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The stromal cell compartment plays a central part in the maintenance of tissue
homeostasis by coordinating with the immune system throughoutinception,
amplification and resolution of inflammation’. Chronic inflammation canimpede
the phased regulation of tissue restitution, resulting in the scarring complication of
fibrosis. Ininflammatory bowel disease, stromal fibroblasts have been implicated in
treatment-refractory disease and fibrosis®*; however, their mechanisms of activation

have remained undefined. Through integrative single-cell and spatial profiling of
intestinal tissues from patients with inflammatory bowel disease, we uncovered a
pathological cell nexus centred on inflammation-associated fibroblasts. These
fibroblasts were induced by proinflammatory macrophages (FCNI'IL1B*) and, in turn,
produced profibrotic cytokine IL-11. We investigated the inflammation-associated
fibroblast activation program at amechanistic level using genome-wide CRISPR
knockout and activation screens and identified the transcription factor GLIS3 asa
key regulator of a gene regulatory network governing expression of inflammatory
and fibrotic genes. We further demonstrated that the magnitude of the GLIS3 gene
expression program inintestinal biopsies could be used to stratify patients with
ulcerative colitis by disease severity, and that fibroblast-specific deletion of Glis3in
mice alleviated pathological features of chronic colitis. Taken together, our findings
identify a critical immune-stromal cell circuit that functions as a central node in the
inflammation-fibrosis cycle.

Chronicinflammation overstimulates fibrogenesis, culminating in
fibrosis, a condition that accounts for 45% of disease-related deaths
and has limited treatment options’. Single-cell profiling has identi-
fied functionally distinct and location-specific fibroblasts as central
drivers of fibrosis®*. In addition to pan-tissue P/16* or COLISAI" fibro-
blasts, inflammation-associated signals instigate fibroblast states
that impair the resolution of injury-induced inflammation, deposit
excessive fibrotic collagen and alter tissue mechanics®”’. In several
human inflammatory diseases, CXCLIO*CCL19" and SPARC' COL3AI"
fibroblasts expand inimmune- or vasculature-associated tissue niches,
respectively, in which they promote pathology®. Targeting these pro-
cesses is challenging owing to our limited understanding of the molecu-
lar basis of disease-associated fibroblasts and the fact that existing
immunosuppressives block proinflammatory mediators, which are
not fibroblast-specific.

We previously reported that inflammation-associated fibroblasts
(IAFs) were expanded in inflammatory bowel disease (IBD) and
expressed an inflammatory and fibrogenic gene signature associa-
ted with resistance to anti-tumour necrosis factor (TNF) therapy*>.
This signature was enriched before treatment resistance, implying
that IAFs promote disease progression despite medical intervention®.

RNA sequencing (RNA-seq) has also implicated oncostatin M (OSM)
signalling and neutrophil recruitment in therapy resistance; however,
the IAF-specific determinants and their relation to other resistance
markers are not fully understood'®". Identifying the underlying cellular
and molecular wiring of fibroinflammatory processes will be critical
to the development of new treatments, as general immunosuppres-
sives do not improve long-term fibrotic outcomes, and biologics can
have adverse effects or lose efficacy™. As fibroblasts have emerged as
central drivers of tissue remodelling after inflammation, we aimed to
decipher theinter-andintracellular wiring of IAFsinadisease marked
by fibrosis development.

Asingle-cell and spatial atlas of IBD

Tosystematically decipher the shared and distinct cellular and molec-
ular drivers of Crohn’s disease (CD) and ulcerative colitis (UC), the
principal clinical subtypes of IBD, we integrated single-cell RNA-seq
(scRNA-seq) datafrom the small and large intestine with publicly avail-
able IBD datasets** to construct a single-cell IBD atlas comprising
29 non-IBD control samples, 29 samples from patients with UC and
57 samples from patients with CD (Fig. 1a and Extended Data Fig. 1a).
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Fig.1|Anintegratedsingle-cell and spatial atlasrevealsinducible IAFsin
pathological cellular niches. a, Schematic of theintegrated IBD atlas workflow
using scRNA-seq or Xenium to profile non-IBD individuals and patients with CD
or UC.b, Changesin proportions of fibroblasts stratified by disease. Box plots
represent quartiles, with medians as the centre and whiskers the 10-90% range.
Statistics were analysed using scCODA (Bayesian Dirichlet multinomial model)
withsmooth muscle cells as reference (false discovery rate (FDR) < 20%)
(Methods). Numbers of samples for each category: non-IBD, 29; CD inflamed,
28; CD non-inflamed, 54; UC inflamed, 25; UC non-inflamed, 22. ¢, Pseudobulk
expression heatmap of scaled average IAF-specific genes (Wilcoxon signed-
ranktest (two-sided), P< 0.05; log fold change > 3; expressionin more than 25%
of IAFs, fewer than10% of non-IAFs). d, Pseudobulk scaled expression heatmap
of IAF genesinvolved in ECM deposition and organization or in cytokine and
chemokine production. e, Dot plot showing effect size () and absolute log, fold
change (FC) for niche enrichment across CD and UC compared with non-IBD

To contextualize cellular spatial relationships and their associations
with distinct histopathological features, we applied Xenium-based
single-cell spatial profiling and mapped these cells in the intestinal
tissue. Weincluded pathologist-annotated tissue resections from the
smallor large intestine of four non-IBD control samples (normal cuff of
colonadjacent to diverticulitis), threeileal and three colonic samples
from patients with CD, and six colonic samples from patients with UC
(Supplementary Data 1). These atlases profile more than four million
intestinal cells across epithelial,immune, stromal and fibroblast com-
partments and provide a comprehensive framework for study of the
aetiology of IBD (Fig.1a and Extended Data Fig. 1b).
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samples. Blueindicates enrichmentin non-IBD samplesand redin CD and UC
samples.scCODA with N3 reference niche was used for the analysis. FDR <20%
forniche change inabundance. f, Heatmap of statistically enriched cell type
proportionabundance across niches. Chi-squared test with P< 0.05 as the
significance threshold. g, Left, visualization of cellular niches projectedontoa
Xenium-profiled UCtissue section. Right, distribution of IAFs on the same tissue
section, showing dense distributionin niche N1. h, Haematoxylin and eosin
(H&E) sectionof UC tissue from g showing annotated anatomical and pathological
tissue regions. Images are representative of the sample cohort; n =16 patients.
i, Heatmap depicting the enriched niches within anatomical and pathological
tissue domains. CSGs, cell-specific genes; DC, dendritic cell; ILC2, type 2 innate
lymphoid cell; LEC, lymphatic endothelial cell; SMC, smooth muscle cell;

TA, transit-amplifying cell; T,1cell, Thelper1cell.lllustrationsin awere created
using BioRender. Pokatayev, V. (2025) https://BioRender.com/gnpbg27.

Across IBD samples, we observed significant changes in cell type
abundance within defined intestinal compartments (Extended Data
Fig. 1c). In the fibroblast compartment, most cells did not show any
changeinabundancebetweendiseases, with the exception of reparative
ADAMDECT" fibroblasts™, which decreased in abundance in inflamed
CDand UC, and a subset of IL11-expressing IAFs that was expanded in
inflamed CD and UC (Fig. 1b). IL-11is a constituent of the IL-6 family, a
group of cytokines that dictate the balance between tissue repair and
fibrosis, with IL-11 having emerged as a profibrotic cytokine®. In addi-
tionto/L11, 1AFs specifically expressed genes associated with fibrosis
and impaired tissue functionality, including CD82, PRRX1 and CHI3L1


https://BioRender.com/gnpbg27

(refs.16-18) (Fig.1c).1AFs also upregulated extracellular matrix (ECM)
remodelling genes, including COL1A1 and COL6A1, as well as ABL2,
whichdrives cytoskeletal rearrangement'* (Fig. 1c,d). Furthermore,
IAFs expressed neutrophil-recruiting chemokines (CXCL3, CXCLS,
CXCLS8), indicating that they may direct immune cell activity during
disease®! (Fig. 1d). Pathway analysis of the IAF transcriptome dem-
onstrated enrichment of ECM organization alongside inflammatory
gene expression (Extended DataFig. 1d). We previously reported that
several IAF genes are associated with a signature or refractory response
to anti-TNF treatment>” (Extended Data Fig. 1e).

Giventheincreased prevalence of IAFsin patients with inflamed UC or
CD, we proposed that their expansion could reflect concurrent intesti-
naltissue remodelling. We defined IAF-anchored multicellular niches by
implementing cell neighbourhood analysis, systematically quantifying
cellular neighbours within a30-pm radius to capture contact-ligand-
receptor and secreted-ligand-receptor interactions®. We identified 19
distinct cellular niches, eachcomprising 5,298 to 778,470 cells summed
across all samples (Extended Data Fig. 2a). The niches corresponded
to distinct anatomical layers, and several showed significant changes
inabundance between diseases (Extended Data Fig. 2b,c). Toaccount
for anatomical variation, we examined niche-cell-type composition
separately in colonic and ileal samples. Whereas niche compositions
remained broadly consistent between anatomical sites, several epithe-
lial cell niches (N5, N11, N12) showed greater compositional variation
(Extended Data Fig. 2d). In CD and UC, mucosal epithelial niches (N7,
N16, N5, N11, N12) were depleted; conversely, lymphocyte-enriched (N2
and N15) and myeloid-enriched (N1, N9, N14) niches were significantly
expanded (Fig. 1e,f). IAFs were statistically enriched in niches N1and
N14 in both colon and ileum; these comprised stromal and immune
cells, with the cell type showing the strongest shared enrichment being
FCNI'ILIB" macrophages (activated macrophages), which resemble
CD68" infiltrated mucosal macrophages in IBD* (Fig. 1fand Extended
Data Fig. 2e). These monocyte-derived macrophages were charac-
terized by canonical activation pathways and specifically expressed
proinflammatory cytokines (/L1B, TNF, OSM) and innate immune sen-
sors (TLR2, NLRP3), indicating that N1and N14 mark inflamed regions
influenced by stromal-immune interactions (Extended Data Fig. 2e,f).
Histological characterization suggested that N1 and N14 were highly
prevalent in tissues in advanced stages of fibrosis and ulceration
(Extended Data Fig. 2g-i). We then refined our analyses to map the
specific histopathological regions associated with these niches, observ-
ing that N1and N14 were localized to mucosal regions with active or
chroniccolitis (Fig. 1g-i and Extended Data Fig. 2j). Collectively, these
results showed that IAFs localize to niches associated with active dis-
ease, potentially integrating signals from the tissue microenvironment
to enact fibroinflammatory programs associated with disease.

AnIL-11 cell circuit governs fibrosis

To define the spatial roles of IAFs, we generated conditional /l11-
knockout mice alongside areporter line, enabling elucidation of IAF
functionand distributioninacolitis model with stromal-driven fibrosis.
We flanked /[11 exons 2—4 with loxP sites (/[1F"') and bred this line on
to tamoxifen-inducible cre/ERT2, enabling temporal deletion of /11
(1117 :cre) (Extended Data Fig. 3a,b). We also engineered a novel /[11
reporter mouse by inserting T2A-mNeonGreen (mNG) before the /11
stop codon (/[11™°), thereby leveraging selective expression of IL11in
IAFs (Extended Data Fig. 3c).

We modelled chronic intestinal inflammation with features of
stromal-driven fibrosis using the chronic dextran sodium sulfate (DSS)
regimen ofthree 7-day DSS cycles, each followed by arecovery phase.
HIP"and 117 ;cremice were injected with tamoxifen after each DSS cycle
to ablate /[11 expression in /[IF”;cre mice. To assess whether IL-11 pro-
moted fibrotic collagen deposition, we performed Masson’s trichrome
staining on DSS- or water-treated colon Swiss rolls and quantified the

collagen-positive areaas a percentage of the total tissue area. Chronic
DSS exposure increased collagen deposition in /[IF"/ mice relative to
water-treated controls, but this was reduced in DSS-treated /[IF”;cre
mice (Fig. 2a). Correspondingly, tissue hydroxyproline, a proxy for total
collagen content, was elevated in DSS-treated /[I¥/ mice but reducedin
DSS-treated ll1F”:cremice (Fig. 2b). Expression of profibrotic collagen
genes (Collal, Col5al, Col5a2, Col6al) followed the same pattern of
reduction in DSS-treated l[11”;cre compared with /[11” mice (Fig. 2c),
indicating that IL-11 promotes injury-and inflammation-induced fibro-
sis. The two genotypes exhibited shared trends with respect to weight
loss and histopathological scores for tissue inflammation, indicative of
asimilar extent of colitis developmentin the absence of /l11; however,
DSS-treated Il1F;cremice exhibited reduced inflammation-driven tis-
sue remodelling (Fig. 2d and Extended Data Fig. 3d,e). These findings
extend those of previous studies that reported exacerbated colitis after
acute intestinal injury of /[11”7- mice and spontaneous or aggravated
colitis in transgenic or recombinant IL-11-treated mice?* %, thereby
highlighting a key role for endogenous /11 in promotion of fibrotic
remodelling during chronic colitis.

We next used /[11™° mice to map the spatial distribution of /11 expres-
sionwithin the colonand interrogate its associated histopathological
features. Following water or acute (one 7-day cycle) or chronic DSS
treatment, we stained dissociated colonic cells for lineage-specific
markers. mNG fluorescence was undetectable under water treatment
and in non-fibroblast lineages, emerging exclusively in DSS-treated
PDGFRA' fibroblasts, with higher intensities observed after chronic
DSS treatment (Fig. 2e). Immunofluorescence detected IL-11™ ¢ fibro-
blast clusters only after DSS treatment, where they localized to regions
of epithelial damage as in acute intestinal injury®?. Notably, IL-11™N¢
fibroblasts accumulated in areas of pronounced collagen deposition
and inflammation after repeated injury-repair cycles, modelling pro-
gressive stromal-driven tissue remodelling (Fig. 2f). These findings
indicate aninterplay with infiltratingimmune cells that may influence
IAF development or function, including collagen deposition.

To determine the relevance of /[11™° mouse fibroblasts to human
IAFs, we used scRNA-seq to profile PDGFRA* fibroblasts recovered after
acuteand chronic DSS treatment and identified ten distinct fibroblast
clusters (Extended Data Fig. 3f,g). Cross-species comparison showed
that mouse IAFs (mIAFs) had the strongest enrichment for human IAF
and anti-TNF resistance genes® (Fig. 2g and Extended Data Fig. 3h,i).
Consistent with increased IL-11™"° expression after chronic DSS, the
relative abundance of mIAFsincreased after chronic versus acute DSS
(Extended Data Fig. 3j). mIAFs specifically coexpressed /11 and the mNG
reporter gene, confirming the specificity of mNG for IL-11 and mIAFs
(Fig. 2h). Collectively, these results identify cross-species conservation
of IAFsin fibroinflammatory intestinal disease.

Given the presence of IAFs in inflamed and fibrotic tissue regions,
weinvestigated the ligand-receptor interactions guiding their devel-
opment (Methods). Among the immune cell types sending signals to
IAFs, activated macrophages relayed the strongest signals, and IAFs
weretheir top recipients (Fig. 2i). Inchronic DSS-treated mouse colons,
CD68 costaining confirmed close proximity between macrophages
andIL-11™"¢ fibroblasts, including direct adjacency of mNG and CD68
fluorescence (Fig. 2j). Whereas /11 has previously been reported to
be proximal to LysM-expressing cells after acute intestinal injury, our
dataresolved their spatial association in chronic disease®*?. Inhuman
patients with CD and UC but not non-IBD patients, IAFs and activated
macrophages cooccupied niches of active and chronic colitis, and IAF
IL11 expression was correlated with activated macrophage proximity
(Fig. 2k,I). Theseresults indicate an activated macrophage-IAF circuit
inwhich spatial proximity may promote IAF development.

We next co-cultured primary colonic fibroblasts with monocyte-
derived macrophages preconditioned for either inflammation
resolution (IL-4 or TGFf) or proinflammatory activation (IFNy,
LPS-IgG complexes or adenosine). After removal of the stimuli, only
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Fig.2|AnIL-11cell circuit governsfibrosis. a, Masson’s trichrome-stained
117 and I111”:cre colons (8-18 weeks) treated with water or chronic DSS (left).
Total collagen percentage from three pooled experiments (right). /[11”-water,
n=10; ll11";cre-water, n=14; Il11"-DSS, n=17; l[11”;cre-DSS, n =10 mice.

b, Colonic hydroxyproline normalized to total protein for tissues from a.

