method. 
In most cases, marker genes accorded with known mark-
ers of each subset, but in a few cases (e.g. Stem_2), gene 
expression suggested misclassification (e.g. Paneth cell) 
and therefore these labels were manually corrected. In 
addition, some clusters were merged (e.g. Goblet_1, 
Goblet_2) where leiden clustering had separated cells 
of the same type. Trajectory analysis of specific subsets 
was performed using scfates and decoupler was used 
for pseudobulk analysis of cell populations across health 
states to determine differential gene expression and tran-
scription factor activity. Finally, genemania (genemania.
org) was used for network and gene-set functional analy-
sis of differentially expressed genes.

Cluster UC-C18 and CD-C12
The subset data with progenitors’ cells for each dataset 
were handled individually and processed according to 
standard workflow from the Seurat package in R. Dimen-
sionality reduction and Louvain Leiden clustering (reso-
lution 0.1–1.5) were carried out and cell lineages were 
annotated based on enrichment analysis and defined 
marker gene expression of each cluster.

DSS-treated mouse models sc-RNAseq data
Single-cell RNAseq data was obtained from GSE264408 
was utilised to study the cell type changes in normal, 
acute and chronic mouse models. Raw matrices were 
loaded for each sample using the Seurat package. Each 

Table 1  SCDAI for CD and 6-point MAYO for UC patients scores 
for disease activity classification
Disease Activity sCDAI 6-point MAYO
Remission < 150 0–1

Mild 150–219 2–3

Moderate 220–450 4–5

Severe > 450 6

https://cellgeni.cog.sanger.ac.uk/gutcellatlas/celltypist_models/2_full_healthy_reference_AP_all_organs_finalmodel.pkl
https://cellgeni.cog.sanger.ac.uk/gutcellatlas/celltypist_models/2_full_healthy_reference_AP_all_organs_finalmodel.pkl
https://cellgeni.cog.sanger.ac.uk/gutcellatlas/celltypist_models/2_full_healthy_reference_AP_all_organs_finalmodel.pkl
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sample was processed into a Seurat object, applying fil-
ters for quality control: cells with 200–4,000 detected 
genes and mitochondrial content < 10% were retained. 
Metadata including sample identifiers and condition 
types were added to Seurat objects. Seurat objects for all 
samples were merged into a single dataset and standard 
workflow was applied. Data were further harmonized 
using the Harmony algorithm to correct batch effects, 
and integrated clusters were identified using shared 
nearest neighbour graphs and clustering algorithms. To 
focus on epithelial S/P cells, Epcam+ cells were subset 
(Epcam > 0.5). Dimensionality reduction (UMAP) and 
clustering were repeated. Epcam+ cells were categorized 
based on “Lgr5” expression into “Lgr5_Positive” and 
“Lgr5_Negative” groups. Wilcoxon tests assessed differ-
ential expression significance across conditions. Visu-
alizations included violin plots and feature plots for key 
markers.

DSS–treated mouse models microarray transcriptomic data
Raw expression data of GSE22307 and GSE42768 was 
downloaded from NCBI-GEO platform and log2 nor-
malised using limma package. Similarly, GSE131032 and 
GSE214600 raw counts data downloaded from same plat-
form. To process raw counts, we used deseq function of 
Deseq2 package. Z-score was calculated from normalised 
data to visualize gene expression in either heatmap or 
spline curve using pheatmap and ggplot2.

PDOs sc-RNAseq data
Raw sc-RNAseq of IL-22 treated and untreated intestinal 
human organoids were retrieved GSE189423, merged, 
and batch effects were corrected using Harmony integra-
tion. EPCAM+ cells were identified and further analyzed 
through dimensionality reduction (UMAP), cluster-
ing, and marker gene expression profiling. To focus on 
epithelial stem/progenitor cells, Epcam+ cells were sub-
set (Epcam > 0.5). UMAP and clustering were repeated. 
Epcam+ cells were categorized based on “Lgr5” expres-
sion into “Lgr5_Positive” and “Lgr5_Negative” groups. 
Wilcoxon tests assessed differential expression signifi-
cance across conditions. Visualizations included violin 
plots and feature plots for ANXA1 and REG4.

PDOs bulk-RNAseq data
RNA collected from healthy (P12) and IBD organ-
oids (P89, P90, P99) and their mRNA was sequenced. 
A custom pipeline with standard bulk-RNAseq work-
flow was implemented for quality control, trimming 
and alignment. Aligned reads were quantified using 
FeatureCounts.

