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ABSTRACT
Background  Inflammatory bowel disease is characterised 
by progressive epithelial, immune and stromal dysfunction. 
Human datasets yield important insights yet are 
inherently descriptive, requiring animal models for in 
vivo mechanistic interrogation. The SAMP1/YitFc (SAMP) 
mouse model develops spontaneous Crohn’s disease 
(CD)-like ileitis, allowing for the controlled manipulation of 
pathophysiological pathways.
Objective  To define cell-specific disease-associated 
transcriptional changes and their translational relevance, we 
profiled inflamed SAMP ilea by single-nucleus RNA-sequencing 
(snRNA-seq) and compared identified programmes with human 
IBD single-cell RNA-seq datasets.
Design  We performed whole-ileum snRNA-seq on 
SAMP (n=4) and control AKR/J (n=3) mice using the 
gut-optimised CitraPrep protocol, generating 58 349 
high-quality nuclei across epithelial, immune and stromal 
lineages. We corroborated SAMP-associated changes 
with immunofluorescent staining, western blotting, spatial 
transcriptomic and human single-cell RNA-seq data.
Results  We observed a primary type 2 immune phenotype 
in SAMP compared with AKR mice, but most transcriptional 
changes occurred in stromal and epithelial, not immune, cells. 
Stromal remodelling included increased fibroblast-derived Igf1. 
In SAMP epithelium, expansion of tuft cells and emergence 
of SAMP-specific Pcsk6+ crypt enterocytes were observed 
and confirmed in patients with CD. Finally, we identified 
cross-compartmental changes in cell–cell signalling, including 
enterocyte-to-type three innate lymphoid cell communication 
and enhanced global Igf1 signalling. These features recapitulate 
both known and novel characteristics of CD, thereby extending 
our understanding of disease-associated multicellular 
networks.
Conclusion  This atlas of ileitis-prone SAMP mice provides 
a high-resolution resource for dissecting conserved 
and novel mechanisms of inflammation and tissue 
remodelling. In this study, we uncover disease-associated 
transcriptional changes conserved in human CD, 
presenting a translational platform for future mechanistic 
and therapeutic studies.

INTRODUCTION
Inflammatory bowel disease (IBD) comprises 
a group of chronic, relapsing inflammatory 

disorders of the gastrointestinal tract, with 
Crohn’s disease (CD) representing one of 
its more severe and complex forms.1 While 
significant strides have been made in under-
standing IBD pathogenesis, mechanistic 
insights into cell type-specific alterations 
remain limited, in part due to the complexity 
of the human condition and the lack of fully 
representative animal models.

SAMP1/YitFc (SAMP) mice represent a 
spontaneous model of CD-like ileitis that 
shares similar features to disease in patients 
with CD, including transmural inflammation, 
mucosal ulceration, lymphoid aggregates 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Animal models of IBD are essential to discover 
pathogenic mechanism and test new treatment mo-
dalities. The SAMP1Yit/FC mouse model of ileitis is 
one of the few models that recapitulate the genetic 
and immunological complexity of the human con-
dition. A complete understanding of how individual 
cell types in this model reflect human disease is 
unknown.

WHAT THIS STUDY ADDS
	⇒ In this study, we defined disease-associated chang-
es in cellular composition and gene expression of 
immune, stromal and epithelial cells. While corrobo-
rating known key features of SAMP Crohn’s disease 
(CD)-like ileitis, including T helper type 2-immune 
activation and expansion of Paneth cells, we also 
revealed novel findings including tuft cell expansion 
and presence of SAMP-specific PCSK6+ entero-
cytes, and highlighted a stromal source of insulin-
like growth factor 1 in intestinal inflammation. 
Finally, we show shared transcriptional signatures 
between our murine data and CD.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This work establishes a high-resolution framework 
for mechanistic exploration and identification of nov-
el therapeutic targets for chronic ileitis.
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and occasionally, granuloma formation.2 3 Importantly, 
SAMP mice exhibit a polygenic, microbially-influenced 
disease process without the need for chemical induction 
or genetic engineering, positioning them as a uniquely 
valuable model for studying the interplay of genetic 
susceptibility, epithelial barrier dysfunction, immune 
dysregulation and environmental triggers in IBD. We 
have previously shown that the primary defect conferring 
ileitis in SAMP mice originates from a non-haematopoietic 
source.4 However, the specific cell type and related tran-
scriptomic profile involved in this process have not been 
determined.

Recent advances in single-cell and single-nucleus RNA 
sequencing have enabled unprecedented resolution in 
profiling tissue heterogeneity, allowing researchers to 
delineate cell-type-specific transcriptional programmes 
and infer intercellular interactions.5 Single-nucleus RNA 
sequencing (snRNA-seq) offers practical advantages in 
tissues that are difficult to dissociate or to preserve intact 
cells without biasing populations, such as full-thickness 
intestinal tissues, which is further complicated during 
disease by fibrosis and inflammatory processes. Large 
human IBD atlases have relied on separate dissociation 
steps of isolating epithelial and lamina propria fractions, 
and when whole tissues were processed, fragile cell types 
were often lost, leaving mainly fibroblasts and muscle. 
By contrast, the recently developed CitraPrep protocol 
preserves RNA integrity across all compartments, 
enabling high-quality profiling of intestinal tissues that 
was previously unachievable.6 This represents a major 
advance over traditional single-cell workflows, where 
high concentrations of digestive enzymes often degraded 
RNA and limited approaches to restricted populations of 
cells. Despite the growing application of these technolo-
gies to human IBD, there remains a paucity of single-cell 
atlases derived from preclinical models of CD-like ileitis. 
Generating these atlases is critical for aligning model 
systems with human disease biology and distinguishing 
conserved from context-specific pathways.