¢, qPCR quantification of collagens normalized to Fef2 from tissues froma.

d, Colonlength measurements froma. e, Percentage of IL-11™¢ cells across
lineages after the indicated treatments. Water-treated, n =2; DSS-treated,n=3
mice. f,Masson’s trichrome-stained (left) and immunofluorescence-stained
(right) IL11™“ tissues after DSS. Images are representative of three independent
experiments. g, Schematic of PDGFRA fibroblastisolation from acute and
chronic DSS-treated /[11™¥° mice (8-14 weeks) (left). Dot plot mapping human
fibroblast gene signaturesacross mouse fibroblasts (right). h, Pseudobulk
expression heatmap depicting scaled average expression of /[11 and mNeonGreen
fromacute and chronic DSS treatment groups. i, Spatial niche-aware probability
ofiintercellular communication. Edge thickness or node size depicts
communication strength. Significant signals received by IAFs (left) and

sent from activated macrophages (right). j, Immunofluorescence of chronic

proinflammatory macrophages induced fibroblast IL-11 secretion;
unstimulated or inflammation resolution macrophages had no effect
(Fig. 2m). Macrophages challenged with an array of microbial- or
damage-associated ligands triggered IL-11 secretion in co-cultured
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DSS-treated colons from /[11™*° mice depicting proximal macrophage

(CD68, red) and IL-11™C fibroblast (green) localization. Arrowheads indicate
signaladjacency.Images are representative of threeindependent experiments.
k, Spatial projection of IAFs and activated macrophagesinnon-IBD and CD
tissues. 1, Dot plot of IAF /L11 expression as a function of proximity to activated
macrophages.m, Secreted IL-11measured from co-cultures of polarized primary
human monocyte-derived macrophages, after removal of agonists, with colonic
fibroblasts for 24 h. Fibroblasts only, n = 4; fibroblasts + macrophages, n=2;
fibroblasts + polarized macrophages, n =3 cell lines. Mice were co-housed,

and DSStreatment followed the same regimen: acute (2.0%, 7 days), chronic
(2.0%, 42 days). Unless otherwise stated, statistics are from two-way analysis of
variance (ANOVA) with Tukey’s multiple-comparison test on distinct biological
replicates, and error barsindicate s.e.m. NS, not significant.cDC, conventional
dendritic cell; IEL, intraepithelial ymphocyte; LP, lamina propria; NK, natural
killer; T,  cells, regulatory T cells. Scale bars, 100 pm (a,f), 10 pm (j). lllustrations
ingand m created using BioRender. Pokatayev, V. (2025). g, https://BioRender.
com/lildc4h; m, https://BioRender.com/gp42jp3.

fibroblasts, whereas fibroblasts alone were unresponsive (Extended
Data Fig. 3k). This secretion was driven by de novo transcription, as
ILIImRNA levelsincreased in co-cultured fibroblasts (Extended Data
Fig.3l). Collectively, these results indicate that activated macrophages
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are sufficient to induce /L11-expressing IAFs, and spatial coassocia-
tion of these cells in vivo indicates that they may coordinate a critical
inflammation-driven intercellular circuit in disease.

TGFB and IL-1B drive IAFs

Weimplemented acomputational approach to define the macrophage-
derived ssignalling and gene regulatory networks driving IAF activation
(Extended Data Fig. 4a—-d and Methods). We inferred putative active
IAF transcription factors from expression and activity scores, then
predicted their converging upstream ligands using NicheNet’s ligand-
receptor model®, restricted to expressed receptors. This approach
yielded 35 candidate IAF agonists, and screening of primary colon
fibroblasts with the candidate agonists demonstrated IL-11 secretion
exclusively by TGFB or by IL-1B or IL-1a (Extended Data Fig. 4e). Consist-
entwiththeseresults, activated macrophages showed high expression
of IL1Baswellas TGFB1, whereas IAFs expressed their cognate receptors
(Extended DataFig. 4f,g).

To ascertain the contributions of TGFf3 and IL-1p to IAF activation,
we used knockouts of these ligands or their receptors in co-cultures
of fibroblasts and TLR2- or TLR6-activated macrophages, as acti-
vated macrophages showed high expression of TLR2, and TLR2- or
TLRé6-activated macrophages were robust activators of fibroblasts
(Extended Data Figs. 2e and 3k). Following TGFf or IL-1B receptor knock-
outinfibroblasts, we observed impaired secretion of IL-11 and reduced
expression of allmeasured IAF-specific genes (Extended Data Fig. 5a-c).
Conversely, following TGFBI or IL1B1 knockout in macrophages, IL-11
secretion was reduced in fibroblasts, demonstrating dual pathway
involvement (Extended Data Fig. 5a). Notably, macrophage IL1IRI was
also required for fibroblast activation, implying autocrine feedback
(Extended DataFig. 5a).Inadditionto TLR2and TLR6, diverse immune
ligandsinduced macrophage TGFf and IL-1B secretion, indicating that
these cytokines were produced during co-culture with fibroblasts
(Extended Data Fig. 5d). Stimulating fibroblasts with both cytokines
led to synergistic rather than additive IL-11 production compared with
individual treatments, consistent with elevated levels of IL-6 family
cytokines being correlated with maladaptive tissue repair, and with
a synergistic effect of this dual-cytokine stimulation regimen?**°
(Extended Data Fig. 5e and Methods).

Todemonstratethat TGFp and IL-1B are required to drive IL-11 produc-
tioninvivo, we neutralized these cytokines with monoclonal antibodies
in chronic DSS-treated /[11™"° mice. Neutralization of TGFp, IL-18 or both
decreased numbers of IL-11™ fibroblasts and levels of //1I mRNAin the
colon (Extended Data Fig. 5f,g). Cytokine blockade showed a subtle
trend of alleviation of fibrosis and did not ameliorate overall inflam-
mation (Extended Data Fig. 5h-1). The failure to rescue disease severity
probably reflects disruption of broader TGFf3- and IL-13-dependent
signalling programs involved in immune homeostasis and inflamma-
tion in addition to IAFs, as receptors for both cytokines are broadly
expressed in other cell types®*? (Extended Data Fig. 4g). Instead, our
findingsidentify TGFf and IL-1 as crucial drivers of the IAF state char-
acterized by elevated expression of /L11 and fibroinflammatory genes.

CRISPR screensreveal IAF determinants

Giventhe synergy between TGF and IL-1B in fibroblast activation and
the need toidentify fibroblast-specific targets, we investigated the sig-
nalling pathways underpinning this effect using parallel genome-wide
CRISPR knockout (CRISPRko) and CRISPR activation (CRISPRa) screens
anchored on/L11asareadout. Weintroduced mNG at the endogenous
terminus of /L11in human fibroblasts (/L11™°), resultinginan increase
influorescence upondual-cytokine stimulation (Extended Data Fig. 6a).
We then stably expressed Cas9 or dCas9-VP64 for gene knockout or
activation, respectively. After TGF and IL-1B stimulation, we sorted the
top and bottom 15% of ILI1I™¢ expressers and sequenced guide RNAs

(gRNAs) enriched in IL-11 hyperproducers or hypoproducers, respec-
tively (Fig. 3a). Integrating the loss- and gain-of-expression screens
resulted in identification of 61 shared hits, including TGF{3 and IL-13
signalling components (TGFBR1, TGFBR2,SMAD3, IRAK2, MAPK1, RELA),
knownimmunomodulatory genes (LAMTOR, HIC1, NFKBIZ,ARNT2) and
IL11itself (Fig. 3a-c and Supplementary Data 2). Several of these genes
were selectively expressed in IAFs and upregulated during inflamma-
tion, underscoring their relevance to IAF-driven disease (Fig. 3d and
Extended Data Fig. 6b).

To complement these screens, we performed time-resolved
scRNA-seq of fibroblasts stimulated with TGF3 and IL-1f3, demon-
strating /L11 expression within 6 h of stimulation that persisted at
24 h (Fig.3e). We observed pronounced /L11 expression in stimulated
fibroblast clusters 6 and 10, suggestive of molecular determinants
within these clusters that enhanced its transcription (Fig. 3e). Cor-
relation analysis of our bidirectional CRISPR screen hits with highly
expressed genesinclusters 6 and 10 identified GLIS3as the top-ranked
gene (P=1.6 x102incluster 6and P=3.9 x10~°in cluster 10) (Fig. 3f).
GLIS3, a GLI-related protein that regulates pancreatic 3 cell develop-
ment and thyroid gland function®, was distinctly expressed inboth 1AFs
and mIAFs during inflammation (Fig. 3d and Extended Data Fig. 6b,c).
Functional studies confirmed the role of GLIS3inIL-11 production, as its
CRISPRko impaired IL-11™¢ fluorescence, whereas its CRISPRa height-
enedit (Fig.3g). Furthermore, during co-culture with TLR2/6-activated
macrophages, IL-11 secretion was attenuated in GL/S3 CRISPRko and
elevated in CRISPRa fibroblasts (Fig. 3h).

Toassesstherole of GLIS3 in this macrophage-fibroblast circuit, we
endogenously tagged GLIS3 (GLIS3*"2¢), and fluorescently labelled
fibroblasts and macrophages with different dyes and co-cultured them
with or without TLR2/6 stimulation. Activated but not resting mac-
rophagesincreased fibroblast nuclear GLIS3, which formed puncta-like
structures (Extended DataFig. 6d). Thisincrease originated from tran-
scriptional upregulation (Extended Data Fig. 6e) and was potentiated
and sustained in fibroblasts by dual TGFf3 and IL-1f stimulationin an
additive manner, mirroring the enhanced IL-11 production observed
after dual stimulation (Extended DataFig. 6f). Notably, in vivo neutrali-
zation of TGFf, IL-1B or both decreased Glis3 expressionin the colon
of chronic DSS-treated mice (Extended Data Fig. 6g). These results
implicate nuclear GLIS3 in integration of the combinatorial effects
of macrophage-derived TGFf and IL-1B and thus in direction of /L11
expressionin IAFs.

GLIS3 controls the IAF gene program

Havingidentified GLIS3 as a central regulator of IL11 expressionin IAFs,
we sought to determine its broader transcriptional program through
RNA-seq of GLIS3 CRISPRko and CRISPRa fibroblasts stimulated with
TGFp and IL-1B. We identified more than 150 genes that had reduced
expression in GLIS3 CRISPRko yet enhanced expression in CRISPRa
fibroblasts, indicating that they were GLIS3 effector genes (Fig.4a).In
additionto GLIS3and IL11, we observed enrichment of other IAF-specific
genesimplicated infibroblast-driven pathologies, including L/F, which
sustains fibroblast activation through positive feedback signalling*,
and FAP, an IAF gene linked to intestinal strictures in CD* (Fig. 4a).
GLIS3 also regulated IAF gene MMP2, a matrix remodelling enzyme
that enables trafficking of monocytes into damaged tissue, probably
fuelling further macrophage-fibroblast cross-talk’®*¢,and PTGFR and
SERPINEI, both of which regulate epithelial regeneration and contribute
to mucosal damage during colitis**® (Fig. 4a). GLIS3 also modulated
the expression of fibrotic collagens COL6A1 and COL6A3, which were
elevated insteady-state GLIS3 CRISPRa compared with wild-type fibro-
blasts (Fig. 4a and Extended Data Fig. 7a).

To define direct GLIS3 target genes, we performed chromatin
immunoprecipitation followed by sequencing (ChIP-seq) in activated
GLIS3*™fibroblasts and identified 1,291 GLIS3-bound peaks, of which
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a, Volcano plots of enriched hits based on fold change enrichment and Pvalues.
One-sided hypergeometric test. Multiple comparisons adjusted by FDR.

b, Pathway diagram of enriched hits from CRISPRko (red), CRISPRa (blue) or
bothscreens (green) inknown pathways. ¢, Scatter plot of shared hits from
CRISPRko and CRISPRascreens. Statistically significant hits (P < 0.05) are boxed
andinblack, and selected hits are labelled; one-sided hypergeometric test;
multiple comparisons adjusted by FDR.d, Heatmap depictinglog fold change
inexpression of CRISPR screen hitsacross human fibroblasts. Hit selection was
filtered by differential expressionin IAFs (Wilcoxon test, adjusted P< 0.01
(two-sided); expressionin more than 1% of IAFs). e, scRNA-seq of primary human
fibroblasts stimulated with TGFB and IL-1B (10 ng mI™). Uniform manifold
approximation and projection (UMAP) of time point clusters (left) and /L11
expression (centre). High /L11 expressionin subclusters 6 and 10 (right).

15.2% mapped within -1 kb to +100 bp of transcription start sites and
40.4% mapped atintragenic regulatory regions (Fig.4b). Of these peaks,
30.3% increased in enrichment after TGFf3 and IL-1 stimulation, with
gene ontology analysis implicating GLIS3 in the regulation of ECM
organization and inflammatory response genes (Fig. 4c). These genes
consisted of GLIS3 effector genes (P < 0.001, chi-squared test), includ-
ing/L11,for which GLIS3bound upstream of the transcriptionstart site
(Fig. 4d and Extended Data Fig. 7b). To identify other transcriptional
regulators that may coreside in GLIS3 peaks, we performed motif analy-
sisand identified DNA motifs of FOSL1(FRAI),acomponent of the AP-1
complex linked to IL-11 production in other disease models**, and
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g, Relative percentage of IL-11™° median fluorescence intensity (MFI) in
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with controls after TGFf and IL-1B stimulation (24 h). Control, n =4; CRISPRko/a,
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CRISPRa (right) fibroblasts with TLR2/6-activated monocyte-derived
macrophages. Error bars indicate the s.e.m. Two-way ANOVA with Tukey’s
multiple-comparisontest.n =3 cell lines. Panelbandillustrationin e created
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TEAD1/TEAD3, downstream effectors of YAP/TAZ signalling (Fig. 4€).
Notably, YAP signalling inhibition has beneficial outcomes across
various organ-specific models of fibrosis***. To determine whether
GLIS3 regulated the binding of FOSL1and TEAD1to target genes shared
with GLIS3, we performed chromatinimmunoprecipitation followed
by quantitative PCR (ChIP-qPCR) of immunoprecipitated FOSL1 and
TEADI1 from wild-type or GLIS3 CRISPRko fibroblasts stimulated with
TGFp and IL-1p3 (Fig. 4f). The absence of GLIS3 impaired binding of
both FOSL1and TEAD1to their targets, except for /L11, the expression
of whichwas dependent on GL/S3 or dual knockdown of TEAD1/TEAD3
in response to TGFf and IL-1P (Fig. 4f and Extended Data Fig. 7c-f).
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¢, Gene ontology analysis of GLIS3*"?¢ peaks at 24 versus O h. Benjamini-Hochberg-
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GLIS3>"8|P samples, summedacross all replicate samples. e, Predicted
transcription factor (TF) binding motifs and their associated TFs enriched in

all GLIS3>™%& peaks. f, ChIP-qPCR schematic of FOSL1and TEAD1IP in control

These dataindicate GLIS3-dependent /L11 induction in IAFs, but fur-
ther regulatory contributionsin other cellular contexts are plausible.
Collectively, these results demonstrate that GLIS3 determines the IAF
state, including /L11 expression, and a transcriptional gene program
involved in tissue remodelling and inflammation.

Having defined the GLIS3 transcriptional program in IAFs in vitro,
we derived a GLIS3 signature score to quantify IAF activity in vivo.
We integrated data from RNA-seq of GLIS3-perturbed fibroblasts,
activated GLIS3-bound ChIP-seq peaks and IAF-specific transcripts
to identify a core GLIS3 signature (Fig. 4g). We projected this signa-
ture on to RNA-seq profiles of colonic biopsies from more than 200
treatment-naive paediatric patients with UC from the PROTECT
cohort* (Fig.4g). We observed a disease severity-dependent increase in

or GLIS3CRISPRko IL1I™ ¢ fibroblasts after TGFB and IL-1B stimulation

(10 ngml™, 24 h) (left). Heatmaps depict z-score fold enrichment for FOSL1 (centre)
or TEAD1 (right) targets across replicates. n =4 cell lines per condition. g, Top,
schematic of GLIS3 signature derivation and PROTECT cohort analysis. Bottom,
CIBERSORT-estimated IAF and macrophage proportionsacross PROTECT
samples stratified by Mayo score. Box plots represent quartiles with medians
asthe centre, and whiskersrepresent1.5x interquartile range. Grey lines
indicate mean GLIS3 single-sample gene set enrichment (ssGSEA) score +s.e.m.
**P<0.001 (one-sided) from ordinal probit regression of Mayo scores with
ssGSEA and cell proportions (n =226). See Methods for more details. h, Heatmap
of scaled average expression of refined GLIS3 signature across controls and
patients with UC stratified by combined Mayo score. a.u., arbitrary units;

TTS, transcription terminationssite. lllustrationsinb, fand g created using
BioRender. Pokatayev, V. (2025). b, https://BioRender.com/skétft5; f, https://
BioRender.com/yr83wx3; g, https://BioRender.com/rw52qic.

theenrichmentscore of the GLIS3 signature (Fig.4g) and further refined
this signature to asubset of 50 genes, each of which was independently
predictive of disease severity, including GL/S3 and /L11 (Fig. 4h and
Methods). Deconvolution of bulk transcriptomes to infer cellular
composition in the PROTECT cohort identified a direct relationship
between heightened disease severity and increased frequency of IAFs
and activated macrophages, factors that were both correlated with
expression of the GLIS3 signature (Fig. 4g).