Pathway enrichment analysis
Key pathways of the DEGs were performed in MSigDB 
database using the web tool, Enrichr. Pathways enriched 
for the differentially expressed proteins in plasma pro-
teomics of SPARC IBD cohort was identified using 
KEGG database using protein-protein-interaction net-
working using the web tool, StringDB. Gene Ontology 
analysis for the cluster makers was performed using web 
tool, Enrichr. DEGs with an unadjusted p-value < 0.05 
were considered significant. For downstream pathway 
analysis, we further filtered for DEGs with an adjusted 
p-value (padj) < 0.05 and an absolute log2 fold change > 5. 
Pathway enrichment was performed using Signaling 
Pathway Impact Analysis (SPIA) implemented via the 
iLINCS platform. Non-relevant pathways, such as those 
associated with viral responses (e.g., COVID-19), were 
excluded. Pathways related to epithelial biology were 
retained for interpretation.

Deconvolution analysis
sc-RNAseq dataset from [15] was used to generate a sig-
nature matrix which was employed to derive cell pro-
portions in SPARC IBD samples using CIBERSORTx (​h​
t​t​p​​s​:​/​​/​c​i​b​​e​r​​s​o​r​​t​x​.​​s​t​a​n​​f​o​​r​d​.​e​d​u). Cell proportion chart was 
made using ggplot2 in R version (4.3.0).

Ordinal logistic regression analysis
An ordinal logistic regression model (proportional odds 
model, polr function in the R package MASS) was used 
to assess the relationship between a transcriptomic sig-
nature score and macroscopic appearance in SPARC IBD 
samples. The signature score was derived as the mean 
z-scored expression of differentially expressed genes. 
Models were adjusted for clinical and demographic 
covariates (e.g., sex, race, smoking status), as well as an 
epithelial marker–based score to account for tissue com-
position. Odds ratios (OR) and 95% confidence inter-
vals (CI) were calculated by exponentiating regression 
coefficients.

Spline curve analysis
The relationship between the degree of inflammation 
in SPARC IBD data or DSS treatment in mouse model 
data and gene expression (expressed as the Z score of 
CPM) was visualized using a generalized additive model 
(GAM). we used the geom_smooth() function in the R 
package ggplot2 with the following parameters:

	 y ∼ s(x, bs = ”cs”, k = 4)

where y represents the Z score (derived from log2 nor-
malized CPM values) and x represents the degree of 
inflammation. A cubic spline basis (bs = “cs”) was used 
with k = 4 to control the smoothness of the fitted curve.

https://cibersortx.stanford.edu
https://cibersortx.stanford.edu
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DSS-mouse model
To model UC in mice, DSS or placebo was administered 
in the drinking water to induce acute colitis. C57BL/6 
male mice aged 6–10 weeks were used. A solution of 
2.5% DSS (w/v) was prepared using autoclaved water and 
provided to the mice for 6 days. Throughout the experi-
ment, mice were monitored daily for body weight, stool 
consistency, and rectal bleeding. At the end-point, ani-
mals were euthanized, and colonic tissues were collected 
for histopathology assays. Adult mice were euthanized by 
inhalation of carbon dioxide (CO₂) for 6 min, delivered at 
a displacement rate of 20% of the cage volume per min-
ute, in accordance with approved ethical protocols. No 
anaesthesia was used prior to euthanasia.

PDOs establishment and culture
Human intestinal crypts were isolated from adult tis-
sues using 25 µg/mL of liberase (Roche), embedded into 
Matrigel (Corning, Cat 356231) and grown into organ-
oids following previous publications [75]. Organoids 
were routinely tested for mycoplasma contamination and 
resulted negative. The details of organoid donors used 
in each experiment are listed in Supplementary Table 4. 
Human intestinal organoids were cultured in IntestiCult™ 
Organoid Human Growth Medium or in-house media 
prepared following previous publications [75, 76] and 
were split once a week by mechanical dissociation and 
with TryPLE every two weeks.

RNA extraction and sequencing of PDOs
RNA was collected from healthy individuals and IBD 
patient derived organoids embedded in Matrigel in 
48-well plates. RNA was extracted using Qiagen RNeasy 
kit and RNA quality was assessed with the NanoDrop 
and the RIN score was checked. RNA samples were 
sequenced by Novogene, Cambridge, UK.

Real-time PCR (qPCR)
250 ng of total RNA isolated from healthy and IBD-PDOs 
was converted to cDNA using Superscript II (Invitro-
gen). 20 µL of cDNA was diluted in 200 µL of nuclease 
free water. For analysing gene expression SYBR green 
(Applied biosystem) was used according to manufactur-
er’s protocol. All genes CT values were normalised with 

GAPDH (housekeeping gene) of each sample indepen-
dently (Table 2).

