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Multiplex spatial omics reveals changes
in immune-epithelial crosstalk during inflammation
and dysplasia development in chronic IBD patients
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Mojtaba Amini,1,4 Isaäc J. Nijman,1,7 Joren R. ten Hove,2 Julia Drylewicz,5 G.Johan A. Offerhaus,6

Miangela M. Laclé,6 Bas Oldenburg,2 and Yvonne Vercoulen1,4,9,*

SUMMARY

Patients with long-standing inflammatory bowel disease (IBD) face an increased risk of developing colitis-
associated cancer (CAC). Although IBD-induced prolonged inflammation seems to be involved in CAC
pathogenesis, the specific molecular changes that contribute remain unknown. Here, we applied digital
spatial RNA profiling, RNAscope, and imaging mass cytometry to examine paired uninflamed, inflamed,
and early dysplastic mucosa of patients with IBD. We observed robust type 3 (IL-17) responses during
inflammation, accompanied by elevated JAK-STAT signaling and phosphorylated STAT3 (P-STAT3) levels,
with both inflamed and dysplastic mucosa displaying immune cell activation. Higher stromal P-STAT3 was
detected in uninflamed and inflamed mucosa of patients who eventually developed dysplasia. CD8a+

T cells did not infiltrate inflamed or dysplastic epithelial regions in these patients, while control patients
showed elevated CD8a in inflamed mucosa. Our study reveals distinct inflammatory patterns throughout
CAC development, marked by an activated IL-17 pathway, engaged STAT3, and diminished cytotoxic
T cell infiltration.

INTRODUCTION

Colitis-associated colorectal cancer (CAC) is a well-known complication of long-standing inflammatory bowel disease (IBD), with standardized

incidence ratios ranging from 1.7 up to 7.2 in high-risk groups.1,2 Despite this high rate of incidence, molecular mechanisms underlying the

pathogenesis of CAC are incompletely understood. Several lines of evidence suggest that inflammation predisposes patients to colitis-asso-

ciated dysplasia.1 For example, proinflammatory cytokines, such as interleukin-6 (IL-6) and IL-23, were reported to have a role in this pro-

cess.3,4 Additionally, reduction of inflammation through genetic manipulation of key inflammatory pathways, such as nuclear factor kB

(NF-kB) activation, has been shown to suppress colitis-associated tumorigenesis.5 Taken together, these studies underscore the importance

of specific inflammatory pathways in inflammation-driven cancer; however, specific molecular changes that drive this process in patients have

not been characterized.

Previous genetic studies revealed that most of the early colitis-associated dysplastic lesions feature loss-of-function mutations in tumor

suppressor gene P53.6,7 Furthermore, chromosomal instability has been shown to progress from low-grade to high-grade dysplasia in this

setting.8 In neighboring non-dysplastic tissue, an increased level of a variety of somatic single-nucleotide alterations in genes involved in

IL-17 and Toll-like receptor signaling has also been detected, indicating that mutations accumulate under chronic inflammatory conditions.9

Of note, single-nucleotide polymorphisms in inflammation response genes, such as IL23R and NOD2/CARD15, are associated with IBD,9–13

but the involvement of these inflammatory pathways in CAC development is presently unclear. Moreover, the majority of insights into the

changes that accompany CAC development have been obtained using mouse models, which imperfectly capture human physiology.

Here, we describe initial analysis of genetic andmolecular signatures of colitis-associated tumorigenesis in humans enabled by access to a

unique patient cohort composed of patients with long-standing colitis (>9 years) enlisted in the Utrecht IBD Surveillance Study. We used dig-

ital spatial RNAprofiling (DSP), RNAscope, and imagingmass cytometry (IMC) and analyzed paired uninflamed, inflamed, and early dysplastic
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mucosa obtained from patient surveillance endoscopies. Next, we compared mucosal samples from patients that developed dysplasia

(cases) and patients who did not (controls) to identify the most significant differences between the two groups. This allowed us to pinpoint

IL-17 pathway and JAK-STAT3 signaling pathway activation and diminished cytotoxic T cell mucosal infiltration as distinguishing features of

CAC development. Overall, this improved understanding of the underlying pathophysiological mechanisms in patients at risk for CAC devel-

opment could contribute to more effective surveillance protocols and treatment strategies.

RESULTS

Inflammation and cancer pathways are upregulated in dysplastic mucosa

To explore the inflammatory landscape in themucosa of patients at risk for CAC, we compared dysplastic colonicmucosa from 3 patients with

long-standing colitis (>9 years) enrolled in the Utrecht IBD Surveillance Study with matched uninflamed mucosa (mucosa with no signs of

ongoing chronic or active inflammation) (Tables 1 and 2). Since dysplasia mostly comprises a relatively small region, we used selected, pathol-

ogist-annotated regions within tissue sections and performed DSP of immune cells (CD45+) and epithelial cells (panCK+) (Figures 1A and

S1A).14 Gene expression profiles of epithelial and immune cells are clearly separated in uniform manifold approximation and projection

(UMAP) (Figure S1B) and unsupervised clustering analyses (Figure S1C).

Pathway analysis revealed significant upregulation of inflammation-related pathways (systemic lupus erythematosus,NET formation, cyto-

kine-cytokine receptor interaction, and chemokine signaling) and cancer-related pathways (transcriptional misregulation in cancer, PI3K-AKT

signaling pathway, and viral carcinogenesis) in the dysplastic epithelium (Figure 1B). Immune cells displayed significant upregulation of the

cytokine-cytokine receptor interaction pathway, as well as other pathways related to inflammation (complement and coagulation cascades,

systemic lupus erythematosus) and cancer (choline metabolism in cancer, and transcriptional misregulation in cancer) (Figure 1C). Gene

expression analysis of the epithelium showed significantly reduced expression of multiple histone genes (H2, H3, and H4) in dysplasia, consis-

tent with the upregulation of ‘‘systemic lupus erythematosus’’ and ‘‘NET formation’’ Kyoto Encyclopedia of Genes andGenomes (KEGG) path-

ways since histones play a major role in both pathways (Figures 1D and S1A).15,16 The cytokine-cytokine receptor pathways were upregulated

as indicated by increased levels of IL-3, IL-5, IL-16, IL-19, IFNW1, IFNAR2, IL-7R, and IL-22RA1, and notably three IL-17 pathway cytokines (IL-

17A, IL-17F, and IL-21), suggesting a role for type 3 inflammation (Figure 1E; Table S1A). We also observed that chemokines CCL2, CCL16,

CCL19, CXCL9, and CXCL14 were upregulated in dysplasia (Table S1A). Analysis of the immune cell compartment showed no significant

differentially expressed genes overall (FDR<0.05), possibly due to the large diversity of cells within this compartment and the bulk level anal-

ysis due to the use of the DSP method (Figure 1D; Table S1B). Taken together, the DSP results indicate that inflammation-related pathways

were upregulated in the dysplastic epithelium, as evidenced by the presence of increased levels of cytokines, cytokine receptors, and chemo-

kines, especially those involved in type 3 inflammation.

