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Abstract
Background and Aims: Most patients with Crohn’s disease (CD) who have undergone ileocolonic resection experience recurrent inflammation 
within 1 year after surgery. We examined the molecular basis underlying gastrointestinal inflammation in postoperative CD across 3 common 
anatomic locations of recurrence.
Methods: To characterize spatial transcriptomic signatures, this study utilized biopsies from the colon, neo-terminal ileum, and anastomosis of 
patients with postoperative CD in the PREDICT-OR study. Sample analyses were performed with 10X Genomics Visium CytAssist system V2.0, 
and data analyses with R.
Results: Histologically inflamed biopsies from all locations shared transcriptional signatures across 3 cellular niches (myeloid, B, T cells) and a 
specialized epithelial cell type expressing inflammation-associated genes. Differentially expressed genes overexpressed inflammatory pathway 
activity across the 3 locations, whereas hypoxic pathways were less apparent. In addition to genes for known treatment targets, epidermal growth 
factor receptor and mitogen-activated protein kinase pathways were upregulated. Cellular niches shaped inflammatory microenvironments through 
endoplasmic reticulum stress and extracellular matrix remodeling signaling.
Conclusions: Application of spatial transcriptomics revealed a common disease signature for postoperative CD across the colon, neo-terminal 
ileum, and anastomosis. Inflamed biopsies from all locations demonstrated similar immune cell and inflammatory gene expression patterns as 
opposed to hypoxic pathways, and unique inflammatory pathways were revealed.

Key words: molecular pathology; RNA expression; histopathology.

© The Author(s) 2025. Published by Oxford University Press on behalf of European Crohn’s and Colitis Organisation.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For 
commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our 
RightsLink service via the Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

https://orcid.org/0000-0002-7421-9764
https://orcid.org/0000-0003-4581-2267
https://orcid.org/0000-0003-0854-0274
mailto:nvandecasteele@ucsd.edu
mailto:robert.battat@umontreal.ca
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com


2� Journal of Crohn’s and Colitis﻿, 2025, Vol. 19, No. 10

Graphical abstract

1. Introduction
Most patients with Crohn’s disease (CD) require ileocolonic 
resections, and intestinal inflammation recurs in up to 70% of 
patients within 1 year after surgery.1 This recurrence is associ-
ated with complications including corticosteroid use, hospital-
ization, reoperation,2–5 and increased morbidity.6 There is an 
unmet medical need for effective treatments of recurrent CD 
after ileocolonic resection. The current lack of therapeutic 
options in postoperative CD is partially attributable to a limited 
understanding of its molecular basis, uncertainties about the 
relative contributions of ischemia and inflammation to the 
development of anastomotic ulcers,7 and conflicting reports of 
the relationships between CD location, postsurgical outcomes, 
and disease recurrence.7,8

Spatial transcriptomics has advanced the ability to identify 
previously hidden signals in inflammatory bowel disease (IBD). 
This method avoids noise cancellation caused by (1) a lack of 
cellular information (next-generation sequencing) or (2) a lack 
of spatial context (single-cell ribonucleic acid [RNA] sequenc-
ing). Increasing the resolution from bulk to single-cell 
RNA-sequencing identifies diverse cell populations, including 
immunoglobulin G plasma cells, myeloid cells, T cells, and 
mesenchymal cells, that mediate resistance to anti-tumor necro-
sis factor (TNF) therapy in CD.9 However, similar cells in dif-
ferent locations can exist, and these signals can be lost without 
stratifying for spatial location. Spatial transcriptomics has 
provided comprehensive cellular and molecular characteriza-
tions of diseases with histologic and architectural context (ie, 
spatial maps of cellular niches within tissues) and insights into 
molecular interactions with neighboring cells.10 However, a 
spatial transcriptomic signature of CD has not yet been 
elucidated.

This study utilized spatial transcriptomic analyses from 
mucosal biopsies across 3 anatomic locations to identify the 
spatial transcriptomic signature in postoperative CD.