Immunostaining
Paraffin processing from intestinal biopsies
Biopsy tissues were fixed in 4% PFA, placed into individ-
ual cassettes, and labelled accordingly. Tissue processing 
was performed using a Leica TP1020, enabling efficient 
handling of multiple samples. Tissues were exposed to a 
graded series of methanol solutions (50% to 100% con-
centration), with each step lasting 1 h at RT under vac-
uum and agitation. Following dehydration, tissues were 
transferred to xylene for 1  h at RT, again with vacuum 
and agitation, to remove residual alcohol and prepare the 
samples for paraffin infiltration. Embedding was carried 
out in molten paraffin using disposable molds (Embed-
ding machine) while avoiding bubble formation. The 
embedded tissues were then cooled on the machine’s 
cooling surface until solidification, and the resulting par-
affin blocks were subsequently stored at 4 °C.

Tissue sectioning
A water bath was prepared with distilled water at 45  °C 
for tissue sectioning. Meanwhile, the formalin-fixed par-
affin-embedded (FFPE) blocks and forceps were chilled 
on ice. A microtome blade was installed onto the cutting 
bed with the correct orientation, and the FFPE block was 
secured in the block holder. Trimming was performed at 
10-µm intervals until the desired depth was reached. Sec-
tions were then cut at 4 μm, forming a continuous ribbon 
that was gently transferred to the water bath using for-
ceps. After briefly floating to separate the sections, slides 
(Superfrost) were used to mount the individual sections 
for subsequent Immunofluorescence (IF) staining.

Immunofluorescence staining
Paraffin-embedded tissue sections were placed on slides 
and dewaxed in xylene to remove residual paraffin. The 
sections were then rehydrated through sequential etha-
nol washes (100%, 90%, 80%, and 70%), each for 5  min, 
followed by distilled water. A 0.5 M sodium citrate buf-
fer (pH 6.0) was freshly prepared, brought to a boil in a 
microwave, and the slides were submerged for 15  min 
before cooling to room temperature. Permeabilization 
was carried out using 0.5% Triton X-100 for 1  h, and 
blocking solution was prepared by dissolving 0.1  g BSA 
in 10 ml of wash solution (0.1% Triton X-100 in PBS). Pri-
mary antibodies, diluted in blocking solution at the below 
described concentrations, were applied overnight at 4 °C. 
Slides were washed three times, then incubated for 1 h in 
the dark with secondary antibodies and DAPI (1:500 in 
blocking solution). After three additional washes using 
wash solution, coverslips were mounted using 100% 

Table 2  List of primers
Gene Forward (5’->3’) Reverse (5’->3’)
LGR5 CTTCCAACCTCAGCGTCTTC TTTCCCGCAAGACGTAACTC

OLFM4 GACCAAGCTGAAAGAGTGT-
GAGG

CCTCTCCAGTTGAGCT-
GAACCA

MUC2 ACCCGCACTATGTCACCTTC GGACAGGACACCTTGTCGTT

CLU GAGCAGCTGAACGAGCAGTTT CTTCGCCTTGCGTGAGGT

GAPDH CTTGAAGGGTGGAGCCCAAAAG ATGGATGACTTGGCCAG
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glycerol. Imaging was performed using a Leica confocal 
SPE microscope.

Whole Mount PDOs immunostaining
For immunofluorescence staining of organoids, we fol-
lowed protocol from [77, 78] with slight modifications. 
Briefly, organoids were harvested in PBS for staining in 
1.5 mL Protein Lowbind tube (Eppendorf ) coated with 
1% w/v BSA solution. Organoids were then fixed with 4% 
PFA for 1 h at 4 °C followed by centrifugation at 500 xg 
for 5 min. Permeabilization was performed using a solu-
tion of PBS with 0.5% Triton X-100 for 30 min at room 
temperature. Organoids were then blocked with a PBS 
solution containing 0.5% BSA for 30–60 min at 4 °C. Pri-
mary antibody incubation was carried out overnight at 
4 °C on rotating platform using described concentration 
in table below. The following day, samples were washed 
three times with PBS and incubated with a secondary 
antibody mix containing DAPI for 1 h at room tem-
perature in the dark. After washing secondary antibody 
(dilution 1:500 of Alexa 488 anti-mouse or Alexa 568 
anti-rabbit), organoids were plated in 96-well plate with 
black wall and clear bottom and imaged using Lecia Con-
focal SPE (Table 3).
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