Dysplastic epithelium shows low inflammatory signaling and MHC-II expression

To explore the changes of immune cell subsets and the inflammatory interactions during dysplasia development, we selected a set of longi-

tudinally collected colon biopsies from 7 patients with IBD for IMC analysis, including consecutive sections of the tissue samples used for DSP

analysis (Table 1). Selection of these colonic site-matched biopsies was based on the presence of inflammation (uninflamed: no signs of

ongoing chronic or active inflammation; inflamed: active and/or chronic inflammation) and on the presence or absence of dysplasia

(dysplastic). Again, regions of inflamed and dysplastic mucosa within tissue sections we chose for analysis were annotated by a pathologist

(Figure S2A; Table S2). To assess cellular and inflammatory changes in the tissue samples, we applied the multiplex imaging pipeline

‘‘MATISSE,’’17,18 specifically designed for multiplex single-cell protein expression analysis of epithelial, immune, and stromal cell subsets

Table 1. Patient characteristics

Patient ID Diagnosis Sex Agea
Disease duration

(years)a Montreal class

Maximal extent of

inflammation

IBD medicationaendoscopic histological

1 CD M 68–72 45–48 A2L3B1 Pancolitis pancolitis AZA

2 CD M 44–52 36–44 A1L3B2 Pancolitis pancolitis AZA

3 UC M 28–34 9–15 E3 Pancolitis left-sided colitis 6-MP

4 CD M 49–51 10–11 A2L2B1 left-sided colitis pancolitis 5-ASA, AZA

5 CD M 55–62 30–37 A2L3B1 >50% pancolitis 5-ASA

6 UC F 50–53 15–19 E3 extensive colitis extensive colitis 5-ASA, AZA

7 IC + PSC M 44–47 24–26 E3 Pancolitis pancolitis 5-ASA

CD, Crohn’s disease; UC, ulcerative colitis; IC, indeterminate colitis; PSC, primary sclerosing cholangitis; AZA, azathioprine (6-MP prodrug); 6-MP, 6-mercapto-

purine; 5-ASA, 5-aminosalicylates.
aat the time of sample collection.
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in tissue biopsies (Figure 2A). This method combines fluorescent microscopy (DAPI), with a 33-plex panel for IMC. The antibody panel

(Table S3) contains custom-conjugated antibodies, which are all validated with IMC (Figures S2B and S2C).

First, we evaluated the epithelial cell compartment and assessed proliferation (KI67), and active signal transduction of multiple pathways,

including JAK-STAT (phosphorylated STAT3, P-STAT3), apoptosis (cleaved caspase-3), NF-kB (nuclear NF-kB-P65 localization), PI3K (P-AKT,

P-S6), and Ras-MAPK signaling (P-ERK). Hierarchical clustering of median expression levels per image revealed a cluster containing most

dysplastic samples, and a cluster containing most of the inflamed samples, except for 2 samples that co-clustered with uninflamed mucosa

samples and 1 sample of dysplastic mucosa that appears not to be correlated with other samples (Figures 2B and S2E). Apoptosis (cleaved

caspase-3) was found to be significantly decreased in dysplastic mucosa compared to uninflamed mucosa, while proliferation (KI67) did not

vary in the different states (Figures 2C and S2D). Inflamed and uninflamed mucosa do not differ with respect to apoptosis and proliferation.

P-STAT3 levels were higher in inflamed epithelium as compared to uninflamed and dysplastic epithelium, but this was not significant (p = 0.05

compared to uninflamed, and p = 0.07 compared to dysplastic) (Figure 2C). NF-kB activation, defined by nuclear localization ratio, decreased

significantly in both inflamed epithelium and in dysplasia, suggesting an overall reduction of inflammatory signaling in dysplastic cells

(Figures 2D and S2F). Other included signaling markers were not significantly different between uninflamed, inflamed, and dysplastic tissues

(Figure S2G).

The major histocompatibility complex-II (MHC-II) expressed on murine intestinal epithelium has been demonstrated to present antigens

to CD4+ T helper cells.19We showed that HLA-DR-DP-DQ, which is part of theMHC-II complex, is expressed at high levels in inflamed epithe-

lium, while dysplastic epithelium shows lower HLA-DR-DP-DQ expression, suggesting reduced antigen-presenting capacity (Figures 2E and

2F). Together, dysplastic epithelium displays reduced apoptosis compared to inflamed and uninflamed mucosa. While inflamed epithelium

shows high P-STAT3 and MHC-II levels, NF-kB activation is reduced in both inflamed and dysplastic epithelium. In dysplastic mucosa, we

found reduced STAT3 activation andMHC-II expression. These observations suggest a diminished inflammatory crosstalk between dysplastic

epithelium and immune cells.

Lamina propria immune cells display active inflammatory responses in dysplasia

Next, we set out to identify changes in the immune cell compartment in the inflamed and dysplastic mucosa. First, we assessed global

changes in expression of cytokines, checkpoint molecules, and active signaling in the lamina propria cells, where most immune cells reside.

Hierarchical clustering of median cellular expression values per image revealed high levels of the inflammatory mediators IL-10, IL-17A, and

granzyme B and low levels of IFNg in inflamed and dysplastic regions (Figure 3A). In addition, the checkpoint molecules ICOS, CTLA-4, and

PD1 are high in these settings. Moreover, inflamed and dysplastic tissues display high phosphorylation of STAT3, ERK, AKT, and S6, demon-

strating active receptor and inflammatory signaling and a mild increase in proliferation (KI67). Other markers, such as nuclear NF-kB, cleaved

caspase-3, and HLA-DR-DP-DQ did not differ between the dysplastic and uninflamed mucosa (Figures 3A and S3A). Next, we assessed

expression levels of these proteins per patient and per disease stage. Expression of checkpoint molecules ICOS, CTLA-4, and PD1 was signif-

icantly higher in inflamed as compared to uninflamed conditions (Figures 3B and S3B). While ICOS shows a significantly higher expression in

dysplasia, the expression of PD1 andCTLA-4wasmore variable and showed no significant differences. HLA-DR-DP-DQexpressionwas similar

in uninflamed and inflamed mucosal lamina propria cells, but its expression dropped in the dysplastic microenvironment (Figures 3C and

S3C). Analysis of active signal transduction revealed significantly elevated levels of phosphorylated S6 in inflammation but not in dysplasia

(p = 0.08) (Figure 3D). P-STAT3 was high in both inflammation and dysplasia, suggesting increased immune cell activation and inflammatory

JAK-STAT signaling, while P-AKT and P-ERK levels showed no clear changes (Figures 3D and S3D). Furthermore, apoptosis (cleaved

caspase-3) was high in the inflamed mucosa, but proliferation (KI67) did not change (Figure S3E). NF-kB signaling did not differ between un-

inflamed, inflamed, and dysplastic mucosa in lamina propria cells (Figure 3E). Taken together, our results highlight the differences between

uninflamed, inflamed, and dysplastic mucosa in lamina propria cells, with both inflamed and dysplastic mucosa exhibiting clear signs of in-

flammatory response. However, we did not detect clear correlations between different states and key checkpoint molecules, cytokines, and

active signaling.

Table 2. Biopsy characteristics of GeoMx digital spatial profiling

Patient ID Status nROI

1 Uninflamed 3

1 Uninflamed 3

1 Uninflamed 3

1 Dysplastic 2

4 Uninflamed 3

4 Dysplastic 2

6 Uninflamed 3

6 Uninflamed 3

6 Dysplastic 2
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IL-17A is upregulated in inflammatory conditions

As described earlier, we observed that the overall production of secreted factors by lamina propria cells, such as granzyme B, IL-10, and IL-

17A, increased significantly in inflamed tissue, but not consistently in dysplastic mucosa, and that IFNg, the driver of type 1 inflammation,

did not differ between disease states. Both type 1 and type 3 inflammation have been linked to IBD and targeting these pathways has

been shown to be effective in its treatment.20,21 In murine models, type 3 inflammation promotes sporadic colorectal cancer (CRC).4 In

agreement with this, we observed higher IL-17A levels in the inflamed pre-dysplastic tissue microenvironment (Figures 3F and 3G). Since

DSP is limited to bulk expression data and does not detect significant differences in mRNA expression in total CD45+ immune cells, we

extended our analysis using high-resolution single-cell RNAscope to quantify RNA expression in each lamina propria cell. IL-17A mRNA is

indeed significantly upregulated in inflamed conditions (p = 0.02), with a similar trend in dysplasia (p = 0.08), characterized by a higher

percentage of cells with more than five mRNA counts per cell compared to uninflamed conditions (Figures 3H, 3I, and S3F). In epithelium,

we observe a high expression of IL-17A mRNA in all disease states although this is absent on a protein level (Figures 3G and S3G). Collec-

tively, our data suggest that the main source of IL-17A is immune cells and that type 3 inflammation is the main form of inflammation in

these patients.