GLIS3 governs intestinal fibrosisin vivo

To investigate the role of GLIS3 in driving intestinal pathology after
chronic DSS treatment, we developed conditional Glis3 knockout
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Fig.5|GLIS3isrequired for IAF induction and aberrant collagen deposition
during colitis. a, Masson’s trichrome-stained Glis3” and Glis3":cre mouse colons
(5-18 weeks) treated with water or chronic DSS (left). Quantification of total
collagen percentages across distinct biological replicates from four pooled
experiments (right). Glis3”/-water, n = 18; Glis3”;cre-water, n = 21; Glis3"/-DSS,
n=20; Glis3":cre-DSS, n =15 mice. b, Quantification of colonic hydroxyproline
normalized to total protein from tissue lysates froma. ¢, qPCR quantification
of collagens normalized to Fef2fromtissue lysates froma.d, Colonlength
measurements from a. e, Histopathological scoring (Methods) of H&E-stained
tissues froma. f, Top, Xenium-based spatial profiling schematic of water- or
chronic-DSS-treated Glis3” and Glis3";cre mice. Bottom, distribution of cell
type proportions across water- and chronic-DSS-treated Glis3” and Glis3”:cre
mice.n=3miceper condition. g, Spatial projection of mIAFs and activated
macrophages on colonic Swiss rolls of water- or chronic-DSS-treated Glis3” and

mice by flanking exon 3 with loxP sites (Glis3"”) and crossing them
to fibroblast-specific Pdgfra-Cre, enabling conditional knockout of
Glis3 (Glis3"cre) (Extended Data Fig. 8a). Masson’s trichrome stain-
ing showed areduction in the percentage of total colonic collagen in
Glis3"”:crecompared with Glis3”’ mice treated with chronic DSS, which
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Glis3":cremice. h, Spatial projection of the GLIS3 signature module score on
colonic Swiss rolls of water- or chronic-DSS-treated Glis3” and Glis3”;cre mice.
i, Dot plot showing expression of /l11, Glis3 and the GLIS3 signature for each
replicate of the Xenium spatial sequencing cohort.n =3 mice per condition.
j, Dot plotshowing highlighted proinflammatory gene expression from
activated macrophages and neutrophils in water- or chronic-DSS-treated
Glis3" and Glis3”;cremice. n =3 mice per condition. All mice were co-housed,
and models of chronic DSS followed the same regimen (2.0%, 42 days). Images
arerepresentative of the sample cohort. Unless otherwise stated, statistics
were obtained by two-way ANOVA with Tukey’s multiple-comparison test on
distinct biological replicates, and error barsindicate thes.e.m.Scale bars,
100 um. Illustrationin fcreated using BioRender. Pokatayev, V. (2025) https://
BioRender.com/olifoqi.

was mirrored by reduced tissue hydroxyproline and profibrotic col-
lagen gene expression (Fig. 5a—c). Following chronic DSS treatment,
Glis3"”;cre mice also had lower histopathological scores for tissue
inflammation, reduced weight loss and longer colon lengths compared
with Glis3” mice (Fig. 5d,e and Extended Data Fig. 8b). These results
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indicate a central role of Glis3-expressing fibroblasts in mediation of
collagendepositionand driving fibroinflammatory signalling in vivo.

To further define intra- and intercellular processes by which fibro-
blast GLIS3 mediates fibrotic tissue remodelling, we used Xenium
single-cell spatial profiling of whole-colon tissue from water- and
DSS-treated Glis3” and Glis3”;cremice (Fig. 5f, Extended DataFig. 8c).
We observed no consistent differences between water-treated Glis3”
and Glis3”;cre mice; however, DSS-treated Glis3”;cre colons showed
reductions in proportions of mIAFs and colocalized activated mac-
rophages relative to those of Glis3” (Fig. 5f,g). The GLIS3 signature,
including {11, showed reduced expression in Glis3";cre mice (Fig. 5h,i).
Inaddition to mIAFs and activated macrophages, we observed reduc-
tions in proportions of other immune cells in DSS-treated Glis3”;cre
mice, particularly neutrophils (Fig. 5f). Gene expression profiling of
these two myeloid subsets showed diminished levels of fibroinflam-
matory mediators, including /l1b, Osm and Tnf (Fig. 5j). Collectively,
our results show that mIAFs dictate disease outcomes not only ina
cell-intrinsic manner by expressing fibrotic genes but also by orches-
tratingintercellular interactions with proinflammatory myeloid cellsin
theinflamedintestine, positioning these fibroblasts as central effectors
ofacollapse in tissue homeostasis.

Discussion

The relationship between tissue inflammation and homeostasis
remains incompletely understood, yet it has important implications
fortreatment of chronicinflammatory diseases associated with fibrosis.
Despite the successes of targeted biologic therapies in patients with
moderate to severe IBD, only 20-30% achieve remission, and 13-46% of
those patients will lose responsiveness to treatment, resultingin com-
plications such asrecurrent fibrotic strictures that necessitate surgical
intervention**8, As maladaptive tissue remodelling leads to fibrosis and
stems from aberrant stromal cell activation, we sought to characterize
the cellular and molecular architecture of IAFs and determine their roles
inchronicintestinalinflammation. Inboth patients with CD and those
with UC, IAFs and activated macrophages engaged areciprocal cellular
circuit initiated by macrophage-derived TGFf3 and IL-1B at regions of
tissue with active or chronic colitis. Genome-wide screens centred on
this macrophage-induced fibroblast state switch identified GLIS3 as
acentral transcriptional regulator. Fibroblast-specific Glis3 knockout
micewere protected againstintestinal inflammation, excessive collagen
deposition and proinflammatory gene expression.

Our bidirectional CRISPR screens identified GLIS3 as an essential
IAF regulator. Although other transcription factors including SP/1,
ETS1, TBX3, NR4A2 and TWISTI (refs. 13,49-53) have been reported
to be involved in driving disease-associated fibroblast states, we
observed greater enrichment of GLIS3in our functional study of IAFs.
SPI1and TBX3 promote myofibroblast ECM deposition, whereas ETSI
promotesits degradation, and its loss causes increased thickening of
the submucosa and muscularis propria in DSS-induced colitis™***°,
In addition, TWIST1 has been shown to be expressed in a subset of CD
patient fibroblasts with high FAPexpression, and Collal-driven Twist1
knockout mice have less severe colitis®* Our scRNA-seq data indi-
cated that Fap and Twist1 expression mark distinct fibroblast subsets
in mice—submucosal mGrem2*, mRspo3® fibroblasts and muscularis
propria-localized mLy6h" fibroblasts, respectively—with Glis3 not
expressed in either of these subtypes. Notably, we observed specific-
ity of GLIS3inIL1I-expressing IAFs through mechanistic elucidation of
atwo-signalactivation mechanism whereby TGFf3 and IL-18 converge to
activate GLIS3. Thus, our work positions GLIS3 as a central integrator of
tissue repair processes and inflammation, inducing a disease-enriched
subset of intestinal fibroblasts to express fibrosis-associated cytokines,
collagen and genes associated with therapy resistance. These findings
shed new light onimmune-stromal cell interactions and mechanisms
linkinginflammation to fibrosis, raising the possibility that the IAF cell

state may be conserved across tissues and diseases. Given the clinical
burden of fibrotic complicationsin chronicinflammatory diseases and
thefactthat therapeuticinterventions primarily act throughimmune
suppression, the prospect of targeted antifibrotic therapy represents
apromising opportunity.
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Methods

Generating theintegrated IBD scRNA-seq atlas

Previously published scRNA-seq datasets on CD and UC were used for
integrative analysis?>*"3, The dataset of Smillie et al.> was generated
with colonic tissue biopsies obtained from 12 non-IBD controls and
18 patients with UC (from both inflamed and non-inflamed regions).
Libraries were prepared for single-cell profiling by fractionating the
tissues into epithelial and lamina propria fractions before down-
stream processing. The Kong et al.”® dataset was generated from 13
non-IBD controls and 46 patients with CD and consisted of biopsies
obtained from inflamed regions of 17 participants and non-inflamed
regions of 43 patients with disease. Libraries for single-cell profil-
ing were prepared in a mixed manner, with some samples separated
into epithelial and lamina propria fractions and some not separated.
Biopsies were obtained from three segments of the gastrointestinal
tract: small bowel, terminal ileum and colon. The Friedrich et al."
dataset was generated by fractionation and sorting of EPCAM™ and
CD45 cells from colonic biopsies obtained from 4 non-IBD con-
trols and 11 patients with UC, comprising 7 inflamed region biop-
sies and 4 non-inflamed region biopsies. The Martin et al.” dataset
consisted of separated lamina propria fractions of paired involved
and non-involved region biopsies from 11 patients with CD. The com-
bined dataset before downstream quality controlfiltering comprised
1,143,316 cells from 115 patients. Data were analysed using the scanpy
implementation®.

scRNA-seq analysis and cell type identification

Gene expression normalization was performed on the combined
scRNA-seq dataset to account for differences in sequencing depth
across cells. Unique molecular identifier (UMI) counts were normalized
by the total UMI count per cell, and the total count for each cell was set
t010,000 transcripts per cell. After natural logarithm conversion and
scaling of the gene expression matrix, the top 2,000 most highly vari-
ablegeneswere selected for afirst round of dimensionality reduction.
Thereafter, batch correction was performed on eachindividual patient
sample using harmony*, followed by neighbourhood clustering and
uniform manifold approximation and projection (UMAP) embedding
of the single cells*®. On the basis of expression of known markers of
epithelial (KRTS, EPCAM), stromal (PDGFRA, PECAM1,ACTA2, S1008,
RGSS5) and immune (CD79A, MZB1, CD3D, TRAC, C1QA, TPSAB) cell
populations, the clusters were then subdivided into these three main
compartments for subsequent rounds of clustering and analysis. For
compartment-specific analyses, gene expression normalization was
performed by excluding genes with higher UMI counts (more than 5%
ofthe total UMI count per cell) to minimize the contribution of highly
expressed genes to the normalization.

Inthe stromal compartment dataset, only genes expressed in more
than five cells were considered for further integrative analysis. Dimen-
sionality reduction and batch correction was performed by adjusting
for the following covariates: 10x Genomics Single Cell Gene Expression
Solution chemistry (v.1,v.2 or v.3), patient, study and tissue site (small
bowel, ileum or colon). The top 45 adjusted principal components
were considered for neighbourhood clustering using the Leiden algo-
rithm* and visualized using UMAP embedding. This was followed by
post hoc analysis of identified clusters to remove poor-quality cells;
thatis, clusters with low UMI counts or high mitochondrial gene frac-
tion and those expressing lineage markers of non-stromal cells were
removed as doublet cells. Wilcoxon rank-sum test was performed
to define the markers specific to individual clusters and annotate
each cluster.

Analyses for the epithelial and immune compartments followed a
similar workflow to that described above, except that further rounds
of iterative clustering were performed after removal of doublet and
low-quality cells.

Generation of aXenium-based spatial transcriptomics dataset

Human sample collection. Sixteen patients diagnosed with UC, CD or
diverticulitis who were recruited into the Prospective Registry in IBD
Study at MGH (PRISM) study at Massachusetts General Hospital (MGH)
participated in this study. Informed consent was obtained from all
patientsinaccordance with the protocol approved by the institutional
reviewboard (IRB; 2004P001067). The study protocol complied with all
relevant ethical regulations. Samples from patients with diverticulitis
were pathologist-confirmed histologically normal. Excess tissues from
clinically warranted surgical resections were collected for research pur-
poses. IRB-approved secondary use protocol 2020P001262 allowed use
ofthese tissues in research at the Broad Institute of MIT and Harvard.

Human colon sample processing. Resected human colon samples
were fixed in10% formalin overnight and stored in 70% ethanol. Tissue
samples were trimmed and oriented in a tissue embedding cassette
(Thomas Scientific, 230274-000B) such that all of the histological
features of the colon were preserved. Paraffin embedding was done
at the Koch Institute at Massachusetts Institute of Technology (MIT)
histology facility to generate formalin-fixed paraffin-embedded (FFPE)
blocks and stored at 4 °C. For haematoxylin and eosin (H&E) staining
and pathology assessment of the tissues, FFPE tissue blocks were sec-
tioned at5 pm thickness onamicrotome (Leica HistoCore AUTOCUTI)
and placed on glass slides (VWR, Superfrost Plus). Slides were baked
at42 °Cfor 3 h before being stored in a desiccator overnight. Glass
slides containingtissue sections were baked at 60 °C for 30 min, then
H&E stained using an automatic H&E stainer at the MIT histology facil-
ity. Tissue slides were imaged with a x10 objective using a Zeiss Axio
light microscope with a Metafer slide-scanning platform. During
microtome sectioning, 40 pm tissue scrolls were collected to assess
tissue RNA quality with DV200 scores. These sections were placed in
1.5 ml microcentrifuge tubes and stored at -80 °C until analysis. RNA
was extracted using an Qiagen RNeasy FFPE Kit (Qiagen, catalogue no.
73504), and DV200 scores were assessed with an RNA Pico chipona
2100 Bioanalyzer (Agilent).

Sample preparation for Xenium profiling. Human colon FFPE blocks
were sectioned at 5 pm thickness on a microtome (Leica HistoCore
AUTOCUTI) and placed on Xenium glass slides (10x Genomics) fol-
lowing slide equilibration at room temperature for at least 30 min.
Slides were baked at 42 °C for 3 hand thereafter stored in adesiccator
overnight. Tissues were baked at 60 °Cfor 2 h, deparaffinized in xylene
(MilliporeSigma, 214736-4L), ethanol rehydrated and decross-linked
accordingtothe manufacturer’s protocol (10x Genomics, demonstrated
protocol CGO00580 rev. C). Protocol CGO00582, rev. F (10x Genomics)
was used for probe hybridization, ligation and amplification for eight
of the samples, whereas user guide CG0O00749 rev. B (10x Genomics)
with further cell segmentation staining was used for the other eight
human samples. A customized 480-plex gene probe panel (probe ID:
HC3GPZ) was designed and used for all human samples. The probes
were hybridized onto thetissue for19 hat 50 °C. Whenused, the slides
were incubated with cell segmentation markers for 17 h and 30 min
at 4 °C. Buffers were prepared for the Xenium Analyzer instrument
(software v.3.1.0.0) according to the manufacturer’s protocol for the
Xenium vl workflow (10x Genomics, user guide CGO00584 rev. G).
Selected regions of interest covering the full tissue of each sample were
imaged, and spatially localized transcriptional data were collected.
Mouse colontissue blocks embedded in optimal cutting temperature
(OCT, Tissue-Tek) were cryosectioned at 10 um thicknessina cryostat
(Leica, CM1950) at —20 °C. Tissue sections were placed on Xeniumglass
slides (10x Genomics) and stored in aslide mailer at —80 °C for 4 days.
Tissues were fixed in 4% paraformaldehyde (Thermo Fisher Scien-
tific, BP531-25) and permeabilized according to the manufacturer’s
protocol (10x Genomics, demonstrated protocol CGO00581 rev. D).
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Tissuesslides were further processed following the 10x Genomics user
guide (CGO00749 rev. B). A customized 480-plex gene probe panel
(ID: JUR2CE) was used, with hybridization for 21 h at 50 °C. Tissues
were stained with cell segmentation markers for 17 h and 30 min at
4 °C. Buffers for the Xenium Analyzer instrument (software v.3.2.0.1)
were prepared following the Xenium vl workflow (10x Genomics, user
guide CGO00584 rev. G). Slides were imaged, and transcriptional data
were collected using a Xenium Analyzer instrument.

Post-Xenium tissue slides were incubated for 10 min with 10 mM
sodium hydrosulfite (Sigma-Aldrich) to remove the tissue quencher
(10x Genomics, demonstrated protocol CGO00613 rev. B) and H&E
stained using the automatic H&E stainer at the MIT Histology Facility.
Glass slides were imaged on a Zeiss Axio microscope with a Metafer
slide-scanning platform using a x10 objective.

Analysis of human spatial transcriptomics dataset

Samples were processed in two batches, withand without the cell seg-
mentation stainingkit. For tissues processed without the cell segmen-
tation staining kit, we used a nucleus segmentation mask to restrict
the counting of transcripts per cell located in its nucleus. In total, a
gene expression matrix of 4,477,548 cells x 480 genes was obtained
from 16 human tissues and analysed using a similar workflow to that
described for the scRNA-seq dataset (see Supplementary Data 3 for
the panel genelist). The analysis wasimplemented in Scanpy. In brief,
quality control was performed to remove poor-quality cells with total
RNA counts less than 10. Count normalization and log transforma-
tion were followed by regression of the effect of total RNA per cell
and scaling. Principal component analysis was conducted to gen-
erate the top 50 principal components. Batch correction was then
performed using the harmony package, with variables patient and
batch as covariates After inspection of the elbow plot, we used the
top 30 eigenvectors to construct a k-nearest neighbour graph with
n_neighbors =15.Subsequently, the Leiden clustering algorithm was
applied (resolution = 0.5) to cluster the spots, and the resulting clus-
ters were visualized with the UMAP embedding algorithm. On the basis
ofthe expression of known markers of epithelial cells (KRTS, EPCAM),
fibroblasts (PDGFRA, C1S), stromal cells (PECAM1,ACTA2, DES, S1008B,
RGSS5, CD9, ANOI), lymphocyte populations (CD79A, MZB1, CD3D,
TRAC), and myeloid cells (CIQB, CD83, AIF1, TPSAB, CD36, FCGR3B),
the clusters were then subdivided into five main compartments for
subsequentiterative rounds of clustering and analysis. In contrast to
the scRNA-seq analysis workflow, we further subdivided the stromal
cellsinto fibroblast and non-fibroblast compartments, and likewise
the immune cells into lymphocytes and myeloid cells for resolution
of cell type heterogeneity.

Compartment-specific analysis and clustering was implemented
using a similar workflow to that described above by setting Leiden
algorithm parameter resolution = 1. Clustering was followed by post
hocanalysis of identified clusters to remove poor-quality cells, that is,
clusters with low total RNA counts or those expressing lineage markers
from other compartments. Wilcoxon rank-sum test was performed to
define the markers specific to individual clusters and annotate them.
Altogether, weidentified 56 unique cell types across the different com-
partments in the spatial atlas.

Harmonizing single-cell and spatial atlases

Analysis of the scRNA-seq IBD atlas (scIBD) revealed 51 distinct cell
types, whereas 56 distinct cell types were found for the spatial IBD atlas
(spIBD). Broadly, most of the cell types identified in the scIBD were also
identifiedinthe spIBD, which also recovered cell types that are known to
belocated deeperinthe muscularis propria, thatis, interstitial cells of
Cajal, neurons, and smooth muscle cellslocated in the inner circular and
outerlongitudinal layer of the muscularis proporia. As the scCRNA-seq
was based on biopsies, these cell types were not captured. Likewise,
monocytes, follicular B cellsand IL6" fibroblasts were identified only in

the spIBD. On the other hand, colonic plasmaB cells, naive CD8 T cells,
and M cells (microfold) were captured only in the scIBD.