2. Materials and methods
2.1 Biopsy procurement
Biopsies were from the Pharmacokinetic and Pharmacodynam-
ics of Therapies, Noninflammatory Surgical Complications 
and Predictive Biomarkers in Postoperative Crohn’s Disease 
(PREDICT-OR) study, which was approved by the Weill Cor-
nell Medical College Institutional Review Board (#00009417, 
#00009419; ID 19-09020855), and all patients provided prior 
consent to participate. Biopsies were collected at the most 
endoscopically inflamed area in each location or at 5-10 cm 
from the anastomosis when no endoscopic inflammation was 
evident in the neo-terminal ileum or colon by postoperative 
ileocolonoscopy. All biopsies were fixed in 10% formalin and 
processed for routine paraffin embedding (Figure 1).

2.2 Tissue preparation and spatial transcriptomics
Total RNA was extracted from each formalin-fixed 
paraffin-embedded (FFPE) tissue block using the FormaPure 
XL RNA Reagent Kit and assessed for quality (PN C36001, 
Beckman Coulter). Only FFPE tissue blocks containing RNA 
of sufficient quality (DV200 ≥30%, indicating that ≥30% of 
the extracted RNA transcripts were at least 200 nucleotides 
in length) were used for subsequent analyses. Suitable FFPE 
tissue blocks were sectioned (4 µm, Histocore BIOCUT, 
Leica). Sections were placed on positively charged Superfrost 
Plus slides (catalogue no.1255015, Fisherbrand), heat-fixed 
in a section dryer oven (Epredia) at 60 °C for 30 minutes, 
deparaffinised, and stained with hematoxylin (catalogue 
no.7221, Epredia) and eosin (catalogue no.220-104, Epredia) 
(H&E) using a Histotek SL (Sakura) autostainer, and cover-
slipped. Whole slide images were acquired at ×40 magnifica-
tion using an Aperio AT2 DX (Leica) high-precision scanner.

Spatial transcriptomic analyses were performed using the 
Visium 2.0 CytAssist system (10X Genomics).
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2.3 Disease activity analyses used for spatial 
transcriptomic analyses
Transcriptomic pathway activity at the sample level was linked 
to histologic and endoscopic inflammation or a combination 
of both endoscopic and histologic inflammatory status  
(see “Disease activity assessments and definitions” section). 
Inflamed biopsy regions were compared to biopsy regions that 
were not inflamed and biopsy regions that were adjacent to 
inflamed biopsy regions. As histologic inflammation was the 
predominant determinant of pathway activity at the sample 
level, this definition was used to classify the cell populations 
according to associations with inflammation as well as tran-
scriptomic pathway activity at the level of cell population.

2.4 Disease activity assessments and definitions
Whole slide images were assessed for histologic disease activity by 
a US Board–Certified gastrointestinal pathologist (X.G.) and 
scored using the Robarts Histopathology Index (RHI). Absence 
of histologic disease activity was defined as an RHI score of 3 or 
less, without neutrophil infiltration in the epithelium and lamina 
propria.11 Postoperative disease recurrence was defined endoscop-
ically as a Rutgeerts score of at least i2 or an SES-CD score of at 
least 3.

2.5 Alignment on Visium slides, histopathological 
annotations, and data export
After coverslip removal and destaining, the sections were pro-
cessed for spatial transcriptomic analysis using the Visium 2.0 
CytAssist system to position them over spots on Visium slides 
with a 6.5 mm2 reaction area (1000519, 10x Genomics).  
Histopathological annotations of the whole slide images 

overlaying spots in the Visium slides (Figure 1) were provided 
for analyses (.cloupe files) by the study pathologist (X.G.) using 
Loupe Browser software (10x Genomics version 6.5.0). Spots 
overlaying areas of histologically inflamed biopsy regions were 
annotated as “inflamed,” those overlayed with noninflamed 
areas of samples containing histologic inflammation were 
annotated as “adjacent-inflamed,” while those overlayed with 
samples without evidence of histologic inflammation were 
annotated as “noninflamed.” Spot-level histopathological 
annotations were exported into. csv files and loaded into the 
R environment for import into Seurat objects.