In this study, we perform snRNA-seq and spatial tran-
scriptomics to whole ileal tissues from SAMP mice with 
established disease and compared their gene signa-
ture(s) to healthy control AKR mice, generating a multi-
compartmental transcriptional atlas of chronic ileitis. We 
defined disease-associated shifts in cellular composition 
and gene expression of immune, stromal and epithelial 
cells. These changes corroborated known key features of 
SAMP chronic ileitis, including T helper type 2 (Th2) 
immune activation and expansion of Paneth cells,7–9 but 
also revealed novel findings, such as tuft cell expansion 
and presence of SAMP-specific Pcsk6+ enterocytes, and 
highlighted a stromal source of insulin-like growth factor 
1 (IGF1) in intestinal inflammation.

We applied cross-species integration with a large 
human single-cell RNA-seq dataset10 and interactome 
analysis across 26 cell types to define inflammation-
driven transcriptional programmes and ligand-receptor 
network rewiring in chronic ileitis. This high-resolution 

framework enables mechanistic investigation and thera-
peutic target discovery and supports the use of sponta-
neous murine models for preclinical IBD research.

RESULTS
A global single nucleus transcriptional blueprint of ileitis-
prone SAMP ilea unveils disease-associated transcriptional 
changes in every cell type
To investigate disease-associated transcriptional changes 
at the single-cell level, we collected whole ileal tissues from 
four 20-week-old SAMP1/YitFc (SAMP) mice with spon-
taneous ileitis and three healthy AKR (parental) controls. 
Gross dissection revealed inflamed, thickened ileal tissue 
in SAMP mice (online supplemental figure 1A). Histo-
logical scoring confirmed severe ileal inflammation in 
SAMP compared with AKR mice (figure 1A). We isolated 
nuclei using the recently developed gut-optimised Citra-
Prep method6 (online supplemental figure 1B), allowing 
snRNA-seq of these samples (figure 1B). Filtering out low-
quality nuclei and doublets produced 58 349 high-quality 
single-nuclear transcriptomes (online supplemental 
figure 1C-E).11–20 Based on unsupervised clustering and 
marker expression, nuclei were divided into three major 
tissue compartments: epithelial (81%), immune (10%) 
and stromal (9%) (figure  1F–G, online supplemental 
figure 1F, online supplemental table 1), exhibiting well-
established cell-specific gene markers (eg, Vil1, Ptprc, 
Acta2, respectively) (figure  1H). This compartmental 
distribution in mouse ileal tissues approximates the 
cellular composition reported in human single-cell data-
sets of healthy ileum, where ~80–90% of cells are epithe-
lial, 8–15% immune and 5–10% stromal, supporting the 
biological relevance of our murine dataset.21–23 To ensure 
statistical robustness, we applied pseudobulk differential 
expression analysis that aggregates nuclei by biological 
replicate, a more stringent approach than single-cell-
level testing alone. This analysis revealed that in almost 
every cell type, more genes were downregulated than 
upregulated in SAMP compared with AKR mice, similar 
to patterns seen in human ileitis (figure 1I).10