Moreover, we observed some cell types and states that were captured
inthe scIBD but could not be distinguished in the spIBD. For instance, we
recovered the Thelper1(T,1) and T helper 17 (T,17) polarized states of
differentiated CD4 T cellsin the scIBD, but the heterogeneity between
these cells could not be resolved in the spIBD; hence, they were anno-
tated as the same cluster (CD4 T,,1/T,;17). Naive and memory B cells
wererecovered in the scIBD, but their heterogeneity could not be dis-
tinguished in spIBD. Likewise, capillaries and arteries were distinctin
thescIBD but groupedinto the same clusterinsplBD. WNTSB', NPY" and
PTGIS" cells were identified in the scIBD but could not be distinguished
in the spIBD. Conversely, SPPI" macrophages were identified in the
spIBD, whereas CIQ" and MHCII" macrophages could not be resolved.

For the ligand-receptor analysis (described below), we focused on
the common set of cell types between the two atlases and, wherever
possible, used the closest cell type as a proxy when the cell types could
not be identified in the spIBD.

Cellular niche analysis on the basis of spatial transcriptomics
We evaluated the composition of cell types in the proximal neigh-
bourhoods of each cell to identify the cellular niches (microenviron-
ments) shared across multiple samples. For every cell in our spatial
atlas, we counted the number of distinct cell types present within a
radius of 30 um, thereby generating a frequency matrix of 3,382,726
microenvironments by 56 cell types. The median number of total cells
sampled within the 30-pum radius was 14 cells (range: 1-113). Next, we
implemented a k-means clustering approach using the scikit-learn
(v.0.22) package and evaluated the stability of clusters across arange
of kvalues (5-35) using the silhouette score. We obtained the highest
scoreat k=19, suggesting the existence of 19 distinct niches (NO-N18)
in our dataset.

Niche and cell type enrichment analysis

Chi-squared test of independence was performed to evaluate the
enrichment of cell types in a given niche. A contingency table sum-
marizing the count distribution of each cell type across niches in the
overall spatial atlas was generated, and the chi-squared statistic (x?)
was computed using observed and expected frequencies, assuming
independence between variables. Degrees of freedom were calculated
asfollows: d.f.= (N-1) x (C—-1), where Nis the number of distinct niches,
and Cis the number of cell types. P values for cell type enrichment in
eachniche were obtained using standardized residuals and corrected
for multiple testing using the Bonferroni method. P < 0.05 was consid-
ered to indicate statistical significance.

Cell type composition analysis in single-cell and spatial atlases

To compare the compositional differences between patients with dis-
ease and healthy individuals, we used the scCODA toolbox*, which pro-
vides a Bayesianimplementation of the Dirichlet multinomial model.
For the scRNA-seq atlas, we first aggregated cell count data for each
library and visualized the relative abundance of each cell type across the
different conditions. Given that Martin et al.’ predominantly profiled
immune cells, and Friedrich et al." predominantly profiled stromal
cells, we restricted our analyses to the data of Kong et al.* for CD and
Smillie etal.*for UC. Within these two studies, different tissue enriched
fractions (epithelial sorted, lamina propria, immune sorted or whole
tissue) were used to prepare the libraries; hence, we performed the
analyses at a sample library level. scCODA was implemented on
the study-specific cell count matrices by adding a pseudocount of
0.001and considering the following covariates: patientID + enriched_
fraction + disease status, using smooth muscle cells as areference cell
type because their abundance did not change between the conditions.
Separate analyses were performed for patients with UC and those with
CD, using the respective control participants as the reference, and a



false discoveryrate (FDR) < 20% was considered toindicate a significant
changeinabundance of the corresponding cell type. Disease-specific
effect sizes (8) and log fold change in abundance (for cell types with
credible effects only) were visualized.

For the spatial atlas, we performed the analyses at the patient level.
Specifically, we first visualized the relative abundance of each niche
across the different conditions, and identified niche N3 as the refer-
enceniche, asitdid not change between conditions. scCODA was then
implemented by adding a pseudocount of 0.001, using the non-IBD
controls as reference. Niches were considered to have significantly
changed in abundance if FDR < 20%. B values and log fold change in
abundance (for niches with credible effects) were visualized.

Differential expression analysis on scRNA-seq atlas

Pseudobulk expression for each gene was first computed for each cell
typeinevery patient and then analysed using the decoupler and pyde-
seq2 packages. Differential expression was evaluated using the respec-
tive controls for UC inflamed or CD inflamed participants, including
10x chemistry as a covariate in the model. In the UC inflamed group,
geneswith FDR-adjusted P < 0.05 were considered to show statistically
significant differential expression; for the CD inflamed group, this
threshold was reduced to FDR-adjusted P< 0.1, because fewer genes
showed differential regulation among these patients.

Inference of cell communication network on the basis of spatial
constraints

Intercellular cross-talk was analysed with the cellphonedb (v.5.0)
package using the DEG analysis method. The scIBD was used as the
reference, and separate analyses were performed for patients with UC
and those with CD. First, differentially upregulated genes passing the
significance threshold in inflamed tissues compared with control tis-
sues, as described in the ‘Differential expression analysis on sSCRNA-seq
atlas’ section, were used as the input for each cell type. As IAFs were
predominantly observedininflamed tissues, the differential expression
analysis did not yield significantly upregulated genes in IAFs because
of low numbers among controls. Hence, to obtain IAF upregulated
genes, we performed differential expression at the pseudobulk level
between IAFs and non-IAF fibroblast populations and appended the
resultsto theinputtable. The threshold parameterin cellphonedb was
modified to include genes with greater than 5% expression in a given
cell type for scoring of interactions.

Toinfer spatially constrained ligand-receptor communicationscores,
we used the list mapping each niche to significantly enriched cell types,
asdescribedinthe ‘Niche and cell type enrichment analysis’ section, as
input. As some cell typesidentified in the scIBD could not be identified
inthe spIBD, as described in the ‘Harmonizing single-cell and spatial
atlases’section, we used the niche membership of the closest cell type
asaproxy. Specifically, CD4 T,,1and T,;17 cellsin the scIBD were assumed
to be members of the same niches as CD4 T,,1/T,,17 cells in the spatial
atlas, WNTSB'NPY" and WNTSB' PTGIS" were considered to be the same
as WNTS5B®, capillaries and arteries were assumed to be the same as
capillaries and arterioles, naive and memory B cells were assumed to
be the same as naive B cells in the spatial atlas, and CIQ" macrophages
were assumed to localize to the same niches as LYVEI" macrophages.

Thetotal sum of significant ligand-receptor interaction scores were
counted between agiven sender-receiver pair of celltypes and used to
derive an adjacency matrix for network analysis. The igraph package
was used to plot a directed and weighted network graph on the adja-
cency matrix, with edge thickness representing the sum total interac-
tionscore. Stromal compartment cells were removed from the network
graph to highlight communication with IAFs and non-stromal cells.

Histopathology annotations
H&E-stained sections of each tissue were used to manually identify
structures pertaining to various anatomical and pathological regions.

Using Xenium Explorer (10x Genomics), we aligned H&E images to the
slide, selected the regions manually and extracted cell barcodes. We
ascertained the following anatomical regions: the normal mucosa,
submucosa and muscularis propria; and the following pathologi-
cal regions: mucosa with predominantly active colitis, mucosa with
predominantly chronic colitis, fibromuscular hyperplasia, lymphoid
aggregates and granuloma. Each tissue was also qualitatively graded
for stage of fibrosis, ulceration and severity of inflammation.

Identification of putative driver ligands of IAF gene program
First, weidentified transcription factors (TFs) enriched in IAFs on the
basis of their expression levels. Cluster-specific enrichment analy-
sis in the stromal compartment atlas was performed using Wilcoxon
rank-sum test to identify genes enriched inIAFs. The list was then subset
to the list of known TFs to yield 23 putative mediators. In parallel, we
implemented DoRothEA to infer the activity of known TFs***°. Then, we
identified the enriched TFs in IAFs using the Wilcoxon test, consider-
ing all non-IAF stromal cells as the background. We selected TFs witha
mean activity difference greater than 0.75and P < 0.01, yielding a list of
34 putative TFs. The final list consisted of 55 unique TFs that putatively
orchestrated the IAF program.

Next, we leveraged the ligand-target regulatory potential model
available from NicheNet to identify potential ligands whose signalling
converged on to the enriched TFs. Regulatory potential scores were
derived by incorporating several data sources that covered ligand-
receptor relationships, signal transduction and gene regulation events
andthen applying network propagation methods to quantify the signal
flowing fromaligand throughits receptors onto the signalling proteins,
transcriptional regulators and, finally, target genes. For each TF in
our list, we selected the top ten ligands with the strongest regulatory
potential scores derived from the model. Only ligands that appeared
atleast five times in the top-ten list were selected for further analysis.
Subsequently, werestricted the list of ligands to those whose receptors
were expressed in more than 5% of IAF cells. Ultimately, this pipeline
yielded 13 putative ligands, which were further expanded on the basis
of ligand family membership.

Analysis of mouse spatial transcriptomics dataset

Tissues were processed with the cell segmentation staining kit; thus,
counting of transcripts was not restricted to the nucleus. In total,
adataset 0f 2,792,913 cells x 480 genes was generated from 12 mouse
large intestines, representing three biological replicates from the fol-
lowing conditions: Glis3”:cre treated with DSS, Glis3”:cre treated with
water, Glis3” treated with DSS and Glis3” treated with water. Data were
analysed using a similar workflow to that described above (see Sup-
plementary Data 3 for the panel gene list used to define cell types).

In brief, cells with total RNA counts less than 10 were removed, fol-
lowed by normalization and log transformation, regression of total
RNA, and scaling. The top 40 principal components were used to
construct the k-nearest neighbour graph, and Leiden clustering was
applied (resolution = 0.5), followed by visualization with UMAP. Sub-
sequentiterative rounds of clustering were performed by grouping the
clusters into four main compartments: epithelial, fibroblast, stromal
andimmune, includinglymphocytes and myeloid cells. The following
markers were broadly used: Krt8, Epcam (epithelial cells); Pdgfra, Dpt
(fibroblasts); Pecam1, Acta2, Des, SI00b, RgsS5, Snap25, Anol (stromal
cells); Cd79a,Mzb1, Cd3d, Trac, Gata3, Xcl1 (lymphocytes); and Tyrobp,
Aifl, Ccr2, Fgr, Clga, Cd68, Cd83, Trem2, Lyvel, Clec9a, Cd209a, Fprl1,
Cxcr2 (myeloid cells).

Compartment-specific analysis and clustering was implemented
using asimilar workflow to that described above by setting Leiden algo-
rithm parameter resolution =1, except for theimmune compartment,
for whichresolution = 1.5was used. Post hoc inspection of clusters led
to removal of poor-quality cells. Finally, for cell type annotation, we
performed a Wilcoxon rank-sum test to define the markers specific
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to each cluster and inspected the spatial distribution of each cluster
and the expression of cell-type-specific markers listed in Supplemen-
tary Data 3. Ultimately, we identified 55 unique cell types exhibiting
distinct expression signatures and spatial distribution in the mouse
large intestine.

Mice

Animal studies complied with all relevant ethical regulations. All mice
used in this study were co-housed in specific-pathogen-free facilities at
MGH. For all experiments, 5- to 20-week-old male or female sex-matched
mice were used. Mouse strains included C57BL/6) I[11™° mice, Il
mice (C57BL/6)Gpt-1111°™"*/Gpt; GemPharmatech T051922), Glis3"”
mice (C57BL/6)Gpt-Glis3°™C1°*/Gpt; GemPharmatech, T010949),
R26-CreERT2 mice (B6.129-Gt(ROSA)26Sor™Cre/ERT2T/)- Jax 008463)
and PDGFRa-CRE mice (C57BL/6-Tg(Pdgfra-cre)1Clc/J, Jax, catalogue
no. 013148). No statistical calculations were performed to determine
sample size. Genotype-matched mice were randomly assigned to each
treatment group, and no blinding was performed. Mice were housed
withal2 hdark, 12 hlight cycle, at an ambient temperature of18-24 °C
and 30-70% relative humidity, and provided with food and water ad
libitum. All animal procedures were conducted in accordance with
protocol 2003N000158 approved by the MGH Institutional Animal
Care and Use Committee, and animals were cared for according to the
requirements of the National Research Council’s Guide for the Care
and Use of Laboratory Animals.

Generation of Il11™"° mice

Mouse /11 was targeted withagRNA verified in vitro (greater than 90%
cleavage efficiency) near the stop codon of exon five (gRNA target-
ing sequence: TAAAGACTCGACTGTGACTC). Double-stranded DNA
(dsDNA) was synthesized containing a T2A-mNeonGreen sequence
flanked by approximately 400-nucleotide-long homology arms of the
Il11gene upstreamand downstream of the stop codon. Asingle-stranded
DNA (ssDNA) sequence of this donor template was synthesized with
the Guide-it Long ssDNA Production System following the manufac-
turer’s protocol (Takara, catalogue no. 632644). Verified gRNA, ssDNA
and Cas9 with NLS (PNA Bio, CP02) complex were microinjected into
zygotes by the Harvard Transgenic Mouse Core. The resulting /[11™"¢
mice were backcrossed on the C57BL/6J background for three gen-
erations, followed by heterozygous crosses to obtain homozygous
reporter mice. The licence to use mNeonGreen was acquired from
Allele Biotechnology.

Generation of I[1F”;cre and Glis3";cre mice

HI1P” mice (C57BL/6)Gpt-1I11°™1*/Gpt; GemPharmatech, T051922)
and Glis3” mice (C57BL/6)Gpt-Glis3°™/Gpt; GemPharmatech,
T010949) were generated by sperm reconstitution at the UMass
Chan Transgenic Animal Modeling Core on behalf of GemPharmat-
ech. Heterozygous pups were crossed together to generate homozy-
gous conditional knockout mice. Homozygous /[IF"/ mice were then
bred with R26-CreERT2 mice (B6.129-Gt(ROSA)26Sor ™ Cr/ERTAT /- Jax
catalogue no. 008463) to generate homozygous /11, hemizygous
cre mice. Glis3"” mice were bred with hemizygous PDGFRa-CRE mice
(C57BL/6-Tg(Pdgfra-cre)1Clc/); Jax, catalogue no. 013148) to generate
homozygous Glis3"”, hemizygous PDGFRa-CRE mice.

Acute and chronic DSS colitis

DSS experiments were performed as previously described™. In brief,
mice were given 2.0% (weight/volume) DSS (Thermo Fisher Scientific,
J14489-22) dissolved in water for 7 days for the acute model of DSS. In
the chronic model, DSS administration was followed by a water recov-
ery phaselasting for another 7 days. This cycle was repeated two more
times, with mouse weights recorded daily. Upon cessation of each
model (at day 7 for the acute DSS model, day 42 for /l11 and Glis3mouse
experiments, or day 35 for cytokine neutralization experiments), mice

were euthanized, and colons were obtained for phenotyping. For /l11
mice, chronic DSS experiments represented three pooled independent
experiments with the following cohort replicates per experiment:
HIPY, water (n=3, 4, 11); ll11”:cre, water (n =0, 0, 14); IlIF”, DSS (n=4,
3,10); LI :cre, DSS (n =3, 4, 3). For Glis3 mice, chronic DSS experi-
ments represented four pooled independent experiments with the
following cohort replicates per experiment: Glis3”, water (n=4,4,4,6);
Glis3”:cre, water (n=0, 0,0, 21); Glis3”,DSS (n=4, 7,3, 6); Glis3"”cre,
DSS (n=3,4,3,5).For cytokine neutralization, chronic DSS experiments
represented two pooled independent experiments with the following
cohortreplicates per experiment: n = 3,4. Data pooling was performed
by aligning animal data by timepoint (for instance, percentage weight
change by day of DSS or water treatment), with all downstream analyses
restricted to end point measurements.

Tamoxifen administration

117 and I[1F;cre mice were treated with DSS following the chronic
DSS model. After cessation of each cycle of DSS administration, mice
were intraperitoneally injected with tamoxifen (Sigma, T5648) dis-
solved in corn oil (Sigma, C8267) (200 pl of 20 mg ml™). Tamoxifen
was administered for 3 consecutive days, each at a different site of
the mouse abdomen for each cycle of water treatment. Weights were
monitored daily.

Cytokine neutralization

H11™° mice were treated with DSS following the chronic DSS model.
At the start of each cycle of DSS administration, mice were intraperi-
toneally injected with monoclonal antibodies directed against IgG
(BioXCell, BP0O083), anti-TGFf3 (BioXCell, BPO057), anti-IL-1p (Invi-
vogen, millb-mab9-1T), or acombination of anti-TGFf and anti-IL-1f.
Antibodies were diluted in PBS and intraperitoneally injected at dif-
ferent sites of the mouse abdomen on the first and third days of each
cycle of DSS administration (100 pl, 100 pg per mouse). Weights were
monitored daily.

Mouse colon cryosectioning

Water- and DSS-treated mice were euthanized with CO, in accord-
ance with the Institutional Animal Care and Use Committee protocol.
Colonswere removed, flushed and rinsed in PBS (Sigma, D8537-500ml),
then cut longitudinally to expose the lumen. Colons were rolled from
the distal to the proximal end with forceps and placed in cryo-blocks
(Tissue-Tek, catalogue no. 25608-916) containing OCT (Tissue-Tek,
catalogue no. 25608-930) on dry ice. Frozen colon Swiss rolls were
sectionedinaleica CM1950 cryostatat—20 °Cinto 10 pmslices, which
were placed onto glass slides (Fisherbrand, catalogue no.22-230-900)
forimaging; and 50 pm and 100 um slices were collected for RNA and
protein extraction, respectively.