The mucosal cellular composition changes during dysplasia development

To understand the contributions of specific cellular subsets to the observed differences in the inflammatory landscape, we performed unsu-

pervised clustering on all segmented cells using Rphenograph,22 which resulted in 18 distinct clusters (Figure 4A). Clusters were annotated

based on the expression of protein markers (Figure S4A), and proportional frequencies of cells are displayed per overall disease stage (Fig-

ure 4B) and per patient (Figure 4C). Overall, dysplastic tissue showed higher proportions of epithelial cells, although this difference was not

significant. Of the myeloid immune cell-containing clusters, the ‘‘T cell macrophage & CD16+’’ cluster was found to be reduced in the

dysplastic mucosa compared to inflamed mucosa. Clusters ‘‘IL-17’’ and ‘‘IL-17 epithelial’’ displayed significantly increased frequencies in in-

flamedmucosa compared to uninflamedmucosa. All other clusters did not show significant changes between disease stages (Figure 4C). We

alsomapped different cell clusters onto the tissue, to visualize the spatial distribution (Figure 4D). Together, we show that the (epithelial) IL-17

frequencies are increased in inflamed tissue, while the frequency of the ‘‘T cell macrophage & CD16+’’ cluster is reduced in the setting of

dysplasia.We observed no significant changes in frequencies of T cell clusters.We also note that hierarchical clustering reveals the coinciding

presence of cell phenoclusters, but cannot fully distinguish between disease stages, and shows interpatient variability (Figure S4B).

T cells display inflammatory markers, elevated immune checkpoints, and reduced epithelial infiltration

Next, we evaluated changes in the inflammatory signatures of T cell subsets, such as cytokine production and expression of immune check-

points. First, we identified CD4+ T helper cells, CD4+CD8+ double-positive cells (DP T cells), and CD8+ cytotoxic T cells (Figure S5A); of note,

the proportion of DP T cells may have been relatively overestimated due to spatial signal overlap of membranous CD4 and CD8a in some

cases. Proportional analysis revealed that overall frequencies of T cell subsets do not differ significantly between uninflamed, inflamed,

and dysplastic tissues (Figures 5A and S5F). Expression of FOXP3, the memory T cell marker CD45RO, and the proliferation marker KI67

did not differ in the three groups (Figures S5B and S5C). Expression of checkpoint CTLA-4 was significantly higher in the inflamed and

dysplastic lamina propria, while ICOS was only increased in inflamed tissue (Figures 5B and S5E). No significant differences were observed

in overall PD1 expression (Figure 5B), which was similar in different T cell subsets (Figure S5C). Signal transduction (P-S6) in T helper cells

increased in inflamed and dysplastic tissue, while P-ERK remained unchanged (Figure S5D).

Next, we assessed cytokine production, and showed that while IFNg and IL-10 expression in T helper cells shows no significant differences,

IL-17A expression in T helper cells is significantly higher in inflamedbut not in dysplastic tissue (Figures 5C and S5F).While granzymeB expres-

sion was higher in the inflamed and dysplastic lamina propria (Figure 3F), granzyme B expression in DP T cells and cytotoxic CD8+ T cells was

similar between conditions (Figure 5D).

To assess potential interactions between T cells and the epithelium, we calculated the median distance between T cell subsets and the

epithelium. There were no significant differences in median epithelial distance between disease states of CD4+ and CD4+CD8+ T cells

(Figures S5G and S5H). Cytotoxic T cells displayed a divergent localization pattern: the median distance to the epithelium was relatively

low in uninflamed and dysplastic tissue, compared to inflamed tissue (Figure 5E). Infiltration of cytotoxic T cells has been associated with

Figure 1. Digital spatial RNA profiling reveals elevated inflammatory signals in colitis-associated dysplasia

Formalin-fixed paraffin embedded mucosal biopsies (3 dysplastic and 7 paired non-dysplastic, uninflamed tissues) were included from 3 patients enrolled in

surveillance.

(A) Masks for epithelium (panCK+) and immune cells (CD45+) were generated, for 3 regions per biopsy. Scale bars represent 1 mm.

(B) Epithelial and (C) immune cell gene expression-based pathway analysis of uninflamed versus dysplastic biopsies. Top 20 of KEGGhumanpathway enrichment,

most significant processes are highlighted in red, and the less significant processes are highlighted in blue according to�log10(FDR). Dot size indicates number

of genes involved: larger dots in the graph correspond to a greater number of genes.

(D) Volcano plots showing differential gene expression with genes enriched in uninflamed (left) or in dysplastic tissue (right). Significance is indicated by color:

p < 0.05 (light blue), FDR<0.05 (dark blue), FDR<0.001 (orange, and names indicated).

(E) Gene expression level of IL-17 family (type 3 inflammation) cytokines compared between dysplastic and uninflamed epithelial regions and immune cells.

Displayed are IL-17A, IL-17F, and IL-21. Student’s t test was performed. p values are indicated in the graphs. See also Tables S1A and S1B and Figure S1.
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Figure 2. The epithelial compartment displays lower inflammatory signaling and HLA-DR-DP-DQ expression in dysplasia

(A) Overview of the experimental design including sample selection, tissue staining, and downstream computational protein expression and spatial analysis. 48

tissue biopsies were included from 7 patients with IBD, of >3 separately timed biopsies. Tissue sections were labeled, and regions of interest (ROIs) were imaged

and segmented using the MATISSE pipeline.

(B) Hierarchical clustering of median expression data of all cells in the epithelial compartment per biopsy. Disease states and individual patients are color coded.

Relative expression level is indicated by color intensity in the heatmap.

(C) Boxplot showing median expression of KI67, cleaved caspase-3, P-STAT3 in tissues annotated as different disease states (uninflamed, inflamed, and

dysplastic). Black dots indicate the median expression per biopsy. Colored points represent the mean expression of all biopsies included for each individual

patient. Kruskal-Wallis statistical test was performed, with Dunn’s post-test and Bonferroni multiple testing correction. p values are indicated in the graphs.
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reduced progression of sporadic CRC.23 Moreover, while stromal localization of CD8+ T cells is increased in microsatellite instability (MSI)

metastatic CRC, CD8+ T cells localize within the epithelium in MSI non-metastatic tumors.24 To explore the infiltration of cytotoxic T cells

in the epithelium, we separated the cells in three distance bins24: ‘‘intra-epithelial’’ (%0 mm), ‘‘proximal’’ (1–25 mm), and ‘‘distal’’ (>25 mm).