Dominant type 2 immune activation in SAMP
Next, we sought to identify differences in the immune 
environment between these two strains at the single cell 
level. We resolved the immune subatlas by strain and 
identified the major lymphoid and myeloid lineages in 
both AKR and SAMP mice, recovering 3077 immune 
nuclei from AKR and 2748 from SAMP (figure  2A–B). 
We defined specific cell subtype identities by unsuper-
vised clustering and marker expression, including B and 
plasma cells, CD4+ and CD8+ T cells, innate lymphoid 
cells (ILCs), dendritic cells, macrophages, eosinophils, 
mast cells and cytotoxic lineages (figure  2A–B; online 
supplemental figure 2A). We further confirmed cell 
type assignments by visualising expression of known 
markers for each identity (online supplemental figure 
2B). Functional enrichment analysis of upregulated 
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Figure 1  Single nucleus transcriptional blueprint of the murine ileum across epithelial, immune and stromal compartments. 
(A) Left, representative H&E images illustrate hallmark features of ileitis in SAMP mice, including villous distortion, 
crypt architectural disruption and prominent leucocytic infiltration in the lamina propria and submucosa. Right, blinded 
histopathological scoring of ileal inflammation in SAMP versus AKR (n=3–4 per group; exact P shown on plot). (B) Schematic 
of nuclei isolation and sequencing process. Ileal tissues (10 cm) were harvested from control AKR (n=3) and SAMP (n=4) 
mice, and nuclei isolated using the CitraPrep protocol for downstream snRNA-seq. (C–E) UMAPs of whole-atlas nuclei from 
all mice (C), AKR only (D), and SAMP only (E). Nuclei are coloured by cellular compartment in (C) and by biological replicate 
in (D–E), and visualised with UMAP (n=7 mice, 58 349 nuclei after QC). (F) Non-epithelial cells were split into immune and 
stromal subatlases, with UMAPs coloured by cell type. (G) Epithelial nuclei are coloured by epithelial cell type and visualised 
by UMAP. (H) Expression of compartment-specific markers. Dot plot shows canonical markers (rows) across compartments 
(columns); dot size indicates the fraction of nuclei expressing the gene and colour reflects average scaled expression. (I) Bar 
graph reporting the number of upregulated and downregulated genes in SAMP versus AKR across major epithelial, immune 
and stromal lineages (cell type groupings as shown), using thresholds defined in Methods. EEC, enteroendocrine cell; ICC, 
interstitial Cells of Cajal; ILC, innate lymphoid cell; ISC, intestinal stem cell; LEC, lymphatic endothelial cell; QC, quality control; 
snRNA-seq, single-nucleus RNA-sequencing; UMAP, Uniform Manifold Approximation and Projection.
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Figure 2  Type 2 immune activation in SAMP ileum. (A) Immune atlas UMAPs stratified by strain, showing AKR (control) and 
SAMP (disease) nuclei coloured by cell type. Unsupervised clusters are shown in online supplemental figure 2A. (B) Cluster-
defining expression heatmap for immune lineages, displaying top 10 transcripts distinguishing each population in rows, and 
each column representing an individual nucleus, with cell types clustered together and labelled by colour above. Full marker 
lists are provided in online supplemental table 1. (C) Functional enrichment of genes upregulated in SAMP immune cells, 
showing Gene Ratio and –log10P as shown for each represented functional term. (D) Dot plot showing Il1a, Il1b, Tnf and Il23a 
across immune cell types, stratified by strain. Dot size indicates percent of cells expressing the transcript, and colour indicates 
relative scaled expression. (E) Per-sample immune cell-type composition (AKR1–3; SAMP1–4), shown as a proportion of the full 
immune cell population. q values <0.05 are displayed, with labels for expanded populations in red and diminished populations 
in blue. (F) Gata3 and Tbx21 overlaid on strain-specific immune UMAPs, with colour representing normalised expression 
compared with all genes across all immune cells. Below, quantification of type 2–biased (Gata3+Tbx21−) versus type 1–biased 
(Tbx21+Gata3−) cells (type 2:type 1 ratio shown on plot). IELs, intraepithelial lymphocytes; IL, interleukin; ILC, innate lymphoid 
cell; NKT, natural killer T cell; UMAP, Uniform Manifold Approximation and Projection.
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genes comparing all immune cells in SAMP with those 
of AKR suggests generalised immune activation and 
cytokine signalling in SAMP, encompassing a variety of 
inflammatory response types (figure  2, online supple-
mental table 2).24 Furthermore, the CD-associated proin-
flammatory cytokines, Il1a, Il1b, Tnf and Il23a, exhibited 
altered expression patterns across immune cell subpop-
ulations in SAMP versus AKR mice (figure  2D, online 
supplemental figure 2C), confirming earlier studies.2 A 
feature plot of Ccl21a and Ccl19 highlights a statistically 
significant (adjusted p=0.00059), and a trend towards, 
decreased expression, respectively, in ilea from SAMP, 
both of which have been previously shown to be downreg-
ulated in SAMP mice (online supplemental figure 2D).25 
Similar to human studies, the immune compartment 
exhibited fewer transcriptional changes than stromal and 
epithelial cells (figure 1I).10 We were therefore particu-
larly interested in assessing changes in cell type propor-
tion between SAMP and AKR immune cells (figure 2).26 
Type 2 immunity orchestrators ILC2s (q=7.3e−4), along 
with eosinophils and mast cells (q=1.2e−2), were signif-
icantly expanded in SAMP, confirming prior studies 
establishing SAMP mice as a predominant Th2-driven 
model.7 8 27 Strain-stratified feature overlays further indi-
cated a shift toward type 2 polarisation in SAMP, reflected 
by higher Gata3 relative to Tbx21 signals and an increased 
proportion of Gata3+Tbx21− versus Tbx21+Gata3- cells 
(figure 2F). Concordantly, the Th2 cytokines, Il5, Il4 and 
Il13, exhibited higher expression in SAMP immune cells 
than AKR (online supplemental figure 2C). These anal-
yses defined the immune landscape of the SAMP ileum 
and detailed a Th2-leaning inflammatory milieu, substan-
tiating previous characterisation of the SAMP mouse and 
opening the door for subsequent epithelial–immune–
stromal interaction studies.