Mouse colon staining

Immunofluorescence. Fresh-frozen tissue sections were fixed in
4% paraformaldehyde (Electron Microscopy Services, catalogue no.
15710-S) diluted in PBS (v/v) for 10 min at room temperature, followed
by three washesin PBS. Tissues were then permeabilizedin 0.2% Triton
X-100 in PBS (v/v) for 10 min at room temperature, followed by three
washes in PBS. Tissues were blocked with 4% bovine serum albumin
(BSA; LGC Clinical Diagnostics, catalogue no.1900-0016) in PBS (w/v)
for 20 min atroom temperature, thenincubated with diluted primary
antibodies in 4% BSA in PBS for 1 h at room temperature (1:400 for
anti-mNeonGreen (Proteintech, #nfms), 1:400 for anti-CD68 (Cell
Signaling Technology, 97778S)). Tissues were then washed three times
inPBSandincubated with secondary antibodiesin4%BSAin PBSfor1h
atroom temperature (1:500 AF-488 conjugated anti-mouse antibody
(Proteintech, sms1AF488-1),1:1,000 AF-594 conjugated anti-rabbit
(Thermo Fisher Scientific, A-21207)). Tissues were washed three times
in PBS, rinsed in deionized water, mounted with ProLong Diamond



Antifade Mountant with DAPI (Thermo Fisher, P36962) and sealed
with a cover glass (Corning, catalogue no. 2975-245) for 24 h. Images
were captured on a Nikon Ti2-E inverted microscope equipped with a
CSU-W1 spinning disc confocal system.

QuPath v.0.6.0 was used to quantify the percentages of IL-11™N¢
fibroblasts in whole-colon Swiss rolls from /{11"° mice subjected to
chronic DSS. Channel minimum, maximum and gammavalues were set
to equal measurements across the sample cohort. Cell detection was
performed on the basis of DAPI-stained nuclei. IL-11™° cells were then
defined by setting a single measurement classifier on objects filtered
onall DAPI-stained cells. A channel filter was then set for ‘Cell: 488 nm
mean’. An‘Above Threshold’ was thenset that defined IL-11™¢* cells on
the basis of the background signal distribution of 488 nm mean cell
measurements in water-treated colon samples.

Masson'’s trichrome staining. Staining was performed following the
Masson’s Trichrome Stain Kit protocol (Vitroview, VB-3016). In brief,
frozentissue was acclimated toroomtemperature, fixed in10% formalin
for30 min, and rinsed in distilled water three times. Tissues were then
incubated in Bouin’s fluid for1 hat 60 °C, washed in running tap water
for 5 min, incubated with Weigert’s A+B solution mixture (1:1 mixture)
for7 min, and rinsed again with running tap water for 5 min, followed by
incubation with Biebrich scarlet-acid fuschin stain for 5 min. Tissues
were next rinsed in distilled water, then incubated with phosphomo-
lybdic-phosphotungstic acid solution for a total of 10 min. Without
rinsing, aniline blue solution was added for 15 min, followed by three
washes in distilled water. Tissues were briefly rinsed in acetic acid,
dehydrated with 90% and then100% ethanol for 2 mineach, cleared in
xylene (Sigma, 214736-1L) for 5 min, three times, and finally mounted
with Cytoseal 60 (EMS, catalogue no.18007) and sealed with a cover
glass. Images were captured on a Nikon Ti2-E inverted microscope
for detailed magnificationimages or a Leica Aperio VERSA scanning
system for quantification.

For quantification of colonic collagen with Masson’s trichrome-
stained colon samples, FIJl imaging quantification software v.1.54p
was used on images captured on the Leica Aperio VERSA scanning
system. Images were increased in brightness and contrast by setMin-
AndMax (-12, 228). Masson'’s trichrome stain deconvolution was
then performed using the Colour Deconvolution 2 plugin, setting
the vectors to User Values defined by Colour[1](R1: 0.412010759,
G1: 0.849633569, B1: 0.329195889), Colour[2](R2:0.587269268,
G2:0.67744923, B2: 0.442919122), Colour[3](R3: 0.804103811, G3:
0.584262903, B3:0.109790353). Only the blue collagen channel was
used; red (muscle) and black (nuclei) signals were excluded fromanaly-
ses. Collagen-positive pixel areas were identified by setting the signal
threshold to 140 units to obtain the percentage of collagen-positive
pixels relative to the total image area. To determine the tissue area,
images were converted to 8-bit format and the signal threshold was set
to180 units; the area was then measured. The final collagen percentage
was obtained by dividing the calculated collagen-positive pixel area of
the tissue by the total tissue area of the image.

H&E staining. Staining was performed following the Hematoxylinand
Eosin Stain Kit protocol (Vitroview, VB-3000). In brief, frozen tissue
slides were fixed in cold 80% methanol (Sigma, 179337-1L) at 4 °C for
5min. Theslideswere then placedinroomtemperature PBS for 10 min,
followed by arinse in running deionized water for 2 min. Next, slides
were placed in Mayer’s Hematoxylin Solution for 5 minand thenrinsed
inrunning tap water for 5 min; placed in 95% ethanol for 1 min and then
eosin solution for 1 min 30 s; and dehydrated by being placed in two
changes of 95% ethanol for 2 min each, and two changes 0f100% ethanol
for2 mineach. The tissues were cleared in xylene (Sigma, 214736-1L) for
5 min, three times, and finally mounted with Cytoseal 60 (EMS, cata-
logue no.18007) and sealed with a cover glass. Images were captured
onaLeicaAperio VERSA scanning system.

Histopathological quantification of tissue inflammation
Blinded histopathological assessment of H&E-stained tissues was
carried out by a trained pathologist (A.R.S.). H&E-stained slides were
graded by a standardized score of tissue injury and inflammation as
described previously®’. The total histological score ranged from 0 to 10
and was derived from the sum of four scoring criteria: mucosal ulcera-
tion, epithelial hyperplasia, lamina propria mononuclear infiltration
and lamina propria neutrophil infiltration. Mucosal ulceration scoring
criteriawere either normal (0), surface epithelialinflammation (1), ero-
sions (2) or ulcerations (3). Epithelial hyperplasiascoring criteriawere
either normal (0), mild (1), moderate (2) or pseudopolyps (3). Lamina
propria mononuclear infiltration scoring criteria were either normal
(0), slightly increased (1) or markedly increased (2). Lamina propria
neutrophil infiltration were either normal (0), slightly increased (1)
or markedly increased (2).

Hydroxyproline determination

First, 100-pum slices of OCT-embedded frozen colonic tissues were
obtained by cryosectioning and flash frozeninliquid nitrogen. Tissues
were crushed using manual dissociation on dry ice and incubated in
Pierce RIPA buffer (Thermo Fisher, catalogue no.89900) for 20 min. Fol-
lowing afreeze-thaw cycle, hydroxyproline extraction was performed
following the manufacturer’s protocol with afew modifications (Sigma,
MAK463-1KT). Fifty microlitres of lysates were incubated with 50 pl of
10 N NaOH for 2 h at 100 °C under constant agitation. Samples were
allowed to cool to room temperature, then neutralized by addition
of 50 pl of 10 N HCI, diluted 1:1 with 150 pl of water, and centrifuged
for5minat14,000g at room temperature to remove any particulates.
Lysates were transferred to new tubes. A hydroxyproline standard
(range: 0-50 pg ml™) was then prepared, and 20 pl of each standard
andtissue lysate were transferred to individual wells on a 96-well plate
(Corning, catalogue no.29444-018). A reaction mixture containing 8 pl
ofreagent Aand 90 pl of oxidation buffer was prepared for all samples,
and 90 pl of this mixture was added to each well, followed by 10 min of
incubation atroom temperature. Then, 90 pl of reagent Bwas added to
all wells, and the contents of the wells were mixed by pipetting up and
down until turbidity dissipated. The plate was incubated for 90 min
at 37 °C, after which the optical density of each well was measured at
560 nmonaBioTek Synergy H4 Hybrid Multi-Mode Microplate Reader.
To quantify the amount of hydroxyproline, the optical density values
ofthe standards were plotted against their concentrations. Each sam-
ple’s optical density measurement was then divided by the slope of
the standard curve to yield a hydroxyproline concentration in micro-
grams per millilitre. Values were normalized to protein concentrations
determined by measurements from abicinchoninic acid (BCA) assay.

Protein concentration determination

Total protein concentrations were determined using a Pierce BCA pro-
tein assay kit (Thermo Fisher, catalogue no. 23225) on prepared tissue
lysates with a few modifications. A standard curve with Pierce BSA
standard (Thermo Fisher, catalogue no. 23209) was prepared (range:
0-10 pg pl™) using individual wells of a96-well plate, and 1 pl of sample
was added to each well. Areaction mixture was then prepared by add-
ing 50 parts of BCA reagent A with1part of BCAreagent B, and 200 pl
of BCA reaction mixture was added to each well of the 96-well plate,
followed by incubation of the plate for 30 min at 37 °C. The optical
density of each well was measured at 562 nm on a BioTek Synergy H4
Hybrid Multi-Mode Microplate Reader. Each sample’s optical density
measurement was then divided by slope of the standard curve toyield
aprotein concentration in micrograms per microlitre.

Mouse colon dissociation
Mouse colons were dissociated following a modified protocol®. Fol-
lowing acute or chronic DSS treatment, mice were euthanized, and



Article

colons were placed in ice-cold HBSS (Thermo Fisher, catalogue no.
14170112). Colons were cut longitudinally and then cut into small
pieces. The tissue was then placed in 15 ml of epithelial cell solution
(10 MM HEPES (Thermo Fisher, catalogue no.15630080), 0.5 MEDTA
(Thermo Fisher, catalogue no. AM9260G), 100 U ml™ penicillin-
streptomycin, 2% fetal bovine serum (FBS), 100 pg ml™ DNase I (Roche,
catalogue no. 10104159001) in HBSS). Samples were incubated at
37 °C for 15 min and manually shaken every 5 min. After incubation,
samples were placed onice for10 min. Tissue pieces were then trans-
ferred to new tubes with HBSS and vigorously shaken for 40 s. The
supernatant was collected by filtering through a100-pm cell strainer
(Corning, catalogue no.352360) into anew tube, and pieces of tissue
were placed in the original tube. Shaking and filtering were performed
afurther two times to dissociate and deplete this epithelial fraction.
The remaining tissue was placed in HBSS and washed with gentle
shaking three times, for 30 s each time. With arazor blade, the tissue
was cut into smaller pieces and transferred to a new tube containing
10 mlof lamina propriasolution (100 U ml™ penicillin-streptomycin,
100 pg ml™ Liberase (Sigma, catalogue no. 5401127001), 100 pg ml™
DNase lin RPMI). Tissues were incubated 37 °C for 20 min. Manual
pipetting with a 5-ml pipette was used to break apart the tissue. The
tissue was then incubated at 37 °C for a further 10 min, followed by
manual pipetting with a 1-ml pipette to break apart the tissue further
until dissociation. Samples were transferred to ice, and 1 ml of FBS
and 80 pl of EDTA were added to stop the digestion reaction. Tissue
samples were pipetted again with a 1-ml pipette and filtered with a
40-pum cell strainer (Corning, catalogue no.352340). HBSS was added,
and cells were spun down at 400g for 10 min.

Cell surface staining of colonic cells

Isolated colonic cells were washed in PBS and resuspended in PBS with
2%FBS. Cellswere then Fcblocked (BioLegend, catalogue no.101320)
onice for 10 min at 1 pg per 100 ml buffer. Without removal of the Fc
block, a master-mix of fluorophore-conjugated antibodies diluted
1:200 each in PBS with 2% FBS was added to the cells for 30 minonice
(APC anti-mouse CD45 (BioLegend, catalogue no.157605), PE/Dazzle
594 anti-mouse TER-119 (BioLegend, catalogue no. 116243), Brilliant
Violet 421 anti-mouse PDGFRA (BioLegend, catalogue no.135923), PE
anti-mouse PECAM1 (BioLegend, catalogue no.102407), Brilliant Violet
711 anti-mouse EPCAML1 (BioLegend, catalogue no. 118233) and LIVE/
DEAD Fixable Near IR (780) viability stain (Thermo Fisher, L34992)).
Cells were spun at 500g for 3 min and washed with PBS. This spin and
wash was repeated; then, cells were resuspended in live cell sorting
buffer (PBS with 5% FBS, 25 mM HEPES, 1 mM EDTA) and sorted on a
Sony SH800 cell sorter. Single-antibody stains for each fluorescent
channel using compensation beads (Beckman Coulter, B22804) were
used to set up compensation.

Cell culture

Primary colon fibroblasts (CRL-1459), and immortalized fibroblasts
(CRL-4001) were obtained from the American Type Culture Collection.
Lenti-X293T cells for lentivirus production were obtained from Takara
(catalogue no. 632180). Primary-monocyte-derived macrophages
were fromisolated from healthy donor blood (unpurified buffy coats,
25-50 ml; ages within 18-65 years, unknown distribution of male and
female) were collected at Research Blood Components, LCC, MA, USA,
after a signed consent form had been obtained. Standard testing for
blood-borne pathogens was performed. THP-1 Cas9-expressing cells
were a gift from the Genomics Platform of the Broad Institute of MIT
and Harvard. Commercially purchased cell lines were authenticated
by the American Type Culture Collection with short tandem repeat
identification. No authentication of Lenti-X 293T cells was provided
by Takara, nor were donor or donated cells authenticated. All cell lines
tested negative for mycoplasma except donor-derived cells, which
were not tested.

Fibroblastsand Lenti-X 293T cells were cultured in Dulbecco’s modi-
fied Eagle’smedium (Thermo Fisher Scientific, catalogue no.10569044)
supplemented with 10% (v/v) heat-inactivated FBS (MilliporeSigma,
F2442),1x penicillin-streptomycin (Corning, 30-002-CI). Myeloid cells
were culturedin RPMI-1640 medium (Gibco, catalogue no.22400-089)
supplemented with 10% FBS and 1x penicillin-streptomycin. All cells
were cultured at 37 °C, with atmospheric O,and 5% CO,.

Human monocyte purification and macrophage differentiation
Human monocytes from unpurified buffy coats were isolated with
RosetteSep Human Monocyte Enrichment Cocktail (STEMCELL, cata-
logue no.15028) following the manufacturer’s protocol, then enriched
with SepMate tubes and Ficoll-mediated separation. Isolated cells
were washed with PBS before being plated in RPMI-1640 containing
recombinant M-CSF (PeproTech, catalogue no. 300-25) for 7 days on
non-treated petri dish plates (Falcon, catalogue no. 351029). For polari-
zationto different macrophage subsets, onday 6 following monocyte
isolation, attached macrophages were washed with PBS and incubated
with macrophage-polarizing ligands for 24 h (see Supplementary
Data 4 for concentrations and catalogue numbers). For differentia-
tion of THP-1Cas9 monocytesinto adherent macrophages, cells were
stimulated with 300 ng ml™ phorbol myristate acetate (Invivogen,
tirl-pma) for 3 h at 37 °C on non-treated petri dishes. Cells were then
washed in PBS and reseeded ontissue-culture-treated plates for 2 days
in RPMI-1640.

Cell stimulation

Fibroblasts were first seeded on a multiwell tissue-culture plate. Fol-
lowing adherence at 75-90% confluency overnight, cells were washed
with PBS, and the appropriate ligand diluted in complete DMEM was
added for the indicated time (Supplementary Data 4). Following stimu-
lation, plates were spun down, and media supernatant was collected
for analysis, or cells were washed with PBS and collected into TRIzol
reagent (Thermo Fisher Scientific, catalogue no. 15596026) for RNA
extraction.

Calculation of additive or synergistic IL-11 production

The following mathematical formulation published by Sanford et al.®*
was used to determine whether IL-11 was produced additively or syn-
ergistically with dual TGFf and IL-1B stimulation. The amount of IL-11
producedinresponseto single cytokine stimulation or at baseline was
set as the following variables.

Expression of IL-11 at baseline = X ,cline
Expression of IL-11 after TGFB = X, scjine + ATGF3
Expression of IL-11 after IL-1B = X sefine + AIL-1

If expression of IL-11 after TGFf and IL-1B is additive
= Xpaseline T ATGFB + AIL-1B
=388.8

If expression of IL-11 after TGFf and IL-1f3 is synergistic
=Xpaseline X fold change ATGFp x fold change AIL-1B

= Xbaseline x ((Xbaseline + ATGFB)/Xbase[ine)

x ((Xbaseline + All—'ll3)/)(bas<elin<e)
=Xpaseline + ATGFB + AIL-1B + (ATGFp x AIL-1B)/Xpaseline
=1123

RNAisolation and RT-qPCR

In vitro cell cultures. RNA from in vitro cell cultures was isolated
as previously described®*. RNA was extracted from cells in TRIzol
reagent following the manufacturer’s protocol with chloroform and



isopropanol precipitation, followed by awash in 75% ethanol (Thermo
Fisher Scientific).

Tissue samples. RNA frominvivo tissue samples were isolated with an
Aurum Total RNA Mini Kit (Bio-Rad, catalogue no. 7326820) following
the manufacturer’sinstructions. Then, 50-pmslices of OCT-embedded
frozen colonic tissues were obtained by cryosectioning and flash frozen
inliquid nitrogen. Tissues were crushed using manual dissociation on
dryiceandthenlysedin 700 pl of lysis solution, with pipetting up and
down to lyse the tissue. The lysate was centrifuged for 3 min at room
temperature at14,000gand then transferred to anew tube; then, 700 pl
of 60% ethanol was added to the lysate, and the mixture was transferred
toanRNA binding column. The column was centrifuged for 60 sat room
temperature at 14,000g, after which the filtrate was discarded. Next,
700 pl of low stringency wash solution was added to the column, and
samples were centrifuged for 30 s at room temperature at 14,0008
to remove the solution. An 80-pl mixture of DNase I was added to the
columnand allowed to digest at room temperature for 25 min; after this,
700 plof high stringency wash solution was added to the column, and
samples were centrifuged for 30 s at room temperature at 14,000gto
remove the solution. Low stringency wash solution (700 pl) was again
added to the column, and samples were centrifuged for 30 s at room
temperature at14,000gto remove the solution. The columnwas then
centrifuged for 2 min at room temperature at 14,0008 to remove any
remaining liquids. RNA was eluted by addition of 40 pl RNA elution
solution, followed by centrifugation for 2 min at room temperature
at14,000gto collect the RNA.