Intra-epithelial CD8+ T cell frequency was significantly reduced in the inflamed mucosa, accompanied by a significant increase in distal

CD8+ T cell frequency, while in dysplastic epithelium intra-epithelial CD8+ T cell infiltration showed a near-significant reduction (p =

0.0578), and proximal CD8+ T cell frequency a near-significant increase (p = 0.0563). These results indicate reduced infiltration of dysplastic

epithelium by cytotoxic CD8+ T cells in inflammation and dysplasia, but less defined as has been described in fully developed (metastatic)

tumors in CRC, which contain large areas of stroma (Figure 5F). Taken together, our analyses performed at the level of T cells subsets

show that T cells expressed higher levels of inflammatory markers and checkpoint molecules in inflamed and dysplastic mucosa and exhibit

distinct localization patterns, especially with respect to reduced epithelial infiltration during inflammation.

Elevated P-STAT3 in inflamed mucosa associates with dysplasia development

To confirm the altered expression of P-STAT3, HLA-DR-DP-DQ, CD8a, and IL-17A in inflamed mucosa of patients who eventually developed

dysplasia, we selected 14 new patients from the Utrecht Surveillance Study of whom 7 developed dysplasia (cases). The other 7 matched

patients did not develop dysplastic lesions and served as controls (Table S4). One dysplasia case was excluded because the biopsies did

not meet quality requirements. Using immunohistochemistry (IHC), the expression of proteins was evaluated in paired tissue sections of un-

inflamed and inflamed mucosa at baseline for each patient. In controls, the number of HLA-DR-DP-DQ+ cells was higher in inflamed

compared to uninflamed epithelium but this was not significant in uninflamed versus inflamed tissue of dysplasia cases (Figures S6A and

S6B). However, a significant decrease in HLA-DR-DP-DQ+ cells was observed in the dysplastic epithelium of dysplasia cases, confirming

IMC results (Figure S6C).

Next, we investigated STAT3 activation by IHC and confirmed that P-STAT3 expression, here quantified as proportion of P-STAT3+ cells,

was significantly higher in inflamed compared to paired uninflamed epithelium of dysplasia cases (Figures 6A and 6B), with a similar but not

significant trend in the lamina propria (p = 0.07) (Figure 6C). Of note, proportions of P-STAT3+ cells did not change in inflamed versus paired

uninflamed epithelium of controls. We did not observe significant changes of P-STAT3+ cells in dysplastic tissue, only in (pre-dysplastic) in-

flamed conditions (Figure S6D). These findings imply that increased P-STAT3 expression in the inflamed epithelium could be relevant for

dysplasia development.

Next, we assessedwhether the presence of cytotoxic T cells was relevant for the development of dysplasia and showed that the proportion

of CD8a+ cells is significantly higher in inflamed lamina propria of controls but is similar in uninflamed and inflamedmucosa of dysplasia cases

(Figures 6D–6F), confirming IMC results. Moreover, there was a significant reduction of CD8a+ cells in the dysplastic epithelium of dysplasia

cases, which was not observed in the dysplastic lamina propria (Figures 6G and S6E), confirming reduced cytotoxic T cell infiltration of

dysplastic epithelium. As we demonstrated that IL-17A mRNA and protein levels are high in the inflamed lamina propria of patients with

dysplasia (Figures 3F–3I), we examined their status in this new patient cohort. We showed that IL-17A+ cells tended to be elevated in the in-

flamed lamina propria of dysplasia cases (p = 0.07), but not in controls (Figures 6H and S6H). Since IL-17A can also be secreted, we next

analyzed the annotated region as an area. In the inflamed area, IL-17A was significantly increased in the lamina propria of dysplasia cases

but not in controls (Figure S6F). There was no significant difference in the dysplastic lamina propria of dysplasia cases, confirming upregulated

IL-17A protein specifically in inflammation as observed in our IMC analyses (Figure S6G). Together, we demonstrate increased proportions of

P-STAT3+ cells in epithelium and higher total levels of IL-17A in inflamed lamina propria of dysplasia cases, while only controls showed

increased CD8a+ cells.

DISCUSSION

In this study, we explored the immunological landscape in the uninflamed, inflamed, and dysplastic epithelium and lamina propria of patients

with IBD. Our comprehensive approach, which combined bulk and single-cell data at the mRNA and protein levels, revealed distinct inflam-

matory gene expression patterns, cell compositions, and inflammatory profiles under different conditions we studied.We observed that type

3 (IL-17) inflammatory responses increase during inflammation and persist in dysplasia, as well as P-STAT3 levels. Furthermore, dysplasia was

associatedwith decrease inmacrophages and elevated checkpointmolecule expression on T helper cells. Spatial analysis indicated that cyto-

toxic CD8a+ T cells infiltrate the epithelium in uninflamed tissue, but not in inflammation and dysplasia. Subsequently, we studied pre-

dysplastic changes in a second surveillance patient cohort and found increased P-STAT3+ epithelial cells but no changes in lamina propria

CD8a+ cells in inflamed as compared to uninflamed tissue. Control patients who did not develop dysplasia had higher proportions of CD8a+

lamina propria cells but no changes in P-STAT3+ cells in inflamed tissue compared to paired uninflamed tissue.

Figure 2. Continued

(D) Boxplot showing median of the nuclear/cellular ratio of NF-kB. ANOVA statistical test was performed, with Tukey HSD post-test. p values are indicated in the

graphs.

(E) Boxplot showing median expression of HLA-DR-DP-DQ. Kruskal-Wallis statistical test was performed, with Dunn’s post-test and Bonferroni multiple testing

correction. p values are indicated in the graphs.

(F) Representative image of HLA-DR-DP-DQ staining; the epithelial compartment border is indicated with a purple outline. Scale bars represent 50 mm. See also

Tables S2 and S3 and Figure S2.
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Figure 3. Lamina propria cells display elevated expression of immune checkpoints, cytokines and active signaling in inflammation, and early dysplasia

(A) Hierarchical clustering of median expression data of all cells in the lamina propria compartment per biopsy. Disease states and individual patients are color

coded. Expression level is indicated by color intensity in the heatmap.

(B–D) Boxplots showing median expression of proteins on lamina propria cells in tissues annotated as different disease states (uninflamed, inflamed, and

dysplastic). Median expression is displayed for (B) checkpoint molecules CTLA-4, ICOS, PD-1, (C) HLA-DR-DP-DQ, (D) phosphorylated S6 (P-S6), and STAT3

(P-STAT3). Kruskal-Wallis statistical test was performed, with Dunn’s post-test and Bonferroni multiple testing correction. p values are indicated in the

graphs. Black dots indicate themedian expression per biopsy. Colored points represent the mean expression of all biopsies included for each individual patient.

(E) Boxplot of the median nuclear/cellular localization ratio of NF-kB in lamina propria cells. ANOVA statistical test was performed, with Tukey HSD post-test.

p values are indicated in the graphs.

(F) Median expression of granzyme B, Interferon gamma (IFNg), interleukin-10 (IL-10), and IL-17A. Kruskal-Wallis statistical test was performed, with Dunn’s post-

test and Bonferroni multiple testing correction. p values are indicated in the graphs. Black dots indicate the median expression per biopsy. Colored points

represent the mean expression of all biopsies included for each individual patient.

(G) Representative IMC images are shown of granzyme B, and IL-17A in uninflamed, inflamed, and dysplastic tissue. Scale bar represents 50 mm.

(H) Percentage of cells in lamina propria with more than 5 IL-17A mRNA counts per cell. Healthy colon value was obtained from a tissue microarray (TMA) of healthy

colon tissue. two-way ANOVA with main effects only was performed, with Tukey HSD post-test. Colored points represent the percentage of cells per tissue biopsy.