SAMP fibroblasts exhibit profibrotic and proinflammatory 
transcriptional activation
Beyond immune changes, we also asked whether the 
stromal compartment differed in gene expression 
patterns between SAMP and AKR mice. Consolida-
tion of unsupervised clusters of stromal cells based on 
similar transcriptomic profiles indicated representation 
of mesenchymal, endothelial and neural lineages in both 
AKR and SAMP ilea (figure 3A–B, online supplemental 
figure 3A-B). Given the known disease-related changes 
in fibroblasts in IBD, we asked whether SAMP fibroblasts 
transcriptionally shift towards an activated subtype.28 29 As 
expected, fibroblasts from SAMP mice displayed signifi-
cant upregulation of a cohort of transcripts (Fn1, Postn, 
Timp1, Ccl2, Pdgfra, Lox, Tnc, Wnt2b, Il11 and Cxcl1) 
related to inflammation and fibrosis compared with AKR 
controls (p=9.7e−15, figure  3C), confirming a robust 
fibrotic phenotype in SAMP ilea.30 31 A key upregulated 
gene revealed by differential expression analysis was Igf1 
(figure 3D–E, online supplemental table 2). In patients 
with CD, IGF1 has been implicated in intestinal extracel-
lular matrix (ECM) collagen regulation, aggravation of 

fibrosis and facilitation of malignant transformation.32 33 
To understand whether fibroblasts may be a source of 
IGF1 protein, we performed multiplexed immuno-
fluorescent staining and confirmed elevated IGF1 in 
COL1A1+ACTA2+ fibroblasts in SAMP ilea compared 
with AKR (figure  3F). Igf1 upregulation is just one of 
many changes in fibroblast gene expression, so we next 
asked what other functional changes are implied by 
these changes. Functional enrichment analysis revealed 
upregulation of pathways involved in extracellular matrix 
remodelling, actin filament-based movement and cell 
migration, while downregulated programmes included 
interferon signalling and proteoglycan metabolism 
(figure 3G). Given that muscle cells exhibit the greatest 
amount of transcriptional change out of stromal cells 
(figure  1I), as well as the dramatic thickening of the 
muscle layer observed on histology (figure 1A), we also 
wanted to understand which transcripts were changing 
in myocytes of SAMP mice. Notably, we found downreg-
ulation of Calm1 and Calm3 in SAMP muscle cells, which 
both code for Calmodulin, a critical protein for proper 
muscle contraction (online supplemental figure 3C, 
online supplemental table 2). Functional enrichment 
analysis (online supplemental figure 3D) indicates mostly 
metabolic and inflammatory changes, suggestive of adap-
tive myocytes adapting to an inflammatory environment. 
Aside from mesenchymal cells, all other stromal cell 
types, including enteric nervous system cells, exhibited 
minimal transcriptional differences between SAMP and 
AKR strains (figure 1A).

Expansion of secretory lineages and emergence of Pcsk6+ 
enterocytes in ileitis
We next asked what transcriptional changes occur in 
the diseased epithelium. Unsupervised clustering of 47 
103 epithelial nuclei identified six canonical cell types: 
enterocytes, goblet cells, intestinal stem cells, Paneth 
cells, tuft cells and enteroendocrine cells (figure 4A–B; 
online supplemental figure 4A-B). In our analyses, the 
proportion of SAMP epithelial cells was biased towards 
the secretory lineage (q=4.6e−5, online supplemental 
figure 4C). Specifically, SAMP mice exhibited a signifi-
cant expansion of Paneth cells, consistent with prior 
reports34–36 and newly reported expansion of tuft cells 
relative to AKR controls (figure 4C), with tuft cell enrich-
ment validated by DCLK1 immunostaining (p=0.0083, 
figure 4D–E).