Equalamounts of RNA were used to synthesize cDNA with aniScript
cDNA ssynthesis kit (Bio-Rad Laboratories, catalogue no.1708891).iTaq
Universal SYBR Green Supermix (Bio-Rad Laboratories 1725124) was
used for quantitative PCR with reverse transcription (RT-qPCR) ona
C1000 Touch Thermal Cycler (Bio-Rad Laboratories). Relative gene
expression was calculated using the 272" method®, with HPRT as the
reference housekeeping gene for human samples and Eef2 for mouse
samples. See Supplementary Data 5 for primer sequences. Heatmaps
of gene expression z-scores were generated in Microsoft Excel v.16.

Secreted protein quantification

Secreted cytokines were measured by spinning down cells and debris
of cell culture media. IL-11, IL-1B and TGF3 were measured with a
cytometric bead array assay (BD Biosciences, catalogue nos 560228,
558279,560429) following the manufacturer’s protocol. Samples were
measured for median fluorescence intensity of the cytokine of interest
using a CytoFLEX S cytometer (Beckman Coulter). Median fluorescence
intensity readings for each cytokine were plotted against a standard
curvetoobtainfinal cytokine concentrations. Datawere analysed using
FlowJo v.10.8 (BD Life Sciences)®.

Generation of CRISPR knock-in fibroblasts

IL11™N®, Human /L11 was targeted with a gRNA verified in vitro (greater
than 90% cleavage efficiency) near the stop codon of exon 5 (gRNA
targeting sequence: TGAAGACTCGGCTGTGACCC). dsDNA was syn-
thesized containing a T2A-mNeonGreen sequence flanked by app-
roximately 400-nucleotide-long homology arms of the /L11 gene
upstream and downstream of the stop codon. ssDNA was then syn-
thesized with the Guide-it Long ssDNA Production System follow-
ing the manufacturer’s protocol. Cells were electroporated with the
ssDNA, along with Cas9 with nuclear localization signal (PNA Bio,
CP02) and /L11-targeting gRNA using a Lonza 4D-Nucleofector X
Unitkit (Lonza, AAF-1003X) with SE Cell Line 4D-Nucleofector X Kit S
(Lonza, V4XC-1032). Cells were expanded, and single-cell clones were
sorted for mNeonGreen expression following fibroblast activation.
Positive clones were then stably infected with lentivirus encoding
Cas9 (pXPR_101) or dCas9-VP64 (pXPR_109) (plasmids were obtained
from the Genetic Perturbation Platform of Broad Institute of MIT and

Harvard), and activity for CRISPRko or CRISPRa was verified with
gRNAs. Cells were passaged under blasticidin S HCI (Thermo Fisher
Scientific, A1113903) to maintain Cas9 expression.

GLIS3%*Fe, For 3xFlag-tagged GLIS3 fibroblasts, a 3xFlag sequence
flanked by short homology arms to the GL/IS3insertion site was synthe-
sized and electroporated (as described above for /L11™°) into IL1I™¢
Cas9 fibroblasts, along with a gRNA targeting GLIS3 (gRNA targeting
sequence: CCAAGAGAGCTTTTAGCCTT). Cells were single-cell cloned,
and 3xFlag knock-in cells were selected and verified for Flag expres-
sion with an anti-Flag antibody (MilliporeSigma, F1804-200UG) in an
image-based assay (Immunofluorescence staining’).

CRISPRko, CRISPRa and siRNA cell line generation

Lentiviral gRNA cloning. Oligos targeting agene of interest were desig-
ned on the basis of CRISPick of the Genetic Perturbation Platform of
the Broad Institute of MIT and Harvard. See Supplementary Data 5 for
sequences. Oligos were annealed and phosphorylated using T4 liga-
tionbuffer (New England Biolabs, M0202L) and T4 PNK (New England
Biolabs, M0201L). Esp3i-digested (Thermo Fisher Scientific, FD0454)
pXPR_003 or pXPR_502 for CRISPRko or CRISPRa, respectively, were
then ligated with annealed oligos using quick ligase (New England
Biolabs, M2200L). Plasmids were transformed into One Shot Stbl3
chemically competent Escherichia colicells (Thermo Fisher Scientific,
C737303), single colonies were selected, and DNA was extracted using
aspinminiprep kit (Qiagen, catalogue no. 27106). Correct integration
of gRNA sequences was verified by Sanger sequencing.

Lentivirus production. Lenti-X 293 cells were seeded and transfected
with acombination of psPAX2 (Addgene, catalogue no.12260), VSV-G
(Addgene catalogue no. 8454), and CRISPRko or CRISPRa vectors
in Opti-MEM I reduced serum media (Thermo Fisher catalogue no.
31985088) and complexed to Lipofectamine 2000 (Thermo Fisher
Scientific, catalogue no.11668019). After 16 h of incubation of cells with
the multiplasmid complex, mediawere replenished, and cells were al-
lowed to grow for 48 h. Mediawere then collected and spunto remove
debris, and the supernatant containinglentivirus was frozen at -80 °C.
IL11™¢ Cas9 or dCas9-VP64 fibroblasts were stably infected with
lentivirus-containing gRNAs targeting the gene of interest. Cells were
then selected using puromycin (Thermo Fisher Scientific, A11138-03)
and blasticidin.

Ribonucleoprotein knockout. Knockout cells were generated with
gRNA-Cas9 electroporation, following the recommendations of
the manufacturer (Integrated DNA Technologies). In brief, a synthe-
sized gRNA for the gene of interest was obtained through Integrated
DNA Technologies and resuspended in water. The ribonucleopro-
tein complex was formed by incubating 120 pmol gRNA with PBS
and 104 pmol of Alt-R Cas9 enzyme (Integrated DNA Technologies,
catalogue no.1081058) at room temperature for 20 min. Cells were
electroporated with the resultant ribonucleoprotein complex using
aLonza4D-Nucleofector X Unit kit with SE Cell Line 4D-Nucleofector
XKitS.

Small interfering RNA. Predesigned small interfering RNA (siRNA)
oligomers were purchased from Sigma-Aldrich and resuspended in
nuclease-free water at 20 pM (scrambled control (Sigma, SICO01), FRA1
(Sigma, SASI_Hs01_00191186), TEADI (Sigma, SASI_Hs01_00031302),
TEAD3 (Sigma, SASI_Hs01_00090158)). Seeded fibroblasts were trans-
fected with150 pmol siRNA complexed with Lipofectamine RNAIMAX
(Thermo Fisher, catalogue no.13778030) in Opti-MEM media (Thermo
Fisher, catalogue no. 31985062). Twenty-four hours later, cells were
reseeded into 12-well plates and plated in triplicate knockdown per
condition; another 24 h later, cells were washed with PBS and replen-
ished with fresh mediawith or without addition of 10 ng ml™ of human
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TGFp and IL-1B for 24 h. Cells were washed in PBS and resuspended in
TRIzol reagent for RNA isolation.

Fibroblast and macrophage co-culture

On day 6 after M-CSF treatment of primary human monocytes, dif-
ferentiated macrophages were polarized with agonists for 24 h (for
concentrations, see Supplementary Data 4). Following removal of
agonist and several washes in PBS, fibroblasts were seeded with the
macrophages for 24 h. For experiments using THP-1 macrophages,
following 2 days of rest after phorbol myristate acetate stimulation,
fibroblasts were seeded on to the differentiated THP-1 macrophages,
and agonist was added to the media.

For qPCR-based measurements of fibroblasts in co-culture, fibro-
blasts were seeded at the bottom of a 24-well plate, with macrophages
separated through a transwellinsert (Corning, catalogue no.3462). Fol-
lowing co-culture, macrophages were removed, and RNA was isolated
from fibroblasts as described above.

Immunofluorescence staining

Monoculture of fibroblasts. Cells were seeded on a coverglass (Cell-
treat, catalogue no.229173) in a12-well tissue-culture dish. After com-
pletion of the experiment, they were fixed in 2% paraformaldehyde,
followed by three washes in PBS for 5 min each time. Cells were then
permeabilized with 0.2% Triton X-100, washed in PBS for 5 min, blocked
with 4% BSA-PBS and incubated with 1:500 Flag antibody (Millipore-
Sigma, F1804-200UG) or 1:500 collagen 6 antibody (Thermo Fisher
Scientific, PA5-106556) in 4% BSA-PBS for 1 h at room temperature.
Cells were then washed again with PBS and incubated with a1:1,000
dilution of AF-647-conjugated anti-mouse antibody (Thermo Fisher
Scientific, A-21235) or a1:1,000 dilution of AF-594 anti-rabbit antibody
(ThermoFisher Scientific, A-21207) in 4% BSA-PBS for 1 h. Finally, cells
were washed three timesin PBS, rinsed in distilled water, and mounted
with ProLong Diamond Antifade Mountant with DAPlonto aglass slide
for 24 h.Images were captured on a Nikon Ti2-E inverted microscope
equipped with a CSU-W1 spinning disc confocal system.

Co-cultures of fibroblasts and macrophages. Fibroblasts and THP-1
macrophages were prestained with fluorescent labelling dyes before
co-culture. In brief, differentiated macrophages were labelled with
CellTracker Orange CMRA Dye at 10 pM (Thermo Fisher Scientific,
C34551) for 30 min at 37 °C in serum-free RPMI-1640 medium. Cells
were then washed in PBS and seeded on to a coverglass in a 12-well
dishin complete RPMI-1640 overnight. The following day, adherent
fibroblasts were labelled with CellTracker Blue CMAC Dye at 10 pM
(Thermo Fisher Scientific, C2110) for 30 min at 37 °C in serum-free
RPMI-1640 medium. Cells were then washed, trypsinized and seeded
on to the labelled macrophages along with macrophage-activating
ligand FSL-1 (1 ng mI™%; Invivogen, tIrl-fsl) overnight. Immunofluores-
cent staining was performed as above (‘Monoculture of fibroblasts’).
Images were captured onaNikon Ti2-Einverted microscope equipped
with a CSU-W1spinning disc confocal. Cells were then washed with PBS
and imaged again.

FlJl imaging quantification software (v.1.54p) was used to quan-
tify the fluorescence intensity of AF-647-labelled nuclear GLIS3*¢
or AF-594-labelled collagen 6. The median fluorescence intensity of
AF-647-labelled nuclear GLIS3*"2¢ was quantified in each individual
fibroblast nucleus.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism v.10.
One-way analysis of variance (ANOVA) was used for comparisons among
three or more groups. Two-way ANOVA was used to compare factorial
groups. For Tukey’s, Dunnet’s and Dunn’s multiple-comparison tests,
the family-wise error rate was set to a level of 0.05 (95% confidence
interval). Multiplicity-adjusted Pvalues less than 0.05 were considered

to indicate statistical significance. All experiments were repeated at
least twice as successful, independent experiments.

CRISPR screens

Lentivirus stocks of the Brunello CRISPRko and Calabrese CRISPRa
libraries were obtained from the Genomics Platform of the Broad Insti-
tute of MIT and Harvard. Viral titres were calculated using a puromycin
selection assay in which a target multiplicity of infection of 0.3 was
selected so that each individual fibroblast could be targeted with one
gRNA. IL11™ Cas9 or IL11™° Cas9-VP64 fibroblasts were infected with
the determined titres of the CRISPRko or CRISPRa libraries, respec-
tively, at 500x representation of each library for 24 h in DMEM sup-
plemented with 10 pg ml™ polybrene (MilliporeSigma, TR-1003-G).
Fibroblasts were washed in PBS the following day, then incubated
with1 pg ml™ puromycin and 3 pg ml ™ blasticidinin DMEM for 3 days.
Following selection, fibroblasts were reseeded and expanded under
selection. Expanded fibroblasts were then reseeded in DMEM with no
selection for 24 h; following attachment, they were washed with PBS
and stimulated with a dual combination of TGFf and IL-1f (10 ng mI™
each) in DMEM for 24 h. After stimulation, fibroblasts were detached
with trypsin, washed in PBS and resuspended in live cell sorting buffer
(PBS with 5% FBS, 25 mM HEPES,1 mM EDTA), and the top and bottom
15% of IL11™ ¢ fibroblasts were sorted ona Sony SH800 cell sorter (see
Extended Data Fig. 6a for the gating strategy). Collected fibroblasts
were then spun down and frozen for subsequent DNA isolation and
sequencing.

CRISPRgDNA isolation and sequencing

Fibroblast DNA was isolated with a QIAamp DNA Micro Kit (Qiagen, cata-
logue no. 56304) following the manufacturer’s instructions. Isolated
DNA was then eluted in water, and PCR was performed as previously
described with a P5 primer and a unique P7 primer for each sample®.
Solid-phase reversible immobilization cleanup was performed with
AMPure XP beads (Beckman Coulter, A63881), and concentrations
were quantified with Qubit dsSDNA HS assay (Thermo Fisher Scientific,
Q32854).Each sample was runona2%E-Gel (Thermo Fisher Scientific,
G402022), thedominant bands were excised, and 4 nM of pooled DNA
was sequenced with an lllumina NextSeq 500 instrument (NextSeq
500/550 High Outputv.2 kit, 75 cycles) with the following parameters:
single end, index 8, read 51.

CRISPR screen analyses

PoolQ2.2.0 (https://portals.broadinstitute.org/gpp/public/software/
poolq) was used to map raw data to gRNA reads to obtain raw count
data. EdgeR was used to identify differentially abundant (enriched)
guides in sorted samples®®, and STARS v.1.3 (https://portals.broadin-
stitute.org/gpp/public/software/stars) was used to rank the targeted
genes on the basis of enrichment scores of multiple guides. Genes
wereselectedif the perturbation was greater or equal to 3 and the fold
change was greater than or equal to 2 with P < 0.05.

Bulk RNA-seq of stimulated fibroblasts
ILII™ ¢ Cas9 and IL11™"° Cas9-VP64 fibroblasts were infected with
non-targeting lentiviral gRNA or GL/S3 gRNA to make control, GLIS3
CRISPRko or CRISPRa fibroblasts. Fibroblasts were expanded under
1pg ml™ puromycin and 3 pg mi™ blasticidin selection to select for a
bulk genetically perturbed population. GLIS3-perturbed fibroblasts
were thenseededin DMEM. The next day, cells were washed with PBS,
and new medium with or without dual TGFB and IL-1B (10 ng ml™each)
wasaddedatO, 6,12and 24 hin areverse time course stimulation. After
24 h, fibroblasts were washed with PBS, RNA was extracted with TRIzol,
and each sample’s total RNA was quantified.

mRNA was purified with a Dynabeads mRNA direct purification kit
(Thermo Fisher Scientific, catalogue no. 61012) with 40 ng of total RNA
persample. RNA-seq libraries were generated with previously described
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preparations®® and sequenced with a NextSeq 500/550 high outputkit
v2.5 (Illumina, 20024906).

Analysis of bulk RNA-seq of stimulated fibroblasts

Raw FASTQ reads were processed using FastQC”, Trim Galore (https://
github.com/FelixKrueger/TrimGalore) and SortMeRNA"' to remove
low-quality reads, adaptors and ribosomal RNA. Sequencing datawere
aligned to the humanreference genome (GRCh38) using STAR, and gene
abundance was quantified using Salmon”. Differentially expressed
geneswere identified using the DESeq2 R package”. Geneswith P < 0.05
were considered to be differentially expressed.

scRNA-seq of stimulated fibroblasts and isolated colonic mouse

fibroblasts from DSS treatment

scRNA-seq of TGFB- and IL-1B8-stimulated fibroblasts. Fibroblasts
were stimulated as for bulk RNA-seq; however, upon completion of
stimulation, atleast 2,000 live single cells per sample were resuspended
in PBS with 0.05% BSA and submitted for 10x Genomics single-cell
sequencing (3’ transcriptome V3 with Cell Suspension using a HiSeq
Xsystem for up to 300 cycles).

scRNA-seq of sorted PDGFRA’ fibroblasts. Twenty-thousand live
single cells resuspended in PBS with 0.4% BSA were submitted for 10x
Genomicssingle-cell sequencing (Chromium Next GEM Chip G, v.3.1).
Libraries were sequenced across 1.2 lanes of an lllumina NovaSeqgX flow
cell (10B reads, up to 300 cycles).

Analysis of scRNA-seq of stimulated fibroblasts

Gene expression matrices for each individual sample were obtained
by aligning the FASTQ sequence reads to the reference hg38 human
transcriptome using CellRanger v.3.1.0 (10x Genomics). Data were
analysed using the scanpy package. Further, the count matrices of cell X
UMIbarcodes were filtered to exclude poor-quality cells, thatis, those
expressing fewer than 200 detected genes, more than 10,000 UMIs,
or amitochondrial gene fraction greater than 10%. Count matrices
of each individual sample were merged and read-depth normalized
using the standard logTP10K normalization procedure (the number
of transcripts per 10,000 transcriptsinacell). The top 2,000 variable
genes were then identified, and the normalized expression matrix
was centred and regressed for effects of cell cycle scores (S phase and
G2M phase) + UMI count per cell. Dimensionality reduction was then
performed onthetop 60 principal components selected on the basis of
inspection of the elbow plot, followed by the construction of ak-nearest
neighbour graph and application of the Leiden clustering algorithm.
Theresulting clusters were visualized in the UMAP embedding space.