(I) Representative images of IL-17A mRNA expression in uninflamed, inflamed, and dysplastic tissue are shown. Scale bars represent 200 mm. See also Figure S3.
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In our high-resolutionmultiplex IMC analyses, we observed reduced immune-epithelial interactions in dysplasia, characterized by reduced

epithelial CD8+ cytotoxic T cell infiltration and downregulation of epithelial HLA-DR-DP-DQ expression, an essential component of MHC-II,

leading to reduced antigen presentation of epithelial cells to CD4+ T helper cells. Increased expression of MHC-II components has been

consistently observed in intestinal tissues of patients with active IBD,25–27 similar to our results, both in inflamed tissue from dysplasia cases

and controls. Expression of MHC-II by intestinal stem cells is essential for inflammatory T cell responses and epithelial differentiation in exper-

imental infection models,19 and reduced MHC-II expression is related to dietary and microbiome changes.26 Additionally, in a mouse model

Figure 4. Changed cellular composition of the tissue during dysplasia development

(A) UMAP displaying all identified cells clustered into cell subsets using Rphenograph.

(B) Bar graph showing cellular proportions of each cell type cluster.

(C) Boxplots showing proportions of cell types per tissue biopsy analyzed in the annotated disease states. Each dot represents the result of individual biopsies.

ANOVA statistical test was performed, with Tukey HSD post-test. p values were adjusted for multiple comparisons with Bonferroni and indicated in the graphs.

(D) Representative images displaying localization of cells, colored by cluster. See also Figure S4.
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of sporadic CRC, MHC-II deletion in intestinal stem cells promotes intestinal tumor growth,26 showing that the regulation of T helper activa-

tion via epithelial MHC-II plays a role in inflammation and tumor development. This suggests that MHC-II downregulation occurs as an anti-

inflammatory mechanism in dysplastic epithelium.

Figure 5. Inflamed mucosa shows elevated Th17 and cytotoxic T cells, which avoid epithelium in dysplasia

(A) Proportions of CD4+ T helper cells, CD4+CD8+ (DP) T cells, and CD8+ cytotoxic T cells per patient. ANOVA statistical test was performed, with Tukey HSD

post-test. p values are indicated in the graphs.

(B) Expression of checkpoint molecules in T helper cells (CD4+ T cells). Individual datapoints represent median expression of all cells, and colored dots represent

mean of all biopsies included per patient. Kruskal-Wallis statistical test was performed, with Dunn’s post-test and Bonferroni multiple testing correction. p values

are indicated in the graphs.

(C) Production of cytokines in T helper cells. Kruskal-Wallis statistical test was performed, with Dunn’s post-test and Bonferroni multiple testing correction. p

values are indicated in the graphs.

(D) Granzyme B expression in DP T cells and cytotoxic T cells. Kruskal-Wallis statistical test was performed, with Dunn’s post-test and Bonferroni multiple testing

correction. p values are indicated in the graphs.

(E) Median epithelial distance (mm) of CD8+ cytotoxic T cells per disease state. Distance was clipped to 75 mm. Kruskal-Wallis statistical test was performed, with

Dunn’s post-test and Bonferroni multiple testing correction. p values are indicated in the graphs.

(F) Analysis of localization of CD8+ cytotoxic T cells in the tissue, quantified as distance from the epithelium. Bins indicate ‘‘intra-epithelial’’ (%0 mm), ‘‘proximal’’

(1–25 mm), and ‘‘distal’’ (>25 mm). Distance was clipped to 75 mm. ANOVA statistical test was performed, with Tukey HSD post-test. p values are indicated in the

graphs. See also Figure S5.
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Figure 6. Elevated IL-17A and P-STAT3 in inflamed mucosa associates with dysplasia development

(A) Representative images of P-STAT3 expression in uninflamed and inflamed tissues of controls (no dysplasia), and dysplasia cases (dysplasia). Scale bars

represent 50 mm.

(B) Single-cell analysis of P-STAT3 expression, displayed as the proportion of P-STAT3+ cells in the epithelium in uninflamed and inflamed tissues of dysplasia

cases and controls. Paired t test was performed. p values are indicated in the graphs.

(C) Single-cell analysis of P-STAT3 expression, displayed as the proportion of P-STAT3+ cells in the lamina propria in uninflamed and inflamed tissues of dysplasia

cases and controls. Paired t test was performed. p values are indicated in the graphs.

(D) Representative images of CD8a expression in uninflamed and inflamed tissues of dysplasia cases and controls. Scale bars represent 50 mm.

(E) Single-cell analysis of CD8a expression, depicted as proportion of CD8a+ cells in the epithelium in uninflamed and inflamed tissues of dysplasia cases and

controls. Paired t test was performed. p values are indicated in the graphs.

(F) Single-cell analysis of CD8a expression, depicted as proportion of CD8a+ cells in the lamina propria in uninflamed and inflamed tissues of dysplasia cases and

controls. Paired t test was performed. p values are indicated in the graphs.

(G) Single-cell analysis of CD8a expression, depicted as proportion of CD8a+ cells in uninflamed, inflamed, and dysplastic epithelium of dysplasia cases. Kruskal-

Wallis statistical test was performed, with Dunn’s post-test. p values are indicated in the graphs. A representative image of CD8a expression in dysplastic tissue is

shown. Scale bar represents 50 mm.

(H) Single-cell analysis of IL-17A expression, depicted as proportion of IL-17A+ cells in uninflamed and inflamed lamina propria of dysplasia cases and controls.

Paired t test was performed. p values are indicated in the graphs. See also Tables S4 and S5 and Figure S6.
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Although CD8+ T cell frequencies did not change, our spatial analysis showed lower epithelial CD8+ cytotoxic T cell infiltration in inflamed

and dysplastic epithelium, which underscores the reduced immune-epithelial interaction in patients with dysplasia. Consistently, the CD8a

IHC signal did not change in inflamed mucosa from dysplasia cases but, in fact, was higher in inflamed mucosa from controls. Together,

this suggests a role for CD8+ T cell presence and epithelial infiltration in dysplasia development. This is in line with observations in sporadic

CRC tissue, where reduced infiltration of cytotoxic T cells is associated with tumor progression.23,24

Different proinflammatory pathways, such as NF-kB, IL-6/STAT3, and IL-23/IL-17, may contribute to a tumor-supportingmicroenvironment

resulting in CAC.28 Our studies demonstrate an increased type 3 (IL-17) response in inflamed and dysplastic conditions as we observed

elevated levels of IL-17A, IL-17F, IL-22 mRNA, and IL-17A mRNA in lamina propria. Type 3 responses have previously been associated

with IBD inflammation and cancer development. Additionally, in mouse models for sporadic CRC, IL-23 produced by myeloid cells enhanced

tumor growth and progression,4 and IL-17RA signaling reduced the production of the T cell-recruiting chemokines CXCL-9 and -10 by the

tumor.29 Of note, the accumulation of mutations in IL-17 signaling-related genes was observed in the epithelium of patients with ulcerative

colitis (UC) and concomitant CAC, genes that are infrequently affected in sporadic CRC.9 Together, type 3 inflammatory responses may pro-

mote tumor development in both a paracrine fashion within the epithelium and via modulation of epithelium-immune inflammatory crosstalk.