To identify the most salient transcriptional changes in the 
SAMP epithelium, we performed differential expression anal-
ysis comparing all epithelial cells across strains (figure 4F–G, 
online supplemental table 2). Functional enrichment anal-
ysis highlighted that SAMP-derived epithelial cells exhibited 
upregulated markers associated with epithelial inflamma-
tion, stress and remodelling, including Reg4, Ang4, Cd55 
and Duox2 (figure 4F). One of the top upregulated genes 
in SAMP was Pcsk6, encoding proprotein convertase subtil-
isin/kexin type 6 (figure 4G). PCSK6 is a calcium-dependent 
serine protease that cleaves proteins to their active forms 
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Figure 3  Stromal remodelling in SAMP ilea indicates fibroblast activation and increased IGF1 expression. (A) Stromal nuclei 
from AKR and SAMP animals plotted separately by UMAP and coloured by cell type to visualise population differences. 
Unsupervised clusters are shown in online supplemental figure 3A. (B) Top 10 transcripts enriched in each stromal cell type. 
Individual transcripts are shown in rows, cell types are clustered together in columns with colour annotation above. Full 
marker lists are provided in online supplemental table 1. (C) Fibroblast Activation Score in AKR and SAMP, p=9.7e−15. Module 
score was calculated using average expression of the Fn1, Postn, Timp1, Ccl2, Pdgfra, Lox, Tnc, Wnt2b, Il11 and Cxcl1. 
(D) Differential gene expression in SAMP fibroblasts compared with AKR visualised as a volcano plot. Log2 fold change (x-axis) 
and −Log10P calculated using DESeq2 pseudobulk analysis. (E) Igf1 expression in AKR and SAMP stroma plotted separately 
for visualisation in UMAP space. Colour represents normalised expression compared with all genes across all stromal cells. 
Fibroblasts are circled. (F) Immunofluorescent staining of IGF1 in ACTA2+COL1 A1+ fibroblasts shows an increase in SAMP 
compared with AKR ileum. (G) Functional enrichment analysis of upregulated and downregulated genes in SAMP fibroblasts. 
–log10P for each represented functional term is plotted, coloured by gene ratio. ICC, interstitial cells of Cajal; IGF1, insulin-like 
growth factor 1; LEC, lymphatic endothelial cell; TRP, transient receptor potential; UMAP, Uniform Manifold Approximation and 
Projection.
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Figure 4  Secretory expansion and PCSK6+ enterocyte in the SAMP epithelial compartment. (A) Epithelial nuclei from AKR 
and SAMP animals plotted separately and coloured by cell type to visualise population differences. Visualised by UMAP. 
Unsupervised clusters shown in online supplemental figure 4AD. (B) Top 10 transcripts enriched in each epithelial cell type. 
Individual transcripts are shown in rows, cell types are clustered together in columns with colour annotation above. Datasets 
are provided in online supplemental table 1. (C) Fraction of nuclei of each cell type out of all epithelial nuclei per sample. All q 
values <0.05 listed in red for populations expanded in SAMP, and blue for populations decreased. (D) Immunohistochemistry 
of the tuft cell marker DCLK1 in both AKR and SAMP tissues, with inset showing example fields used for quantification. Red 
arrows mark nucleated tuft cells. (E) Quantification of tuft cell numbers normalised per high power field (20×) in AKR and SAMP 
ilea. Each point represents one animal, with error bars representing SE and p value (0.083) calculated from a two-sample t-
test. (F) SAMP tissues exhibit disease-related transcriptional changes. Heatmap of genes involved in inflammation, stress and 
tissue remodelling. Individual transcripts are shown in rows, organised by category, and cells are clustered by disease status in 
columns with colour annotation above. (G) Differential gene expression in SAMP epithelial cells compared with AKR visualised 
as a volcano plot. Log2 fold change (x-axis) and −Log10P calculated using DESeq2 pseudobulk analysis to retain biological 
replicate. Select genes of interest annotated, with further investigation focused on Pcsk6 (bold, purple data point). (H) On 
the left, Western blot analysis of PCSK6 in isolated ileal crypt-villus units from AKR and SAMP, with representative brightfield 
images from crypt isolation shown below. Each column represents protein from a different mouse, with ß-actin shown in 
the second row as a loading control. On the right, quantification of PCSK6 in each mouse normalised by ß-actin. (I) Pcsk6 
expression in AKR and SAMP epithelium plotted separately for visualisation of this DEG in UMAP space. Colour represents 
normalised expression compared with all genes across all epithelial cells. (J) Immunofluorescent staining of PCSK6 in epithelial 
crypt-villus from AKR and SAMP ileum, images taken at 20× are shown at the top, with high power images (60×) in the yellow 
boxed inset for better visualisation. Red arrows mark example PCSK6+enterocytes. DEG, differentially expressed gene; EEC, 
enteroendocrine cell; HPF, high power field; ISC, intestinal stem cell; UMAP, Uniform Manifold Approximation and Projection.
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and was previously shown to promote Th1 differentiation in 
colitis by activating signal transducer and activator of tran-
scription 1 (STAT1).37 Western blot of epithelial crypt-villus 
units38 confirms the upregulation observed in snRNA-seq is 
maintained at the protein level (figure 4H), with the potential 
to have functional effects. We next visualised Pcsk6 across all 
epithelial cell subtypes, revealing that expression is primarily 
restricted to a unique subset of enterocytes only present in 
SAMP tissues, Enterocyte7 (figure 4I, online supplemental 
figure 4D-E). Functional enrichment analysis of the top 100 
marker genes of this enterocyte cluster suggested changes 
to metabolic and immune-related programmes (online 
supplemental figure 4F), including multiple terms related to 
extracellular matrix production and glycosylation. Immuno-
fluorescent staining of SAMP and AKR tissues confirmed the 
appearance of PCSK6 protein in a subset of SAMP entero-
cytes (c-MAF+) (figure 4J), illustrating the specificity of this 
enterocyte subtype in the diseased ileum. Beyond Pcsk6, 
SAMP enterocytes also upregulated Il1rl1 (ST2) at both the 
transcript and protein levels, suggesting interleukin (IL)-33 
responsiveness and a further contribution to epithelial–
immune signalling (online supplemental figure 4G-H).

Spatial transcriptomics and human single cell validation of 
the SAMP ileal atlas
To contextualise the potential functional changes of 
SAMP epithelial cells, we wanted to know whether epithe-
lial programmes identified by snRNA-seq were spatially 
localised in mouse ilea and conserved in human IBD. Due 
to the discontinuous, patchy nature of disease in SAMP 
mice, whole ilea harvested for snRNA-seq contained 
nuclei from both inflamed (cobblestone-like)39 and 
non-inflamed regions that cannot be distinguished 
from each other using this approach. GeoMx enables 
us to assess compartment-level transcriptomes in AKR 
and SAMP mice, segregating SAMP tissue into cobble-
stone/inflamed versus non-cobblestone/non-inflamed 
regions (figure  5A, (online supplemental figure 5A). 
Spatial analysis of the epithelial compartment revealed 
higher transcript counts in SAMP mice for Pcsk6, Dclk1, 
Il1rl1, Pla2g4c, Fut2 and Mmp15 (figure  5B), mirroring 
the snRNA-seq data (figure 4G). Cobblestone and non-
cobblestone regions exhibited similar trends in expres-
sion profiles when compared with AKR, suggesting many 
of the most relevant transcriptional changes in SAMP ilea 
occur even in the absence of inflammation. Atlas-derived 
DEGs were also differentially expressed in the immune 
and stromal compartments of SAMP and AKR mice, with 
cobblestone and non-cobblestone regions again showing 
similar expression patterns (online supplemental figure 
5B, online supplemental table 1). Together, these spatial 
transcriptomic data not only confirm our snRNA-seq find-
ings, but also indicate that many disease-associated tran-
scriptional changes occur globally in the SAMP ileum.