2.6 Sequencing library generation and genome 
alignment
The cDNA libraries were prepared from the sections according 
to Visium CytAssist Spatial Gene Expression for FFPE User 
Guide (CG000520 Rev B, 10x Genomics) and sequenced on 
an Illumina NovaSeq 6000 platform using version 1.5 reagent 
kits and NovaSeq Control Software version 1.7.5. Space ranger 
software (10x Genomics, version 2.0.0) was used for sequence 
alignment with the hg38 reference genome, tissue detection, 
fiducial detection, and barcode/unique molecular identifier 
(UMI) counting using whole slide images and sequencing 
(.fastq.gz) files as inputs. Output files included run summaries 
containing quality metrics, filtered feature-barcode matrices 
for spots overlayed with tissue sections, high-resolution images, 
and Loupe Browser files (.cloupe).

2.7 Data preprocessing
Feature barcode matrices, high-resolution images, and spot- 
image coordinates were imported into Seurat (version 4.4.0) 
objects, a data structure used for storing and manipulating 

Figure 1.  Methods overview.
Abbreviations: CD, Crohn’s disease; ICR, ileocolonic resection.
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high-dimensional genomics data, including single-cell RNA 
sequencing and spatial transcriptomics.12 Seurat objects corre-
sponding to individual samples were merged into a single object 
using the “merge” function of the Seurat package. Based on 
the overall data distribution, spots without UMIs, more than 
17% mitochondrial and/or hemoglobin gene transcripts, or less 
than 150 features were filtered out of the dataset. Spot-level 
histopathology annotations were imported using the “Add-
MetaData” function of the Seurat package, while sample-level 
metadata (eg, endoscopic inflammation, biopsy location, and 
histologic disease activity) were imported using base R (version 
4.4.0) functions.

2.8 Batch correction, dimensional reduction, and 
trajectory analyses
Adjustments for the batch effects of multiple donors were 
achieved using the Harmony package.13 Harmony reduction 
was used for uniform manifold approximation and projection 
(UMAP) dimensional reduction and the Nearest-neighbor 
graph construction via the “RunUMAP” and “FindNeighbors” 
Seurat functions, respectively, and by using the first 30 dimen-
sions as input features. Clusters (or cell populations) were then 
identified using the “FindClusters” Seurat function with a res-
olution setting of 0.6.

Trajectory analyses were performed using the slingshot R 
package, which was designed to model developmental trajec-
tories in single-cell RNA sequencing data.14 The lines connect-
ing developmental trajectories were manually overlayed with 
the UMAP plot data generated using the dittoSeq R package 
(version 1.16.0).

2.9 Cell type deconvolution
Spatial transcriptomic spots were deconvoluted using R pack-
age spacerx (version 2.2.1), following the guidelines for Robust 
Cell Type Decomposition (RCTD)15 and the reference single-cell 
RNA-seq dataset from Elmentaite et al.16 Prior to analysis, 
RNA transcripts derived from fetal and pediatric tissue were 
removed from the reference dataset to focus our analyses on 
adult human tissues. RCTD was subsequently performed in 
“full” mode, allowing for any number of cell types per spot, to 
accommodate the high resolution of 10X Visium Spatial Tran-
scriptomics. Spots were assigned to an individual cell type based 
on the most predominant cell population within each spot. 
During downstream analysis, cell types contributing to less than 
5% of the total composition of cell populations were filtered 
out of the dataset to capture and explore molecular signatures 
within cell populations representative of each population.

2.10 Ligand-receptor analysis
The R package NICHES (version 1.0.0) was used to analyse 
the local cellular microenvironment by analyzing transcripts 
encoding ligand-receptor pairs within spots in close-proximity.17 
This analysis was performed in accordance with the NICHES 
package vignette (https://msraredon.github.io/NICHES/ 
articles/01%20NICHES%20Spatial.html) for estimating the 
microenvironment from spatial transcriptomic data. Briefly, 
the adaptively thresholded low-rank approximation (ALRA)18 
assay was performed with Seurat Wrappers (SeuratWrap-
pers::RunALRA) and used for ligand-receptor pair analysis 
with the ligand-receptor database FANTOM5. A niche object 
was created with the output “NeighborhoodToCell” and 

“ReceivingType” as identities, which were used for dimensional 
reduction with the following functions: FindVariableFeatures 
%>% ScaleData %>% RunPCA %>% RunUMAP. Overlap-
ping spots or spots in close proximity within a reduced dimen-
sional space were interpreted as an indicator of a shared 
microenvironment between the inflamed cell populations or 
cell types within these cell populations.