Analysis of scRNA-seq of isolated colonic mouse fibroblasts
after DSS treatment

Gene expression matrices for six individual mice, three acute
DSS-treated and three chronic DSS-treated, were obtained by aligning
the FASTQ sequencereadsto the reference mm10 mouse transcriptome
using CellRanger v.7.0 (10x Genomics). One chronic DSS-treated sample
failed the sequencing quality control metrics, demonstrating poor
quality, and was excluded. Data were analysed using the scanpy pack-
age, following a workflow similar to that described in the ‘scRNA-seq
analysis and cell type identification’ section. Altogether, we identified
ten unique fibroblast cell types.

Analysis of mouse spatial transcriptomics dataset

A gene expression matrix of 1,540,301 cells x 480 genes was obtained
from colons of three wild-type DSS-treated and three Glis3”;cre
DSS-treated mice and analysed downstream using a similar workflow
to that described in the ‘Analysis of human spatial transcriptomics
dataset’ section. Altogether, we identified 41 unique cell types across
the different compartments.

GLIS3**2¢ ChIP-seq

ChIP-seqwas performed according to the protocol of Tian et al.” with
afew modifications. Following treatment of GLIS3>7?¢ fibroblasts with
medium alone or TGFf and IL-1B (10 ng ml™ each) for 24 h, adherent
fibroblasts were washed with PBS three times, then fixed with 0.25M
disuccinimidyl glutarate (Thermo Fisher Scientific, catalogue no.
20593). Fibroblasts were washed three times in PBS, then fixed with
1% formaldehyde (MilliporeSigma, catalogue no.1040021000). Follow-
ing three more washes, fibroblasts were scraped into PBS, spun down
into pellets, and resuspended in SDS lysis buffer supplemented with
protease inhibitor cocktail (Sigma-Aldrich, P8340-1ML). Lysates were
frozenforatleast1hat-80 °C, followed by thawing and sonicationin
amicroTube-500 AFA fibre screw cap (Covaris, catalogue no. 520185)
on a Covaris LE220Rsc Focused Ultrasonicator-110586. Sonication
was performed at 7 °C, peak incident power 450, duty factor 30%,200
cycles perburst, treatment time 100 s, and repeated four times. Soni-
cated lysates were spun down and quantified for total proteinand DNA
using aBCA assay (Thermo Fisher Scientific, catalogue no. 23225), with
measurement of absorbance at 260 nM (A260). Equal lysate concentra-
tions were then brought up to 900 plin low-ionic-strength chip dilution
supplemented with1 mM DTT (Thermo Fisher Scientific, RO861), and
4 plofeither IgG control (Thermo Fisher Scientific, 14-4714-82) or Flag
antibody (MilliporeSigma, F1804-200UG) was added to the appropriate
sample with rotation overnight at 4 °C. Following incubation, Pierce
Protein G Magnetic Beads (Thermo Fisher, catalogue no. 88847) were
added, followed by incubation for another 4 hat4 °C. Beads were sepa-
rated from the solution and washed twice with low-ionic-strength ChIP
dilution buffer, once with high-salt buffer, once with LiCl, and finally
twice with TE buffer following previously published methods™.

To elute from the beads, elution buffer was added for 15 min, beads
were separated by magnet, and elution was repeated once more. Pooled
eluates were then decross-linked overnight at constant rotation at 65 °C
by addition of decross-linking buffer. Following incubation, 50 pg ml™*
RNase A (Qiagen, catalogue no.19101) was added for 1 hat 65 °C; then,
0.4 mg ml™ proteinase K (Thermo Fisher Scientific, AM2548) was added
to digest proteins for 4 h at 65 °C. DNA was then extracted with phenol/
chloroform/isoamyl alcohol (25:24:1, v/v) (Thermo Fisher Scientific,
catalogue no.15593031) extraction, and the DNA pellet was concen-
trated in a 2x volume of100% ethanol, 1 pl of glycoblue coprecipitant
(Thermo Fisher, AM9516) and 0.1x volume of sodium acetate (Thermo
Fisher Scientific, AM9740). DNA pellets were spun down, washed in 75%
ethanol, and resuspended in water. Samples then underwent library
preparation for ChIP-seq using the KAPA HyperPrep Kit (Roche, cata-
logue no. 07962363001), following the manufacturer’s protocol.

Library yield was quantified using the dsDNA-specific assay Qubit
(Thermo Fisher Scientific, Q33231). The size distribution of libraries was
determined by Agilent 4200 TapeStation analysis (Agilent, G2991BA).
Barcoded sample libraries at equimolar concentrations were pooled
and paired-end sequenced using an Illumina NextSeq 2000 Sequenc-
ing System with NextSeq 2000 P3 ReagentsKit (200 cycles) (Illumina,
catalogue no.20040560), following the manufacturer’sinstructions.

GLIS3*™¢ ChIP-seq analysis

ChIP-seq data were processed using the nf-core/chipseq 2.0.0 work-
flow”™. Raw sequencing reads were preprocessed using FastQC and Trim
Galore toremove low-quality reads and adaptors. The remaining reads
were thenaligned to areference genome (GRCh38)7 using BWA. Picard’s
MarkDuplicates (https://broadinstitute.github.io/picard/), SAMtools”
and BAMTools”® were used postalignment for filtering and removal
of unmapped, multimapped, PCR duplicate and mismatched reads.
BEDTools” and bedGraphToBigWig® were used to create normalized
bigwig files, which were visualized using Integrated Genomics Viewer®.,
The retained high-quality alignment results were used to call narrow
peaks using MACS2 (refs. 82,83) against an IgG control with g < 0.05.
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Consensus peaks set across all Flag antibody samples were created
using BEDTools; featureCounts® was used to count consensus peaks
in each sample; and HOMER was used to annotate peaks relative to
gene features and perform motif enrichment analysis.

Functional enrichment was analysed using the ClusterProfiler pack-
age®. Consensus annotated peaks enriched in 24-h samples were
selected on the basis of having mean log, fold change > 0.15 relative
to 0-hsamples. Enriched peaks mapped to the nearest peaks were used
for enrichment analysis according to the Gene Ontology Biological
Processes database®. Pathways with Benjamini-Hochberg-adjusted
P<0.05were considered for further analysis®.

ChIP-qPCR

Following treatment of fibroblasts with medium alone or TGF and IL-1B
(10 ng ml™ each) for 24 h, ChIP isolation was performed as described
above (‘GLIS3*7?¢ ChIP-seq’) except that 4 pug each of ChIP-grade IgG
control (Thermo Fisher Scientific, catalogue no.14-4714-82), Flag anti-
body (MilliporeSigma, catalogue no. F1804-200UG), FOSL1 antibody
(CellSignaling, 5841S) or TEAD1 antibody (Active Motif, catalogue no.
61643) was used. Once the DNA pellets had been resuspended in water,
the samples were subjected to qPCR withiTaq Universal SYBR Green
Supermix for the indicated target genes (see Supplementary Data 5 for
primers). Data were normalized using the fold enrichment method, in
whichIPsignals are divided by the lgG signals, representing the IP signal
as the fold increase in signal relative to the background. Heatmaps of
gene expression z-scores were generated in Microsoft Excel v.16.

GLIS3 signature and PROTECT cohort analysis

Ordered probit regression, implemented using the polr function in
the MASS R package®®®, was used to assess the association between
GLIS3 signature gene expression and the clinical Mayo scores for each
patient. Mayo scores were considered as the response ordinal variable,
with control samples as the lowest category. The model was fitted using
single-sample gene set enrichment (ssGSEA) scores and each gene’s
expressionindependently as predictors. Bonferroni-adjusted Pvalues
ofless than 0.05 were considered to indicate statistical significance.

Derivation of GSEA scores

ssGSEA scores were calculated from transcriptome profiles for
each subject using the ssGSEA module (v.10.1.0) implemented in
GenePattern®.

Deconvolution of bulk RNA-seq profiles

RNA-seq profiles for the PROTECT cohort were downloaded from
GSE109142. Transcript per million data were deconvoluted to estimate
the fraction of each cell type with the CIBERSORT algorithm imple-
mented in R package RNAMagnet®.. To define cell-type-specific mark-
ers, Wilcoxon rank-sum test was performed on the Integrated IBD Atlas.
Onlygenes thathad P<1x10"® and average log-scale fold change > 0.75
compared to the background and were expressed in fewer than 20%
of cells in the background population were considered further. Pseu-
dobulk expression matrix of selected markers at cell-type-population
level was used as input to CIBERSORT.

Human participants and ethical statement

TheIRB of Mass General Brigham reviewed and approved the protocol,
including awaiver ofinformed consent from the 16 patients recruited
into the PRISM cohort at MGH. The study protocol complied with all
relevant ethics guidelines and regulations. Excess tissues from clinically
warranted surgical resections of patients with diverticulitis, CDand UC
were collected for research purposes. All samples were deidentified.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw count matrices of the scRNA-seq data used in this study were down-
loaded fromvarious repositories. Martin et al.’ is available at NCBI Gene
Expression Omnibus (GSE134809). Smiillie et al.?and Kong et al.* are
available at the Broad Single Cell Portal (SCP259 and SCP1884, respec-
tively). Friedrich et al." was downloaded from ImmPort (SDY1765).
Processed anndata objects of scIBD are available at the Broad Single
CellPortal (SCP2927).scRNA-seq data of stimulated fibroblasts profiled
atvarioustime points are available inthe NCBI Gene Expression Omni-
bus (GSE250516). Raw scRNA-seq data for PDGFRA fibroblasts from
mouse large intestine are available in the NCBI Gene Expression Omni-
bus (GSE288481). Processed anndata objects of PDGFRA" fibroblasts
are available at the Broad Single Cell Portal (SCP3384). Bulk RNA-seq
datageneratedin thisstudy are availablein the NCBI Gene Expression
Omnibus (GSE250515). ChIP-seq data generated during this study are
availableinthe NCBI Gene Expression Omnibus (GSE250514). CRISPR
screen datagenerated during this study are available in Supplementary
Data 2. Publicly available RNA-seq data for the PROTECT cohort were
downloaded from the NCBI Gene Expression Omnibus (GSE109142).
Anndata objects for Xenium-based spatial transcriptomics profiling
areavailable inthe Broad Single Cell Portal (SCP2927 for humanintes-
tinal tissue, SCP3384 for mouse intestinal tissue). Raw H&E staining
images after spatial profiling are available via Zenodo at https://doi.
org/10.5281/zenodo.17518435 (ref. 92). All unique biological materials
generated in this study are available upon request. Source data are
provided with this paper.

Code availability

No new software or code was generated in this study. Allcode used for
data analysis in this study is available upon request from the authors.
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Extended DataFig.1|Anintegrated single-cell and spatial atlas reveals
inducible, inflammation-associated fibroblasts. (a) UMAP of epithelial,
immune, and stromal cell compartments from profiling IBD patients with
scRNA-seq. (b) UMAP of epithelial, lymphoid, myeloid, fibroblast, and stromal
cell compartments from profiling IBD patients with Xenium-based spatial
transcriptomics. (c) Dot plot showing effect size () and absolute log, fold
change (logFC) for cell type enrichment across CD and UC compared to non-
IBD controls. Blueindicates enrichmentinnon-IBD and red indicates enrichment

inCDand UC. Analysis was done using scCODA with the SMC cells as the
reference. Only cell types that passed the significance threshold (FDR <20%)
were considered changedinabundance. See Methods for more details.

(d) Pathway enrichment analysis of IAF-specific genes. Benjamini-Hochberg
adjusted Pvalues from a hypergeometric test (one-sided) forenriched
pathways were plotted. See Methods for details. (e) Pseudobulk scaled
expression heatmap of anti-TNF resistance signature® plotted across all
fibroblastsubtypesintheintegrated IBD atlas.
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Extended DataFig.2|Anintegrated single-cell and spatial atlas reveals
thatinflammation-associated fibroblastsreside in pathological cellular
niches. (a) Sumof cell counts of each niche across all patients profiled in the
spatial atlas. (b) Barplot depicting relative proportion of each niche along the
gastrointestinal tract. (c) Barplot depicting relative proportion of each niche
acrossthe 16 patients profiled. (d) Heatmap depicting the proportion of cell
typeabundance acrossileal (n = 3) or colonic (n =13) niches. Only statistically
enriched celltypesare plotted (Chi-squared two-sided test, Bonferroni
adjusted P<0.05). (e) Expression dot plot of selectedimmune genes from
activated macrophages. (f) Pathway enrichment analysis of activated

macrophage-specific genes. Benjamini-Hochberg adjusted Pvalues from
ahypergeometric test (one-sided) for enriched pathways were plotted.

(g) Barplotdepictingrelative proportion of each niche across qualitative
grades of tissue ulceration. (h) Barplot depicting relative proportion of
eachnicheacross qualitative grades of tissue fibrosis. (i) Barplot depicting
relative proportion of each niche across qualitative grades of tissue
inflammation. (j) Heatmap of cell type proportions across distinct anatomical
and histopathological tissue domains as defined by a pathologist on allhuman
patient tissues profiled. Only statistically enriched cell types are plotted
(Chi-squared two-sided test, Bonferroniadjusted P < 0.05).
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Extended DataFig.3|Pro-fibroticIAFssecretelL-11inresponsetoactivated
macrophages. (a) Schematic of /[’ mice generated by flanking exons 2-4 with
LoxPfor Cre-mediated excision. (b) qPCR quantification of /11 from tissue
lysates from Fig. 2a, normalized to Eef2. (c) Schematic of mNeonGreenknock-in
atthe /l11terminus with homology-directed repair. (d) Percentage of starting
weight of mice from Fig. 2a (see Methods for treatment). Filled lines represent
s.e.m. Two-way repeated measures ANOVA. (e) Histopathological scoring (see
Methods) on H&E-stained tissues from Fig. 2a. (f) Gating strategy to quantify
IL-11™¢ after water or DSS treatment. Plots are representative of the sample
cohort.Related to Fig. 2e, g. (g) UMAP of PDGFRA+fibroblasts after acute or
chronic DSS. (h) Pseudobulk scaled expression heatmap of human IAF genes
across PDGFRA+ fibroblasts after acute or chronic DSS. (i) Pseudobulk scaled
expression heatmap of human anti-TNF resistance genes across PDGFRA+
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fibroblasts after acute or chronic DSS. (j) Proportion changes of PDGFRA+
fibroblasts across DSS models. Box plots represent the quartiles with medians
asthe center,and whiskers the 10-90% range. Number of samples for each
category: Acute DSS = 3; Chronic DSS =2. (k) Secreted IL-11 measured from
co-cultures of ligand-activated monocyte-derived macrophages (see Methods
for concentrations) and primary human colon fibroblasts. n =3 cell lines per
condition. (I) gPCR quantification of /L11 from fibroblasts co-cultured with
TLR2/6-activated macrophages over time, normalized to HPRT. Filled lines
represents.e.m.n=3,exceptat12hwheren=2celllines. Allmice were
co-housed. Unless otherwise stated, statistics are by atwo-way ANOVA with
Tukey’s multiple comparisontest ondistinct biological replicates and error
barsare mean +s.e.m.ns, notsignificant. lllustrationsina,cand I were created
with BioRender (https://biorender.com).
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Extended DataFig.4|TGF-B andIL-1g drive IL-11 production. (a) Schematic
of IAF activationinference. See Methods for more details. TF, transcription

factor. (b) Left: heatmap of scaled cell type-averaged IAF TF

Wilcoxon, P<0.01; mean activity difference >0.75). Center:
pseudobulk IAF TF expression (Wilcoxon, P< 0.01). Right:ligand frequency

(>5amongtop 10 NicheNet predicted regulators). (c) Dot pl

receptors driving activated macrophage and fibroblast communication.
(d) Ingenuity upstream regulator analysis of IAF genes (agonists: Z-score > 0).
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(e) Secreted IL-11 measured from primary human colonic fibroblasts stimulated
with agonists froma (10 ng/mL, 24 h).n =3 per condition for all except TSLP
wheren =2 celllines. One-way ANOVA with Dunnet’s multiple comparison test
ondistinct biological replicates and error bars are the mean +s.e.m. ns, not
significant. (f) Dot plot of RNA of macrophage or fibroblast markers and TGF-f3
andIL-1f ligands/receptors across myeloid and fibroblast subtypes. (g) UMAP
of myeloid/lymphoid compartments alongside /L1B or TGFBI expression.
Illustrationinawas created with BioRender (https://biorender.com).
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Extended DataFig. 5|Inflammatory macrophagesactivate fibroblasts
throughboth TGF-B and IL-1B. (a) Secreted IL-11after co-culture of fibroblast
knockouts for TGFBI- and IL1B-related ligands or receptors with TLR2/6-
activated macrophages (top) or knockoutsinactivated macrophage knockouts
withfibroblasts (bottom).n =3 celllines per condition. (b) Z-score heatmap

of IAF genes in TGFBR1/2,ILIR1 CRISPRko fibroblasts co-cultured with TLR2/6-
activated macrophages, normalized to HPRT.n =3 cell lines per condition.

(c) qPCRof gene knockouts normalized to HPRT. Macrophages: IL-4/1L-13

(10 ng/mL); FSL-1(10 ng/mL) + ATP (5 mM). Fibroblasts: media.n=2cell lines
per condition. (d) Secreted TGF-f and IL-1B after co-culture of primary human
macrophages and fibroblasts (24 h) (Methods). n =3 celllines per condition.