We next asked whether the enterocyte changes we observed 
in the SAMP model were also present in patients with CD. 
We assessed expression of the top 50 murine Enterocyte7 
gene markers in a single-cell RNA-seq dataset10 derived from 

human ileal-specific CD. At the gene level, 72% of Entero-
cyte7 markers displayed increased expression in enterocytes 
of non-inflamed or inflamed IBD relative to healthy controls, 
including Pcsk6 (figure  5C). PCSK6 was also upregulated 
in bulk RNA-seq data from patient with ileal CD biopsies 
of both non-inflamed and inflamed tissue compared with 
non-IBD controls (online supplemental figure 5D), though 
the effect is diluted by non-enterocyte cells included in the 
biopsy.40 We next calculated module scores of the Entero-
cyte7 marker panel in human enterocytes. Enterocyte7 score 
was elevated in non-inflamed and inflamed human entero-
cytes at both the single cell (figure 5D) and at the biopsy 
levels (figure 5E) compared with scores derived from healthy 
ileum, in line with our finding that alterations in SAMP-
distinguishing gene expression occur in both affected and 
unaffected epithelium. This congruency again supports the 
translational relevance of the Enterocyte7/Pcsk6+enterocyte 
signature in CD-specific ileitis.

Cross-compartment interactome analysis reveals modified 
cell–cell communication in chronic ileitis
To assess whether transcriptional remodelling alters 
intercellular communication, we performed ligand–
receptor interactome analysis across 26 cell types.41 
Based on the expression of ligands and receptors, this 
analysis predicted overall interaction strength between 
cell types. One of the cell–cell communication relation-
ships predicted to be strongest in SAMP compared with 
AKR ileum is enterocyte signalling to ILC3s (figure 6A), 
confirming the importance of this ILC subset in the patho-
genesis of SAMP ileitis.42 Both disease-only and disease-
upregulated interactome pairs were identified between 
enterocytes and ILC3s (figure 6B). Interestingly, exami-
nation of ligand expression across enterocyte subclusters 
revealed that the ILC3-activating signal, Kitl, is expressed 
specifically in the Pcsk6+Enterocyte7 cluster (figure 6C), 
providing additional evidence that this SAMP-restricted 
enterocyte state may promote tissue inflammation.