2.11 Differential gene expression and pathway 
analysis
Differential levels of gene expression between cell populations 
were assessed using the Seurat function “FindAllMarkers,” 
with the parameters min.pct = 0.25, logfc.threshold = 0.5, and 
p val_adj < 0.01. Downstream analyses were performed on the 
upregulated DEGs. The top 10 genes with the highest expres-
sion levels within each cell population were defined as those 
with the highest average log2 fold change.

Pathway activity analyses were performed using the R pack-
age Progeny (version 3.19),19 which uses an extensive collection 
of publicly accessible perturbation experiments to infer path-
way activity. Heatmaps of pathway activity were generated 
from summarised progeny scores using the pheatmap R func-
tion and clustering_method = “median.” Line plots were gen-
erated by transforming the summarised progeny scores into 
log2 fold change relative to the “noninflamed” biopsy region 
dataset as baseline.

Pathway enrichment analyses were performed using the R 
package cluster profiler20 and gene expression markers from 
the inflamed cell populations as defined by differential gene 
expression analyses. The function “compareCluster” was used 
to identify biological processes common and specific to the 
inflamed cell populations using the following parameters: 
OrgDb = “org.Hs.eg.db,” ont = “BP,” keyType = “SYMBOL,” 
fun = “enrichGO,” pvalueCutoff = 0.01. Visualization of enrich-
ment results were performed using the clusterprofiler function 
emapplot, which served as a guide to select groups of biological 
processes relevant to the inflamed cell populations.

2.12 Data illustration
Illustrations of UMAP plots, dot plots, and bar plots were 
achieved using the dittoseq R package (version 1.16.0).21 Line 
plots were generated with ggplot2 R package (version 3.5.1).22

3. Results
3.1 Study population
This study utilized 43 biopsies collected at Weill Cornell Med-
ical College from the colon (n = 13), ileum (n = 15), and anas-
tomosis (n = 15) of 15 prospectively recruited patients with CD 
who had undergone prior ileocolonic resection (Figure 1) from 
the PREDICT-OR study.23 Among the 15 patients (average age 
39 years), there were 10 females, 4 former smokers, and 10 
patients with endoscopic inflammation (Rutgeerts score ≥ i2 or 
a Simplified Endoscopic Score for CD [SES-CD] score ≥3) in 
at least one biopsy location. Disease behaviors (Montreal clas-
sification) were nonstricturing, nonpenetrating (B1) (2 patients), 
stricturing (B2) (8 patients), and mixed stricturing and fistuliz-
ing (B2/B3) (5 patients). Disease locations were ileal (L1) (7 
patients) and ileocolonic (L3) (8 patients). Therapies at the time 
of sample collection were biologics (10 patients), immunomod-
ulators (2 patients), antibiotics (4 patients), and bile acid 

https://msraredon.github.io/NICHES/articles/01%20NICHES%20Spatial.html
https://msraredon.github.io/NICHES/articles/01%20NICHES%20Spatial.html
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sequestrants (4 patients). Summary tables of the number of 
samples defined by histologic and endoscopic assessments and 
by disease behavior and biologic use are found in Supplemen-
tary Information, Table S1.

3.2 Common transcriptomic pathway activity in 
inflamed biopsy regions from the colon, neo-
terminal ileum, and anastomosis
Hierarchical clustering analyses of the transcriptional pathway 
activity in intestinal biopsies were performed and independently 
replicated using assessments based on endoscopy and histology. 
Findings at both levels were similar (Supplementary Informa-
tion, Table S2). Compared to noninflamed counterparts, endo-
scopically inflamed (Figure 2A) and histologically active biopsy 
regions (Figure 2B) were marked by increased activity of the 
TNF-α, nuclear factor (NF)κB, Janus kinase/signal transducers 
and activators of transcription (JAK-STAT), epidermal growth 
factor receptor (EGFR), and mitogen-activated protein kinase 
(MAPK) signaling pathways. When using both endoscopic and 
histologic assessments in combination, histologic inflammation 
was the predominant determinant of pathway activity  
(Figure 2C). Biopsies were segregated into those with (1) his-
tologically inflamed biopsy regions (irrespective of endoscopic 
inflammation status); and (2) biopsy regions that were not 
inflamed (ie, either without inflammation or adjacent to histo-
logic inflammation). Histologically inflamed biopsy regions 
showed unique inflammatory pathway activity.