Remarkably, IL-17 blockade therapy has shown promise in dermatology and rheumatology, but exacerbated disease in IBD,30 suggesting that

IL-17 signaling has a role in the maintenance of the gut barrier. Additionally, murine models showed that signaling via IL-17A and the IL-17

receptor A (IL-17RA) promotes secretory cell differentiation and regeneration, of which the lattermay be involved in dysplasia development.31

Although the exact role of IL-17 signaling in IBD and CAC development may depend on a specific IL-17 family member and receptors ex-

pressed,32 blocking mediators of the IL-17 pathway, such as IL-23, could be beneficial for patients with long-standing colitis and may prevent

dysplasia.

Another important observation that we made is that inflamed tissue of patients that developed dysplasia has higher P-STAT3+ cell pro-

portions and total expression levels, which is in contrast to patients who did not develop dysplasia. This suggests that JAK-STAT3 upregu-

lation indicates a pre-dysplastic inflammatory condition. In line with this, colonic crypts of Stat3DIEC mice show decreased proliferation and

increased apoptosis after DSS exposure and develop less and smaller adenomas compared to wild-type mice.3 Moreover, the inhibition of

JAK-STAT3 signaling in CRC cells induced apoptosis and cell-cycle arrest,33 suggesting that JAK-STAT3 signaling is essential for epithelial cell

survival and proliferation, thereby driving dysplasia. A previous study showed increased numbers of epithelial P-STAT3-positive cells during

CACprogression; P-STAT3was increased in active UC, low-grade dysplasia, high-grade dysplasia, andCAC compared to inactive UC.34 How-

ever, we show that epithelial P-STAT3 in established dysplasia is lower compared to inflamed tissue, implying that the early dysplastic epithe-

lium becomes less susceptible to specific inflammatory signals that promote JAK-STAT3 signaling (e.g., IL-6).35 Targeting the JAK-STAT3

pathway with JAK inhibitors may therefore be both beneficial for the treatment of IBD36 and for preventing dysplasia development.

Since JAK-STAT3 signaling is mainly driven by cytokines and cytokine receptors, this suggests that specific inflammatory profiles in IBD can

promote risk of dysplasia development. How and whether elevated type 3 inflammatory responses are related to increased P-STAT3 levels in

patients at risk is presently unclear. Our data suggest that drugs targeting specific inflammatory pathways, such as IL-23 receptor blockade or

JAK inhibitors, may be beneficial for the prevention of CAC. A better understanding of the functional implications of our findingsmay provide

guiding for a safe and effective treatment of IBD while preventing dysplasia development.

Together, our analyses demonstrate changes in immune-epithelial crosstalk during chronic inflammation and dysplasia development in

the colonic mucosa of patients with long-standing IBD. Moreover, we identified specific inflammatory signatures in the inflamed mucosa

of patients who developed dysplastic lesions over time, most notably elevated P-STAT3, accompanied by elevated IL17A levels, and un-

changed CD8a expression. Future studies should investigate the potential predictive value of this signature for dysplasia development in

a large cohort. Moreover, future research focused on the role of these inflammatory pathways in colitis-associated tumor development

will provide insights into its pathophysiology andmight open new avenues for prevention and treatment of this dreaded complication of IBD.

Limitations of the study

One limitation of this study is the small sample size used. This is a unique longitudinal cohort with paired samples, and we only included pa-

tients that were not treated with biologicals before, to limit variation. Hence, we were limited to this sample size. Still, some variation between

patients occurs due to different treatments (AZA, 6MP, and 5-ASA) and variable disease duration, and 1 patient with primary sclerosing chol-

angitis colitis was included.Moreover, while this study focused on cellular composition and inflammatory pathways, other factors such as bac-

terial infection and oxidative stress could play a role in inflammation-induced DNA damage and cancer development, as has been demon-

strated in murine models.37
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CTLA4 (clone CAL49) Abcam Cat# ab237712; RRID: AB_2905652

Goat anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody

Invitrogen Cat# A16112; RRID: AB_2534785

E-Cadherin (clone 24E10) Cell Signaling Technology Cat# CST3195BF; RRID: AB_2728822

CD20 (clone H1) BD Biosciences Cat# 555677; RRID: AB_396030

Non-phospho (active) beta catenin (clone D13A1) Cell Signaling Technology Cat# CST8814BF; RRID: AB_11127203

PanKeratin (clone C11) Cell Signaling Technology Cat# CST4545BF; RRID: AB_490860

IFN-g (clone D3H2) Cell Signaling Technology Cat# CST8455BF; RRID: AB_2797644

CD45RO (clone UCHL1) Cell Signaling Technology Cat# CST55618BF; RRID: AB_2799491

Akt (pan) (clone 40D4) Cell Signaling Technology Cat# CST2920BF; RRID: AB_1147620

HLA-DR+DP + DQ (clone CR3/43) Abcam Cat# ab7856; RRID: AB_306142

FOXP3 (clone 236A/E7) Abcam Cat# ab96048; RRID: AB_10861686

CD4 (clone EPR6855) Abcam Cat# ab181724; RRID: AB_2864377

pSTAT3 (Tyr705) (clone D3A7) Cell Signaling Technology Cat# CST9145BF; RRID: AB_2491009

IL-10 (polyclonal) R&D Systems Cat# AF-217-NA; RRID: AB_354401

CD45 (clone D9M8I) Cell Signaling Technology Cat# CST13917; RRID: AB_2750898

CD8a (clone C8/144B) Thermo Fisher Scientific Cat# 14-0085-82; RRID: AB_11150240

ICOS (clone D1K2T) Cell Signaling Technology Cat# CST89601BF; RRID: AB_2800142

pS6 (Ser235/236) (clone D57.2.2E) Cell Signaling Technology Cat# CST4858BF; RRID: AB_916156

PD1 (clone EPR4877(2)) Abcam Cat# ab186928; RRID: AB_2894896

NFkB (clone L8F6) Cell Signaling Technology Cat# CST6956BF; RRID: AB_2797704

IL-17a (polyclonal) R&D Systems Cat# AF-317-NA; RRID: AB_354463

Ki-67 (clone B56) BD Biosciences Cat# 550609; RRID: AB_393778

Granzyme B (clone D6E9W) Cell Signaling Technology Cat# CST46890BF; RRID: AB_2799313

CD3 (polyclonal) Dako Cat# A045229-2; RRID: AB_2335677

pERK (Thr202/Tyr204) (clone D13.14.4E) Cell Signaling Technology Cat# CST4370BF; RRID: AB_2315112

Cleaved Caspase-3 (clone 5A1E) Cell Signaling Technology Cat# CST9664BF; RRID: AB_2070042

ERK (Pan) (clone 137F5) Cell Signaling Technology Cat# CST4695BF; RRID: AB_390779

pAKT (Ser473) (clone D9E) Cell Signaling Technology Cat# CST4060BF; RRID: AB_2315049

Histone H3 (clone D1H2) Cell Signaling Technology Cat# CST4499BF; RRID: AB_10544537

aSMA (clone 1A4) Thermo Fisher Scientific Cat# 14-9760-82; RRID: AB_2572996

CD16 (clone EPR16784) Abcam Cat# ab215977; RRID: AB_2877105

CD68 (clone KP1) Thermo Fisher Scientific Cat# 14-0688-82; RRID: AB_11151139

CD8a (clone C8/144B) Cell Signaling Technology Cat# 70306; RRID: AB_2799781

BrightVision poly HRP-Anti-Rabbit IgG ImmunoLogic Cat#: DPVR55HRP; RRID: AB_2915958

Human TruStain FcX (Fc receptor blocking solution) BioLegend Cat# 422302; RRID: AB_2818986

Biological samples

Formalin-fixed colon biopsies from

patients with ulcerative colitis

This study N/A

Chemicals, peptides, and recombinant proteins

Cell-ID Intercalator-Ir Fluidigm Cat# 201192B; RRID: N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yvonne Vercoulen

(Y.Vercoulen@umcutrecht.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All single-cell segmented raw IMCdata derived fromparticipants have been deposited onDataverse, accessible via https://doi.org/10.