To predict which cell types exhibited the most change in 
cell−cell signalling in SAMP tissues compared with AKR, the 
tissue-wide interactome analysis summed absolute values 
in the changes of interaction strengths across all ligand-
receptor pairs (figure  6A). Fibroblasts had the greatest 
amount of predicted change in outgoing signalling, mostly 
weakening their outgoing interactions in SAMP compared 
with AKR ileum (figure 6A and D). Examining the strength 
of predicted fibroblast-derived signalling pathways active in 
SAMP versus AKR tissues revealed IGF was the only pathway 
predicted to be active exclusively in SAMP fibroblasts 
(figure 6D). Visualising IGF signalling across all cells in our 
dataset demonstrated that IGF signals were initiated only by 
glia in AKR mice (figure 6E). In contrast, there was extensive 
rewiring of IGF signalling predicted in SAMP, with fibroblasts 
as the most prominent source, as well as ILC3s and CD4+ 
T cells (figure 6E). The interactome predictions indicated 
that the IGF signal was received by almost every cell type and 
further suggested IGF was one of the most enriched signal-
ling pathways in SAMP across all cell types (figure 6E). Since 
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Figure 5  Spatial transcriptomics and human single-cell data validate epithelial programmes from the SAMP ileal atlas. 
(A) Mouse spatial transcriptomics of ileum comparing AKR and SAMP regions of interest. Representative images showing 
tissue architecture in AKR and SAMP (both non-cobblestone and cobblestone regions with nuclei (DAPI), epithelium (PanCK), 
immune infiltrates (CD45), and stromal compartment (SMA) overlays, scale bar 250 um. (B) Box plots of spatial expression 
for PanCK+ genes across AKR, SAMP NC (non-cobblestone), and SAMP C (cobblestone) regions; exact p values displayed. 
(C) Dot plot of SAMP Enterocyte7 marker genes in human ileal enterocytes across healthy, non-inflamed IBD and inflamed IBD 
cohorts; dot size denotes percent expressing and colour indicates average scaled expression. Grey boxes highlight (left-to-
right) transcripts elevated primarily in inflamed tissue, similarly elevated in inflamed and non-inflamed, elevated in non-inflamed 
only, and similar or elevated in healthy cells. (D) Ridge plot of Enterocyte7 module score distribution across human enterocytes 
for healthy, non-inflamed and inflamed groups. (E) Per-sample Enterocyte7 module scores in the human dataset, displaying 
individual patients with group medians/IQRs; exact p values reported on panel. C, cobblestone; Heal, healthy; Infl, inflamed; 
NC, non-cobblestone; NonI, non-inflamed.
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Figure 6  Cross-compartment interactions in SAMP ileum reveal tissue-wide rewiring of inflammation and repair programmes. 
(A) Heatmap showing the strength of interactions between all cell types in SAMP versus AKR animals, predicted by CellChat. 
Source cells are plotted on the y-axis, and receiving cells are on the x-axis. Height of bars represents the sum of the absolute 
values of the heatmap values in that row (righthand bars) or column (top bars) (higher bar means more change for that cell 
type). (B) Communication probabilities for changed interactions from enterocytes to ILC3s. Probabilities in AKR are listed on 
the left, and SAMP on the right. Colour represents probability, with red as high and blue low. All interaction probabilities have p 
values <0.01 when compared between SAMP versus AKR. Grey lines indicate no signalling predicted for that ligand-receptor 
pair and strain. (C) DotPlot showing expression of the predicted ILC3-sensed ligands transcribed by enterocytes (rows), in 
SAMP versus AKR cells across all eight enterocyte subtypes in our dataset (columns). Kitl exhibits the most dramatic increase 
in SAMP versus AKR, particularly in Enterocyte7, alongside Pcsk6 (green). (D) Relative information flow of the fibroblast 
outgoing signalling network. Information flow is defined as the sum of communication probability among all pairs of cell groups, 
plotted here by condition as a proportion of the total communication across both conditions (AKR+SAMP). Pathways in grey 
are enriched in AKR, and those in pink are enriched in SAMP. (E) Circos plots showing IGF signalling in AKR versus SAMP. 
Lines are coloured like the cell type sending the signal, connecting to cell types predicted to receive the signal, with outgoing 
fibroblast signals highlighted in purple. (F) Enrichment score for all ligands enriched in SAMP (across all cell types), including 
IGF (black box). EEC, enteroendocrine cell; ICC, interstitial cells of Cajal; IELs, intraepithelial lymphocytes; IGF, insulin-like 
growth factor; ILC, innate lymphoid cell; ISC, intestinal stem cell; LEC, lymphatic endothelial cell; NKT, natural killer T cell.
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we observed putative rewiring of IGF in the SAMP tissue 
across many cell types, we next set out to determine broad 
ligand changes in the inflamed gut. Tissue-wide analysis of 
ligand transcription predicted SAMP enrichment of not 
only IGF1 secretion, but also CLEC2i, PECAM1 and others, 
emphasising that enterocyte-to-ILC3 and IGF signalling 
are only two of many likely cell−cell signalling changes in 
SAMP compared with AKR (figure 6F). These putative cross-
compartmental interactions indicate that epithelial, immune 
and stromal cells all actively modulate their microenviron-
ment during chronic disease. This highlights the need for 
robust experimental animal models to dissect the cellular 
and molecular choreography in IBD pathogenesis.

DISCUSSION
Using snRNA-seq of whole ileal tissues from SAMP 
mice with spontaneous chronic ileitis, we delineated 
compartment-wide transcriptional remodelling span-
ning epithelial, immune and stromal cell lineages. Our 
data provide molecular, cell-specific evidence for prior 
observations of the SAMP pathology, extend the under-
standing of disease-associated cell states and uncover 
novel transcriptional programmes that may be relevant 
to the pathogenesis of CD.

Although CD is classically regarded as an immune-
mediated disorder, our results reveal that the most 
profound transcriptional changes in the SAMP model 
occur in the epithelial and stromal compartments. This 
was initially unexpected, given the known importance of 
T cell-driven inflammation in this model.2 7 However, this 
finding aligns with prior work demonstrating that early 
epithelial alterations occur in SAMP mice, prior to the 
onset of ileitis, and that epithelial-derived IL-33 promotes 
early ILC2 expansion in a nucleotide-binding oligomeri-
sation domain-containing protein 2 (NOD2)-dependent 
and microbiota-dependent manner during the develop-
ment of ileitis.4 8 Our current data extend these findings 
by showing the presence of specific enterocyte subtypes 
in SAMP mice. In addition, we show upregulation of ST2+ 
enterocytes and a larger ILC2 population compared with 
controls. Fibroblasts from SAMP mice exhibited robust 
activation signatures, including upregulation of Igf1, 
consistent with a phenotype that promotes both fibrosis 
and epithelial repair. These findings were validated at the 
protein level by multiplex immunofluorescence. Gene 
enrichment analysis suggested that fibroblasts in chronic 
ileitis adopt a pro-repair and migratory state, activating 
pathways implicated in ECM reorganisation and growth 
factor signalling. These stromal dynamics provide a 
unique opportunity to interrogate fibroblast subsets as 
potential therapeutic targets in chronic intestinal inflam-
mation and IBD-associated fibrosis.