Histologically inflamed biopsy regions showed a conserved 
inflammatory signature across the colon, neo-terminal ileum, and 
anastomosis. This signature showed increased activity of the 
TNF-α, NFκB, JAK-STAT, EGFR, and MAPK pathways. The 
transcriptional profiles from inflamed biopsy regions were con-
served across the 3 anatomic locations and were more similar to 
intersegmental inflamed biopsy regions than to intrasegmental 
biopsy regions that were not inflamed (Figure 2D). In contrast to 
the common intersegmental signature of inflamed biopsy regions, 
noninflamed biopsy regions differed from one another based on 
their anatomic location. Anastomotic biopsy samples exhibited 
transcriptional signatures that resembled the most represented 
segment, either ileum or colon (Figure 2E). Signal strength of 
transcriptional upregulation was greater in the inflamed colon or 
anastomosis than in the inflamed ileum (Figure 2D,E).

When analyses were stratified by anatomic location (ie, 
colon, neo-terminal ileum, and anastomosis), inflamed biopsy 
regions showed preserved transcriptional pathway activity 
across all anatomic locations (Figure 2F-I). Pathways that were 
strongly upregulated included the TNF-α, NFκB, JAK-STAT, 
EGFR, and MAPK pathways.

3.3 A common cellular composition in inflamed 
biopsy regions from the colon, neo-terminal ileum, 
and anastomosis
Dimensional reduction of all samples revealed that noninflamed 
cells segregated based on anatomic location, whereas inflamed 
cells segregated together irrespective of anatomic location  
(Figure 3A,B). Inflamed biopsy regions are composed mostly of 
T cells, B cells, and myeloid cells, whereas noninflamed biopsy 
regions are composed mostly of epithelial cells (Figure 3C).

A clustering analysis revealed the existence of 13 cell popu-
lations each representing a group of one or more cell types that 
share a similar transcriptomic profile. Cell populations were 

then classified by whether the majority of the cells were found 
upon histologically inflamed (“inflamed” cell populations) or 
noninflamed (“noninflamed” cell populations) biopsy regions 
(Figure 3D, Supplementary Information, Table S3). Cell com-
position in the inflamed cell populations was consistent across 
the 3 anatomic locations (Figure 4, Supplementary Informa-
tion, Table S3). Specifically, cell type decomposition and cellu-
lar niche analysis revealed that immune cells (eg, myeloid,  
T cells, and B cells) and epithelial cells in close proximity shared 
a similar microenvironment in 3 inflamed cell populations, 
while the fourth cell population was composed of more than 
90% epithelial cells. Differentially expressed genes (DEGs) 
from the inflamed cell populations were similarly expressed 
across intestinal anatomic locations including inflamed anas-
tomotic biopsies and were enriched for signaling pathways 
involving immune cell recruitment/activation, inflammatory 
signaling, extracellular matrix (ECM) organization, and the 
oxidative stress response.

3.4 A common gene expression pattern across 
different inflamed cell types
The gene expression pattern of the top 10 upregulated DEGs 
from the inflamed cell populations was consistent with cellular 
identity and an inflammatory gene signature (Figure 5A, Sup-
plementary Information, Table S4).

When segregating gene expression findings of inflamed biop-
sies by cell population, the strongest and most consistently 
upregulated genes were TNF-α, NF-κB, and JAK-STAT. In 
addition, clusters involving the specialized inflamed epithelial 
population had the strongest signal for these genes (Figure 5B, 
Supplementary Information Table S2).

Findings from pathway enrichment analysis performed with 
upregulated DEGs of inflamed cell populations were consis-
tent with pathway activity and differential gene expression.  
(Supplementary Information, Figure S1, Table S5).

3.5 Different cell populations show gene expression 
associated with unique functions
Myeloid and mesenchymal cells from the inflamed T-cell/B-cell/
myeloid population showed a gene expression pattern consis-
tent with ECM remodeling and leukocyte recruitment  
(Supplementary Information, Figure S2). The inflamed B-cell/
epithelial population presented a gene expression profile asso-
ciated with the endoplasmic reticulum (ER) stress response 
(Supplementary Information, Figure S3). The inflamed epithe-
lial and myeloid cell population was associated with a response 
to interferon-gamma (Supplementary Information, Figure S4). 
Lastly, the inflamed epithelial cell population showed expres-
sion patterns that were consistent with hypoxia, production 
of reactive oxygen species, and increased cellular metabolism 
(Supplementary Information, Figure S5).