34894/LXHZQF

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DAPI (40,6-Diamindino-20-Phenyindole,

Dihydrochloride)

Sigma-Aldrich Cat# D9542; CAS: 28718-90-3

ProLong� Gold Antifade Mountant Thermo Fisher Scientific Cat# P36930; RRID: N/A

PAP pen for immunostaining (5 mm tip) Sigma-Aldrich Cat# Z377821

Xylene Klinipath Cat# 4055–9005; Cas 1330-20-7

Ethanol absolute R99% Klinipath Cat# 4099–9005; Cas 64-17-5

Hydrogen peroxide solution Merck Life science Cat# 216763; Cas 7722-84-1

Ethylenediaminetetraacetic acid

disodium salt dihydrate (EDTA)

Sigma-Aldrich Cat# 27285; Cas 6381-92-6

2-Amino-2-methyl-1,3-propanediol (Tris base) Sigma-Aldrich Cat# 10708976001; Cas 77-86-1

Bovine Serum Albumin (BSA) Sigma-Aldrich Cat# A9647; Cas 9048-46-8

Sodium Chloride (NaCl) Sigma-Aldrich Cat# 31434; Cas 7647-14-5

Tween 20 Sigma-Aldrich Cat# P9416; Cas 9005-64-5

Hydrochloric acid fuming 37% Sigma-Aldrich Cat# 100317; Cas 7647-01-0

Sodium hydroxide Sigma-Aldrich Cat# 106498; Cas 1310-73-2

3,3-Diaminobenzidine tetrahydrochloride hydrate Sigma-Aldrich Cat# D5637; Cas 868272-85-9

Citric acid monohydrate Sigma-Aldrich Cat# 33114; Cas 5949-29-1

Sodium phosphate dibasic dihydrate Honeywell Cat# 30435; Cas 10028-24-7

Hematoxylin Solution, Gill No. 3 Sigma-Aldrich Cat# GHS316

ClearVue Mountant XYL Thermo Fisher Scientific Cat# 4212; Cas 1330-20-7

Critical commercial assays

RNAscope� Multiplex Fluorescent Reagent Kit v2 ACD Bio Techne Cat# 323100; RRID: N/A

RNAscope� Probe- Hs-IL17A ACD Bio Techne Cat# 310931; RRID: N/A

Opal 650 Reagent Pack Akoya Biosciences Cat# FP1496001KT; RRID: N/A

RNAscope� Multiplex Fluorescent Detection Kit v2 ACD Bio Techne Cat# 323110; RRID: N/A

Deposited data

Cell-segmented raw imaging mass cytometry data This study Dataverse: https://doi.org/10.34894/LXHZQF

Software and algorithms

MATISSE pipeline Baars et al.17; Krijgsman et al.18 https://github.com/VercoulenLab/

MATISSE-Pipeline; RRID: N/A

Fiji (ImageJ) (version 2.9.0) Schindelin et al.38 https://github.com/fiji/fiji; RRID: SCR_002285

QuPath Bankhead et al.39 https://qupath.github.io/; RRID: SCR_018257

HALO� Multiplex IHC module Indica Labs https://www.indicalab.com/halo/;

RRID: SCR_018350
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� All code used for DSP and IMC data processing and analysis have been deposited on Dataverse, accessible via https://doi.org/10.

34894/LXHZQF
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants

Formalin-fixed paraffin embedded (FFPE) tissue blocks of colonic biopsies were obtained from patients with inflammatory bowel disease

(IBD), enrolled in the Utrecht IBD Surveillance Study. Samples were only included if biopsies of the compared disease states were available

from the same segment of the colon per individual patient. Biopsies taken during or less than 3 months before stopping systemic or local

corticosteroid use were excluded. Montreal classes were retrieved from endoscopy reports or retrospectively assessed from endoscopic im-

ages. Detailed patient characteristics are provided in Tables 1 and S4.Median agewas 51,5 years (50–70) and 50 years (31–70), with 1/3 (33.3%)

and 1/7 (14.3%) females, for DSP and IMC, respectively. Median agewas 53.75 years (31,5–69,5) and 60 years (34,5–70), with 1/7 (14.3%) and 4/7

(57.1%) females, for IHC with dysplasia and without dysplasia, respectively. No data on participants’ race, ethnicity or ancestry were collected

as part of this study and neither were these data available from routine care. This study was approved by themedical ethical board of the UMC

Utrecht (METC protocol #11–050/E, biobank protocols #18–413). Written informed consent was obtained from all patients according to the

Declaration of Helsinki.

METHOD DETAILS

GeoMX digital spatial profiling

Paired tissue samples from uninflamed colon and dysplastic colon were included from 3 patients. Nine freshly cut serial tissue sections of 4 mm

were incubated with the human Whole Transcriptome Atlas panel and subsequently stained with antibodies for pan-cytokeratin (AE1+AE3,

Novus Biologicals), CD45 (2B11+PD7/26, Novus Biologicals) and nuclear SYTO13 (Nanostring, 121303303) according to the manufacturer’s

protocol.14 After loading and scanning of the slides on the Geomx instrument, 27 regions of interest were drawn, and segmented into masks

for epithelium (pan-cytokeratin, pan-CK), and immune cells (CD45) in the Nanostring Geomx software.

Functional enrichment analysis

To evaluate functional pathways of genes involved in epithelium andCD45+ cells, gene enrichment analysis was performed, using Kyoto Ency-

clopedia of Genes and Genomes (KEGG) from human pathways. Network representation from the gene enrichment analysis was performed

using ShinyGO v0.77.40 Statistical significance was obtained by calculating false discovery rate which was set to 0.05.

Imaging mass cytometry (IMC)

Sample inclusion

Forty-eight tissue biopsies from 7 patients with IBD, taken at 1–3 consecutive colonoscopies and including at least 3 different disease states

were selected. Additionally, tissue microarray (TMA) sections of tissue rest-material were included from healthy and diseased control tissues

according to the no-objection-agreement, approved by the UMC Utrecht biobank committee (protocol #18–222). Before and during colo-

noscopy, all includedpatients underwent similar treatment regimen comprised of 5-aminosalicylates and/or thiopurines. None of the patients

had been exposed to biologicals previously.

Region selection and annotations

Regions of interest were selected by a gastrointestinal pathology expert based on serial H&E-stained sections. Selection criteria included

tissue quality, longitudinal crypts (at least 4 in field of view (FOV)), and absence of tertiary lymphoid structure (TLS). In addition, the inflam-

matory and/or dysplastic state of the tissue was determined by expert pathologists (Table S2). The latter was based on pathological and clin-

ical assessment and defined as follows.

i) Uninflamed: no signs of ongoing chronic or active inflammation.

ii) Inflamed: chronic and/or actively inflamed mucosa with basal lymphoplasmacytosis, an increased density of inflammatory cells in the

lamina propria and presence of neutrophils in the epithelium (the latter indicating active inflammation).

iii) Dysplastic: pseudostratified epithelium, crowded, elongated and hyperchromatic nuclei with preserved nuclear polarity and lack of

surface maturation.

All selected regions had to contain 4 to 10 epithelial crypts and had to span the mucosa from lumen to muscularis mucosae.