In this study, we observed significant expansion of both 
Paneth and tuft cells in the SAMP ileum. While increased 
Paneth cells are consistent with previous reports in 
this model,34 tuft cell expansion diverges from human 
IBD, where tuft cells are typically depleted in inflamed 

tissue.10 35 43 44 This distinction may reflect species-specific 
responses to chronic inflammation or distinct temporal 
phases of epithelial remodelling. Humans are rarely 
biopsied until they present with symptoms, raising the 
possibility that tuft cell expansion represents an early 
epithelial response captured in this experimental model, 
but missed in human disease. Both temporal and species-
specific explanations, therefore, remain plausible. In 
parallel, we identified a transcriptionally distinct popu-
lation of Pcsk6+ enterocytes, enriched in the villus-crypt 
regions of SAMP mice. These cells expressed genes 
involved in secretory stress, antimicrobial defence and 
wound healing, suggesting an inflamed crypt-adapted 
state. Importantly, recent work has shown that PCSK6 
promotes colitis progression by binding to and activating 
STAT1, thereby enhancing Th1 differentiation and M1 
macrophage polarisation, while compromising tight junc-
tion integrity and barrier function in vivo.37 In murine 
models of dextran sodium sulfate (DSS)-induced colitis, 
PCSK6 deficiency attenuated inflammation, improved 
epithelial barrier integrity and reduced proinflammatory 
immune polarisation. The increased expression of Pcsk6 
in inflamed villus-crypts in our model indicates a broader 
role for epithelial-derived PCSK6 in shaping mucosal 
immunity and amplifying local inflammation. Together, 
these data position PCSK6 as an important candidate 
mediator of epithelial–immune crosstalk in chronic ileitis 
and support further functional interrogation in vivo.

Spatial transcriptomic mapping confirmed that 
increased Pcsk6 was present in both inflamed and non-
inflamed SAMP tissue, suggesting a transcriptional 
change that may precede lesion formation. Notably, 
parallel analysis of human ileal CD revealed conserved 
upregulation of the murine Enterocyte7 marker panel, 
underscoring their translational relevance and estab-
lishing SAMP as a preclinical platform for the discovery 
of human-relevant novel therapeutic targets.

While this study provides a comprehensive snRNA-seq 
atlas of chronic ileitis in the SAMP model, several tech-
nical considerations warrant discussion. First, the use of 
snRNA-seq, while optimised for frozen tissue, has limita-
tions in capturing predominantly cytoplasmic transcripts. 
This may be a strength when assessing context-specific 
changes, in that nuclei sequencing captures nascent 
transcripts, representing active transcription, rather 
than long-lived cytoplasmic messenger RNAs. However, 
inflammatory mediators, such as cytokines, are often 
under-represented in nuclear transcriptomes, which may 
obscure certain facets of immune activation.45 However, 
key inflammatory programmes were supported by gene 
module scoring, pathway enrichment and indepen-
dent protein validation. Second, we observed limited 
representation of granulocytes, a known limitation of 
snRNA-seq, due to their particularly fragile nuclei. As 
such, granulocyte dynamics are likely underestimated 
and should be further explored using complementary 
approaches. Despite these caveats, our dataset includes 
58 349 high-quality nuclei from whole ileum tissue across 
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seven animals (n=4 SAMP, n=3 AKR), yielding high statis-
tical power for differential gene expression, cell-type clas-
sification and cross-compartment interactome analyses.

The identification of disease-associated transcriptional 
programmes across epithelial, immune and stromal 
compartments in the SAMP model offers a foundation 
for translational research aimed at disrupting chronic 
intestinal inflammation. Our interactome analysis 
uncovered expanded ligand–receptor signalling from 
epithelial and fibroblast compartments involving growth 
factors (Igf1, Vegfa, Bmp2), laminins (Lama3, Lama4), 
and adhesion molecules (Kitl, App), many of which 
are implicated in tissue remodelling, angiogenesis and 
immune cell recruitment. Several of these pathways are 
already targeted in cancer or fibrosis therapeutics and 
may represent underexplored opportunities in IBD.46–49 
For example, fibroblast-derived IGF1 has been shown 
to regulate epithelial repair and stromal-immune cross-
talk,50 and our protein validation confirms its spatial 
localisation to fibroblasts during ileitis. The widespread 
induction of IGF1 signalling across many cell types in the 
SAMP ileum may also suggest a compelling therapeutic 
target, with the ability to impact not just one, but several 
populations in the chronic ileitis microenvironment.

These insights suggest that the SAMP single-nucleus 
atlas can serve not only as a mechanistic resource but 
also as a preclinical platform to nominate and func-
tionally test therapeutic candidates that operate across 
mucosal compartments. Interventions that target both 
effector T cells and epithelial/stromal drivers may be 
especially effective in disrupting the self-sustaining loop 
of inflammation and maladaptive repair characteristic of 
CD. Spatial and cross-species validation supports these 
pathways as conserved drivers of mucosal injury and 
repair, rather than model-specific features. Integrating 
spatial and human IBD data into the SAMP framework 
enhances its translational value and prioritises clinically 
relevant targets.

In summary, this study defines the multicellular archi-
tecture of chronic ileitis in SAMP mice, reveals novel 
disease-associated transcriptional programmes and lays 
the groundwork for targeted investigations of mucosal 
inflammation and repair. The inclusion of all major 
compartments in a single atlas enhances its utility as a 
reference for future mechanistic and therapeutic studies, 
particularly in dissecting epithelial–immune–stromal 
circuits relevant to CD. The identification of Pcsk6+ 
enterocytes, given their known proinflammatory role 
in colitis, provides an entry point for studying epithelial 
drivers of immune polarisation and mucosal injury.
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