3.6 Inflammatory activity and distribution according 
to biologic use
Inflammatory pathway activity (TNF-α, NFκB, JAK-STAT, and 
EGFR) was decreased in inflamed ileal biopsy regions from 
patients who were receiving biologics compared to those from 
patients who were not receiving biologics. However, represen-
tation of inflamed cell populations remained constant, regard-
less of biologic use (Supplementary Information, Figure S6). 
These subgroup data were limited due to sample size.
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Figure 2.  Pathway activity analyses correlated with endoscopic and histopathology assessments of colon, ileum, and anastomosis biopsies.  
(A) Hierarchical clustering of pathway activity profiles in samples defined by endoscopic inflammation (Yes = inflamed versus No = noninflamed).  
(B) Hierarchical clustering of pathway activity profiles in samples defined by histologic disease activity (nonactive disease vs. active disease).  
(C) Hierarchical clustering of pathway activity profiles in biopsy regions defined as inflamed or noninflamed by endoscopy (Endo.inflamed vs. Endo.non 
inflamed) and independently defined by histopathological annotations as inflamed, adjacent to inflamed, and noninflamed (inflamed: Histo.inflamed, 
adjacent-inflamed: Histo.adjacent, noninflamed: Histo.non inflamed), assessed in combination. (D) Pathway activity profiles in biopsy regions from the 
ileum, colon, and the anastomosis histologically defined as inflamed, adjacent-inflamed, and noninflamed. (E) Pathway activity profiles of histologically 
inflamed biopsy regions from the ileum, colon, and the anastomosis containing tissue from either ileum (anastomosis-ileum) or colon (anastomosis-colon). 
(F-H) Line plots displaying the fold change of pathway activity relative to noninflamed regions (histopathological assessment) in the ileum (F), colon (G) 
and the anastomosis (H). (I) Pathway activity spatial heatmaps of TNF-α, Janus kinase/signal transducers and activators of transcription (JAK-STAT), and 
hypoxia-associated transcriptional signatures in regions defined by histopathological assessments of colon, ileum, and the anastomosis samples.
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4. Discussion
This study utilized spatial transcriptomics to reveal molecular 
signatures associated with inflammation in mucosal biopsies 
from patients with postoperative CD, leading to the identifica-
tion of shared cellular niches and an epithelial cell type associ-
ated with regions of histologic inflammation across the colon, 
neo-terminal ileum, and the anastomosis. Pathway activity 
analyses of spatial transcriptomics indicated that histologic 
assessments of inflamed intestinal biopsy regions should be 
prioritized over endoscopic assessments.

Despite the distinct transcriptional signatures of noninflamed 
biopsy regions in the colon and ileum, the histologically 

inflamed biopsy regions of these anatomic locations and the 
anastomosis shared transcriptional signatures across 3 cellular 
niches and an epithelial cell type defined by enhanced expres-
sion of inflammation-associated genes. Identification of these 
inflamed cell populations prompted further characterization of 
gene expression, cell-type composition, and cellular roles in the 
inflammatory process. In postoperative CD, inflamed biopsy 
regions from all 3 anatomic locations demonstrated a similarly 
increased abundance of immune cells and inflammatory gene 
expression patterns as opposed to hypoxic pathways. In addi-
tion to TNF-α and JAK-STAT gene expression pathways that 
are targeted by current treatments, EGFR and MAPK pathways 
were also identified in this study.