Immunofluorescence and IMC

Tissue slides were stained with DAPI as described in the MATISSE protocol.17,18 DAPI images were generated using the Zeiss AxioImager Z1

stand microscope. Objective: 20x dry, NA 0.5 (Zeiss 420350). Software: ZEN Pro (2.6.76).

IMC was performed as previously reported,17,18 with a few deviations.
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i) Samples were kept dry after the staining protocol (no mounting).

ii) Antibodies were newly conjugated and titrated (Table S3), and CTLA-4 staining was performed in 2 steps, using a primary and metal-

conjugated secondary antibody.

Image processing and single-cell segmentation

Single-cell segmentation was performed as previously described,18 with a few deviations.

i) The proportion of DAPI & IMC images annotated: random selection of 15% of image regions of which a random 10% area of FOV was

annotated.

ii) DAPI images were normalized by quantiles preceding pixel classification workflow.

The following IMC channels for pixel classification in Ilastik were employed: DNA-intercalator (Ir193), Histone H3, aSMA (In115),

E-Cadherin, Beta Catenin, Pan Keratin, CD45, CD45RO, CD16, HLA DR-DP-DQ, CD68, CD3, CD8a, CD4, CD103, CD20, IL-17A.

For single-cell segmentation the following classes were included in training: membranes immune-cells, membranes epithelium, nuclei im-

mune-cells, nuclei epithelium, and background pixels. Feature selection settings: Gaussian blur (s 0.3, 0.7, 1.0, 1.6, 3.5), Laplacian of Gaussian

(s 0.3, 0.7, 1.0, 1.6, 3.5), GaussianGradientMagnitude (s 0.3, 0.7, 1.0, 1.6, 3.5), Difference of Gaussians (s 0.3, 0.7, 1.0, 1.6, 3.5), Structure Tensor

Eigenvalues (s 0.3, 0.7, 1.0, 1.6, 3.5), Hessian of Gaussian Eigenvalues (s 0.3, 0.7, 1.0, 1.6, 3.5).

For tissue compartment segmentation the following classes were included in training: background, epithelium, stroma, muscularis

mucosae. Feature selection settings: Gaussian blur (s 1.6, 3.5, 5), Hessian of Gaussian Eigenvalues (s 1.6, 3.5, 5).

High-intensity pixel noise artifacts in at least three sequential channels were identified with a pixel classification workflow in Ilastik.

IMC channels used to perform pixel classification: DNA-intercalator, Histone H3, aSMA, E-Cadherin, Beta Catenin, Pan Keratin, CD45,

CD45RO, CD16, HLA DR-DP-DQ, CD68, CD3, CD8a, CD4, CD103, CD20, IL-17A. Classes included in training: noise, signal. Feature selection

settings: Gaussian blur (s 0.3, 1.0).

Single-cell data

Remove noise

Data cleanup was performed by excluding image regions with >10% of cells overlap with noisy regions, based on noise probability map (2

ROIs were excluded) and cells overlapping with noisy regions.

Normalization

Single cell expression values were log1p transformed. Scaled expression value was calculated per channel as median expression/median

expression all images.

Cell-type annotation

Intensity rescaling/standardization was performed per channel using scale function = (x-mean(x))/sd(x). Rphenocluster22 was used in R version

4.1.2 with the followingparameters: number of nearest neighbors k = 30, channels = aSMA, Pan Keratin, E-Cadherin, CD16, CD20, CD3, CD45,

CD68, IL-17a. Clusters were annotated based on marker expression and, when annotated as the same cell type, merged in further analysis.

Dimensionality reduction was performed using UMAP (n_neighbors = 15, min-dist = 0.1).

Spatial analysis

The cell-epithelial distance was calculated between cell-centroid and epithelial outline. Pearson correlation analysis was performed using

CytoMAP41 in MATLAB version 2020b. Acceptance or avoidance of cells expressing specific markers was shown by Pearson correlation co-

efficient of cells residing within 10 mm radius (neighbors).

RNA in situ hybridization (ISH)

The RNAscope Multiplex Fluorescent V2 Assay kit (ACD Bio Techne) was used for RNA ISH on 4 mm serial FFPE colonic tissue sections.

Following the manufacturers protocol, sections were blocked with H2O2, targets were retrieved in a decloaking chamber for 15 min, and pro-

teases present in the tissue were digested. Colonic tissue sections were hybridized with the RNAscope Probe- Hs-IL-17A (ACD Bio Techne)

and Opal 650 (Akoya Biosciences) was assigned to this probe. After hybridization, the slides were counterstained with DAPI and mounted in

ProLong Gold Antifade Mountant (Invitrogen).

Z-stacks of regions of interest were obtained using a water immersion 20X objective on a Zeiss Cell Observer microscope. Obtained im-

ages were stacked, stitched, and adjusted using Fiji ImageJ software.38 Single cell analysis was performed in QuPath39; a selection of epithe-

lial and lamina propria regions were annotated blindly followed by DAPI single cell detection. Finally, IL-17A mRNA counts per cell were

measured.
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Immunohistochemistry

FFPE tissue blocks of colonic biopsies were sliced into 4 mm sections. Obtained slides were dewaxed, rehydrated, and endogenous perox-

idase activity was blocked with 3,5% (v/v) H2O2 for 15 min. Masked antigens were retrieved by incubation with pre-heated Tris-EDTA (pH9.0)

for 30 min. After cooling and washing, tissue sections were further blocked using 3% BSA and Fc blockers (Human TruStain FcX, BioLegend).

Finally, slides were incubated overnight at 4�C in a humidified chamber with primary antibodies (Table S5) diluted in 0.5% BSA in TBST. The

following day, sections were washed three times and incubated with an HRP-conjugated secondary antibody for 1 h. After washing with TBS,

sections were developedwith 3,30-Diaminobenzidine (DAB) chromogen for 10min at room temperature. Tissue sections were counterstained

with hematoxylin before dehydration and mounting.

Images were visualized and captured using the NanoZoomerXR whole slide scanner (Hamamatsu) at 40X magnification, with a resolution

of 0.25 mm/pixel. Epithelium, lamina propria, background, and debris were dissected using DenseNet classification in HALO image analysis

software (Indica Labs). Subsequently, single cells were detected using theHALOMultiplex IHCmodule andDABpositive cells were quantified

in both epithelium and lamina propria of annotated regions. Finally, the percentages of DAB positive cells were plotted.

Patient and public involvement statement

Patients were not involved in design of this study.We have established routes for dissemination with theDutch patient society representatives

of Crohn & Colitis NL, via newsletters and social media.

QUANTIFICATION AND STATISTICAL ANALYSIS

IMC

Quantitative data are shown as independent data points with median and Box-Whisker. Analyses of statistical significance for expression

values were performed using the Kruskal-Wallis test (non-parametric). Pairwise statistical testing between groups was performed by Dunn’s

test, the Bonferroni correction was used for multiple testing correction. Adjusted p-values are shown in graphs.

Analyses of statistical significance for abundance and nuclear translocation were performed by ANOVA (parametric). Pairwise statistical

testing was performed by Tukey HSD. Adjusted p-values are shown in graphs. p-values <0.05 were considered statistically significant.

DSP

Raw counts from each gene in each segment were extracted from the NanoString GeoMx NGS processing pipeline. For each region, the

expected background was estimated with the mean of the 139 negative control probes. Segment data were normalized with the Q3 normal-

ization method. Two of the 54 segments failed QC and were discarded. For each segment and each gene, differential expression for unin-

flamed vs. dysplastic was evaluated with a linear mixed model (Tables S1A and S1B).
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