Figure 3.  Dimensional reduction revealed cellular niches associated with histologic inflammation. (A-C) Uniform manifold approximation and projection 
(UMAP) plot of cells stratified by intestinal segment (colon, ileum, and anastomosis) (A), histopathology annotations (B), and cell type (C), highlighting 
(orange dashed circle) groups of cells from histologically inflamed and adjacent regions. (D) Uniform manifold approximation and projection (UMAP) plot 
of clustering results highlighting the inflamed cell populations (orange dashed circle). (E) Proportional contribution of cell types within cell populations in 
samples from the colon, ileum, and anastomosis.
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This study sheds light on the underlying pathophysiology of 
the commonly encountered clinical scenario of anastomotic 
ulceration and variations of postoperative CD recurrence. For 
patients with ulceration in the colon, ileum, or at the anasto-
mosis, the data collectively show that this ulceration represents 
CD recurrence as opposed to ischemia, which may guide appro-
priate management decisions. While specific management of 
ulceration in the postoperative context requires further study, 
data have shown that the elimination of CD-related endoscopic 

ulceration is associated with better outcomes and should be 
the target of management.24

In addition to the underlying pathophysiological findings in 
postoperative CD, this study revealed the gene expression pattens 
associated with specific cells and functions that may identify ther-
apeutic targets in this population. Specific functions included 
myeloid and mesenchymal cells involved in ECM remodeling and 
leukocyte recruitment, B-cell activation involved in the ER stress 
response, and granulocytes from the epithelial and myeloid 

Figure 4.  Cell type composition. Cell type composition per cell population for all segments combined (A) and for the data stratified by segment (B).

Figure 5.  Differential gene expression, pathway activity, and pathway enrichment analysis. (A) Heatmap illustrating the expression of the top 10 
upregulated differentially expressed genes (DEGs) (inflamed B-cell/epithelial and inflamed epithelial/myeloid share top 10 upregulated DEGs with the 
remaining inflamed cell populations and less than 10 genes are displayed) in the inflamed cell populations, in the entire dataset stratified by intestinal 
segment, histopathology annotations, and cell populations. (B) Hierarchical clustering of pathway activity profiles in the cell populations.
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populations associated with a response to interferon-gamma. 
Lastly, the gene expression patterns of the unique inflamed epi-
thelial cell population were more consistent than those of the other 
cell populations with hypoxia and increased cellular metabolism.

Uniquely, we have now characterized the presence of an 
inflamed epithelial cell population in postoperative CD. The cells 
in this population displayed similarities in spatial location and 
gene expression to the CD-associated “LND” cells recently dis-
covered by Li et al. These cells have high expression of LCN2, 
NOS2, and DUOX2, and have been identified in inflamed 
colonic and ileal segments in CD.25 Our findings provide inde-
pendent validation of findings by Li et al. and identified the pres-
ence of these cells in the ileocolonic anastomosis.25 The inflamed 
epithelial cell population is generated by a successful transfor-
mation of epithelial cells from the inflamed and noninflamed cell 
populations, which parallels increased reactive oxygen species, 
glycolysis, and lipid transport/metabolism gene expression from 
the progenitor inflamed epithelial/myeloid cell population. Fur-
ther analysis of the inflamed epithelial cell population suggested 
that the synthesis and transport of type L apolipoproteins is a 
previously unrecognized role of lipid metabolism in IBD patho-
physiology. There is a paucity of literature about the role of type 
L apolipoproteins in inflammation, and to our knowledge, no 
studies have correlated this group of apolipoproteins to IBD.

This study has some relevant strengths, including its delin-
eation of the molecular mechanisms in postoperative CD and 
its identification of common transcriptomic pathway activity 
and a common cellular composition in inflamed biopsy regions 
from the colon, neo-terminal ileum, and anastomosis. In addi-
tion, this study found a common inflammatory gene expression 
pattern across different inflamed cell types when analyzing the 
most upregulated DEGs, while each inflamed cell population 
showed gene expression associated with a unique function. 
Spatial transcriptomic analyses revealed granular transcrip-
tomic signatures through stratification of gene expression pat-
terns by cell populations and spatial location. Limitations of 
this study are its cross-sectional nature and the sample sizes for 
subgroup evaluations of disease behavior and specific therapies.

In conclusion, understanding spatial context is important for 
unravelling the molecular mechanisms underlying CD. By iden-
tifying and characterizing cellular niches associated with histo-
logically inflamed biopsy regions across the colon, neo-terminal 
ileum, and anastomosis, we provided granular insights into the 
drivers of inflammation stratified by spatial locations and cell 
populations in postoperative CD. Our work highlights the 
potential for using spatial transcriptomics to characterize 
inflammation-promoting cell populations and signaling path-
ways as novel treatment targets and biomarkers in CD.
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