(e) Secreted IL-11 from primary colonic fibroblasts stimulated with TGF-f and/or
IL-1B (10 ng/mL, 24 h). Dashed lines: additive or synergisticresponse (Methods).
One-way ANOVA with Tukey’s multiple-comparisons test.n=3cell lines per
condition. (f) Left: immunofluorescence of /l11™° colons after intraperitoneal

injection with IgG control or dual anti-TGF-3 and anti-IL-1§ antibodies (100 pL
inPBS,100 pg/mouse). Right: IL-11™¢ cell percentage in all DAPI-imaged cells
from two pooledindependent experiments. Mice (co-housed, 13-20 weeks)
were treated with chronic DSS (2.0%, 35 days). n = 7 mice per condition.

(g) qPCR quantification of /[11 from lysates from fnormalized to Fef2. Kruskal-
Wallis test with Dunn’s multiple-comparison test. (h) Total colonic collagen
percentage quantification fromf. (i) Quantification of colonic hydroxyproline
normalized to total protein from lysates fromf. (j) Percent starting weight of
mice fromf. Filled linesrepresent s.e.m. Linear mixed-effects analysis with
Dunnett’s multiple comparison test. (k) Histopathological scoring (Methods)
of H&E-stained tissues fromf. (I) Colon length measurements fromf. Unless
otherwise stated, statistics are by aone-way ANOVA with Dunnet’s multiple
comparison test ondistinct biological replicates and error bars are the

mean +s.e.m.ns, notsignificant.
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Extended DataFig.6|Genome-wide CRISPRscreens discover novel IAF
determinants. (a) Gating strategy to quantify IL-11™ ¢ after TGF-B and IL-1B
stimulation (10 ng/mL, 24 h). (b) Dot plot of IL-11determinantsincreasedin

expression duringinflammationin CD and UC (Wilcoxon signed rank two-sided

test, Benjamini-hochbergadjusted P < 0.05). (c) Pseudobulk scaled average
expression heatmap of /[11, mNeonGreen, and Glis3from acute and chronic

DSS-treated mice. (d) Left:immunofluorescence of dual-color /L1I™"° fibroblast-

Thp-1macrophage co-cultures with or without TLR2/6 activation. Right:
nuclear GLIS3 MFI quantification. Lines represent the median. Two-tailed
Mann-Whitney U test. Steady-state, n =156; TLR2/6 stimulation, n =186
individual cells. (e) gQPCR measurement of GL/S3from primary human colonic
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fibroblasts co-cultured with TLR2/6-activated monocyte-derived macrophages,
normalized to HPRT. Filled lines represent s.e.m.n =3 celllines. (f) Nuclear GLIS3
quantificationin/LII™ fibroblasts with knock-in of GLIS3*/¢ stimulated with
TGF-Band/or IL-1B (10 ng/mL).Filled linesrepresent s.e.m. One-way ANOVA
with Dunnett’s multiple comparison test. n = 4 wells of median values from
6,908-12,459 fibroblasts. (g) qPCR measurement of Glis3 from the sample
cohortinExtended DataFig. 5f, normalized to Fef2. One-way ANOVA with
Dunnett’s multiple comparison test. Statistics are on distinct biological
replicatesand error bars are the mean + s.e.m. ns, not significant. lllustration
inewascreated with BioRender (https://biorender.com).
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Extended DataFig.7|GLIS3increasesinthenucleustoregulate transcriptional
control of the IAF gene program. (a) Left:immunofluorescence of control or
GLIS3 CRISPRafibroblasts at steady state, stained for COL6 and DAPI (nuclei).
Right: COL6 MFI quantification. Lines represent the median. Two-tailed
Mann-Whitney U test. Control, n =244; GLIS3CRISPRa, n =198 individual cells.
(b) ChIP-qPCR of /L11 DNA in GLIS3*Aknock-in fibroblasts stimulated with
TGF-BandIL-1f (10 ng/mL, 24 h). Unpaired Student’s t-test (two-sided).n=5
celllines per condition. (c) gPCR measurement of /L11in IL1I™"° fibroblasts
treated withscrambled control or FRAI siRNA stimulated with TGF- and

IL-1B (10 ng/mL, 24 h), normalized to HPRT. Two-way ANOVA with Tukey’s
multiple-comparisons test.n =3 cell lines per condition. (d) Z-score heatmap
forrelative fold change in gene expression for FOSL1targets after stimulation
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of controlor FRAI knockdown fibroblasts with TGF- and IL-1B (10 ng/mL, 24 h)
against control non-stimulated fibroblasts, normalized to HPRT.n =3 cell lines
per condition. () qPCR of IL11in /L11™"° fibroblasts treated with scrambled
controlor TEADI, TEAD3, or dual TEADI and TEAD3 siRNA stimulated for TGF-3
and IL-1f (10 ng/mL, 24 h), normalized to HPRT. Two-way ANOVA with Tukey’s
multiple-comparisonstest.n =3 celllines per condition. (f) Z-score heatmap
forrelative fold change in gene expression for TEAD1 targets after stimulation
of controlor TEADI, TEAD3, or dual TEADI and TEAD3 knockdown fibroblasts
with TGF-B and IL-1f (10 ng/mL, 24 h) against control non-stimulated fibroblasts,
normalized to HPRT.n =3 celllines per condition. Statistics are on distinct
biological replicates and error bars are the mean +s.e.m. ns, not significant.
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Extended DataFig.8|GLIS3isrequired for IAF inductionand aberrant
collagen deposition during colitis. (a) Schematic of Glis3” mice generated
by flanking exon 3 with LoxPfor Cre-mediated excision. (b) Percent of starting
weight of Glis3” and Glis3"/;Cre mice from Fig. 5a.Filled lines represents.e.m.
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|X| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used

Data analysis Ingenuity Pathway Analysis, FlowJo v10.8, GraphPad PRISM v10, Fiji Image) v1.54p, Microsoft Excel v16, QuPath v0.6.0, CellRanger v3.1.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw count matrices of the single-cell RNA-sequencing data used in this study were downloaded from various repositories. Martin et al. 2019 is available at NCBI
Gene Expression Omnibus (GSE134809). Smillie et al. 2019 and Kong et al. 2023 are available at the Broad Single Cell Portal (SCP259 and SCP1884, respectively).
Friedrich et al. 2021 was downloaded from ImmPort (SDY1765). Processed anndata objects of single cell RNAseq IBD atlas are available at the Broad Single Cell
Portal (SCP2927).
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Single-cell RNA-sequencing data of stimulated fibroblasts profiled at various time points are available in the NCBI Gene Expression Omnibus (GSE250516). Raw
single-cell RNA-sequencing data for PDGFRA+ fibroblasts from the mouse large intestine are available in the NCBI Gene Expression Omnibus (GSE288481).
Processed anndata object of PDGFRA+ fibroblasts is available at the Broad Single Cell Portal (SCP3384). Bulk RNA-sequencing data generated in this study are
available in the NCBI Gene Expression Omnibus (GSE250515). ChIP-seq data generated during this study are available in the NCBI Gene Expression Omnibus
(GSE250514). CRISPR screen data generated during this study are available in Supplementary Data 2. Publicly available RNA-sequencing data for the PROTECT
cohort was downloaded from the NCBI Gene Expression Omnibus (GSE109142). Anndata objects of Xenium based spatial transcriptomics profiling is available in the
Broad Single Cell Portal (SCP2927 for human intestinal tissue, SCP3384 for mouse intestinal tissue). Raw Hematoxylin and eosin (H&E) stained images post-spatial
profiling are available on Zenodo at https://doi.org/10.5281/zenodo.17518435.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We did not report on sex and gender differences in our datsets as this analysis is not applicable to the scope of our study. We
provide self-reported genders of human patients. Consent has been provided.

Reporting on race, ethnicity, or ' We did not report on race, ethnicity or other groupings in our datasets as this analysis is not applicable to the scope of our
other socially relevant study.
groupings

Population characteristics For single-cell studies, information is provided in each separate previously-published studies' methods. For spatial-
sequencing studies, 16 patients diagnosed with ulcerative colitis (UC), Crohn’s disease (CD), or diverticulitis (DC) were
profiled. These patients varied in age, gender, and age of disease diagnosis. Patient tissues ranged on a disease spectrum,
from non-inflamed and normal, to different grades of inflammation, ulceration, fibrosis, and the presence or absence of
fibromuscular hyperplasia.

Recruitment For single-cell studies, information is provided in each separate previously-published studies' methods.
For spatial studies, 16 patients diagnosed with ulcerative colitis (UC), Crohn’s disease (CD), or diverticulitis (DC) were

recruited into the Prospective Registry in IBD Study at MGH (PRISM) study at Massachusetts General Hospital (MGH).

Ethics oversight Intestinal tissue spatial profiling was approved by the Mass General Brigham IRB.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For mice, the minimal sample size was set the availability of mice for completing the experiment, with each treatment or genotype consisting
of at least n=3. Inbred mice were used and sex-matched, allowing for similar variance between experimental group. In vitro cell culture
experiments were performed with at least 3 independent biological replicates for each experiment. This is consistent with previous studies
and accounts for biological variability between distinct samples from cell lines. Although statistical methods were not used to calculate sample
size, we used a minimum of 3 biological replicates.

Data exclusions | No data were excluded from analyses.
Replication All'in vitro experiments consisted of at least 3 independent biological replicates and were repeated at least twice in independent experiments,

and all replication attempts were successful. For mouse experiments, all experiments consisted of at least 3 animals per genotype/condition,
and were repeated 2 to 4 times in independent experiments.

Randomization For mouse experiments, genotype-matched mice were randomly assigned to each treatment group. For in vitro experiments, randomization
was not applicable, as experiments consisted of predefined experimental layouts stratified by genotype and treatment into independent
biological replicates.

Blinding Experiments influenced by observer bias were avoided by a blinded evaluation by a third-party of de-identified tissue sections from either
human or mouse. Blinding was not technically applicable to other experiments.

Reporting for specific materials, systems and methods

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used Mouse IgG1 kappa Isotype Control (Thermo Fisher #14-4714-82), anti-mNeonGreen (Proteintech #nfms), anti-CD68 (Cell Signaling
#97778S), anti-FLAG (MilliporeSigma F1804-200UG), anti-Collagen 6 (Thermo Fisher #PA5-106556), anti-Fosl1 (Cell Signaling,
#5841S), anti-TEAD1 (Active Motif, #61643), anti-IgG (BioXCell, #8P0083), anti-TGFp (BioXCell, #8P0057), anti-IL-1f (Invivogen,
#millb-mab9-1T), AF-488 conjugated anti-mouse (Proteintech #sms1AF488-1), AF-594 conjugated anti-rabbit (ThermoFisher
#A-21207), AF-647 conjugated anti-mouse (Thermo Fisher #A-21235).

Validation Antibody validation statements or validation data for each applicable assay were provided on the manufacturer's websites, including
references to prior publications utilizing these antibodies in the applicable assay.
Mouse IgG1 kappa Isotype Control: https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_control&productld=14-4714-82&version=Local
anti-mNeonGreen: PMID: 40176062
anti-CD68: https://www.cellsignal.com/products/primary-antibodies/cd68-e307v-rabbit-mab/97778?index=1&application=IF
anti-FLAG: PMID: 32728244
anti-Collagen 6: https://www.thermofisher.com/antibody/product/COL6A2-Antibody-Polyclonal /PA5-106556
anti-Fosl1: https://www.cellsignal.com/products/primary-antibodies/phospho-fral-ser265-d22b1-rabbit-mab/5841/applications?
index=1&application=ChIP&type=pdp
anti-TEAD1: https://www.activemotif.com/catalog/details/61643/tead1-antibody-pab
anti-lgG: PMID: 29669251
anti-TGFB: PMID: 37236193
anti-IL-1B: https://www.invivogen.com/recombinant-anti-mouse-il 1beta-antibody
AF-488 conjugated anti-mouse: https://www.ptglab.com/products/pictures/pdf/sms1AF488-1_Datasheet_Alpaca_anti-
mouse_|gG1__ Fc-specific_recombinant_VHH__Alexa_Fluor__488_190924.pdf
AF-594 conjugated anti-rabbit: https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21207
AF-647 conjugated anti-mouse: https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-21235

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Primary colon fibroblasts (ATCC, CRL-1459) (female), and immortalized fibroblasts (ATCC, CRL-4001) (male) were obtained
from ATCC. Lenti-X 293T cells were obtained from Takara (#632180) (female). Primary monocyte-derived macrophages were
from isolated from healthy donor blood (unpurified buffy coats, 25-50mL) (ages within 18-65 years, unknown distribution of
male and female) were collected at Research Blood Components, LCC, MA, USA after obtaining a signed consent form.
THP-1-Cas9-expressing cells were a gift from the Genomics Platform of Broad Institute of MIT and Harvard (male).

Authentication Commercially-purchased cell lines were authenticated by vendor ATCC with short tandem repeat identification. Lenti-X 293T
cells from Takara are a subcloned HEK cell line which produces high transfectability and virus production, and details
regarding authentication were not provided by the manufacturer. Donor or donated cells were not authenticated.

Mycoplasma contamination All cell lines tested negative for mycoplasma, except donor-derived cells which were not tested.
Commonly misidentified lines  cNDT2 cells can be misidentified as 293 cells (https://iclac.org/databases/cross-contaminations), although the former was

(See ICLAC register) not used in this study. Lenti-X 293T cells were only utilized for production of lentivirus in this study, and no assays were
performed in this cell line.




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Male and female C57BL/6J mice, aged 5 to 20 weeks old. Mice were housed with a 12 hour dark, 12 hour light cycle and provided
food and water ad libitum. Mice were housed at an ambient temperature of 18-24°C and 30-70% relative humidity.

Wild animals No wild animals used.
Reporting on sex Sex was considered in the study design. For each experiment, age- and sex-matched mice were used.
Field-collected samples  No field collected samples.

Ethics oversight All animal procedures were conducted in accordance with protocol 2003N000158 approved by the Massachusetts General Hospital
Institutional Animal Care and Use Committee (IACUC), and animals were cared for according to the requirements of the National
Research Council’s Guide for the Care and Use of Laboratory Animals.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not applicable.

Novel plant genotypes ~ Not applicable.

Authentication Not applicable.

ChlIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE250514
May remain private before publication.  token - ancreuugbdkndmv

Files in database submission 1gG.bigWig
FLAG_Ohr_REP4.bigWig
FLAG_24hr_REP1.bigWig
FLAG_Ohr_REP2.bigWig
FLAG_Ohr_REP3.bigWig
FLAG_24hr_REP2.bigWig
FLAG_Ohr_REP1.bigWig
FLAG_24hr_REP4.bigWig
FLAG_Ohr_REP5.bigWig
FLAG_24hr_REP3.bigWig
FLAG.consensus_peaks.featureCounts.txt
FLAG.consensus_peaks.annotatePeaks.txt
FLAG.consensus_peaks.bed
FLAG.consensus_peaks.boolean.annotatePeaks.txt

Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates 4-5 independent biological replicates were used per condition.
Sequencing depth Filename,Total Sequences,total_deduplicated_percentage,Sequence length,single or paired-end

FLAG_Ohr_REP1_T1_1.fastq.gz,63825497,85.12147890380585,100,paired-end




FLAG_Ohr_REP1_T1_2.fastq.gz,63825497,85.98601570941081,100,paired-end
FLAG_Ohr_REP2_T1_1.fastq.gz,65783002,84.13266896151427,100,paired-end
FLAG_Ohr_REP2_T1_2.fastq.gz,65783002,85.0906634142619,100,paired-end
FLAG_Ohr_REP3_T1_1.fastq.gz,67071532,85.9378035485285,100,paired-end
FLAG_Ohr_REP3_T1_2.fastq.gz,67071532,86.59984451113537,100,paired-end
FLAG_Ohr_REP4_T1_1.fastq.gz,68097560,85.64251650881837,100,paired-end
FLAG_Ohr_REP4_T1_2.fastq.gz,68097560,86.35781558601163,100,paired-end
FLAG_Ohr_REP5_T1_1.fastq.gz,65255142,86.66659921680682,100,paired-end
FLAG_Ohr_REP5_T1_2.fastq.gz,65255142,87.38212332610901,100,paired-end
FLAG_24hr_REP1_T1_1.fastq.gz,48039800,85.69879275105889,100,paired-end
FLAG_24hr_REP1_T1_2.fastq.gz,48039800,86.43442704073722,100,paired-end
FLAG_24hr_REP2_T1_1.fastq.gz,68013761,85.79277080080696,100,paired-end
FLAG_24hr_REP2_T1_2.fastq.gz,68013761,86.48711026620319,100,paired-end
FLAG_24hr_REP3_T1_1.fastq.gz,54187844,86.242582870687,100,paired-end
FLAG_24hr_REP3_T1_2.fastq.gz,54187844,87.18195284798223,100,paired-end
FLAG_24hr_REP4_T1_1.fastq.gz,50719575,85.15964084543576,100, paired-end
FLAG_24hr_REP4_T1_2.fastq.gz,50719575,86.89863705769343,100, paired-end
IgG_REP1_T1_1.fastq.gz,58694203,84.65580009741987,100,paired-end
IgG_REP1_T1_2.fastq.gz,58694203,85.59474324846335,100,paired-end
IgG_REP1_T2_1.fastq.gz,69215397,84.4831019945503,100,paired-end
IgG_REP1_T2_2.fastq.gz,69215397,85.2129231532157,100,paired-end
IgG_REP1_T3_1.fastq.gz,69917781,84.84554124011555,100,paired-end
IgG_REP1_T3_2.fastq.gz,69917781,85.74468687409727,100,paired-end
IgG_REP1_T4_1.fastq.gz,65788438,83.63129547810495,100,paired-end
IgG_REP1_T4_2.fastq.gz,65788438,84.69134057534067,100,paired-end
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Antibodies anti-FLAG (MilliporeSigma F1804-200UG), mouse 1gG1 kappa Isotype Control (Thermo Fisher #14-4714-82)

Peak calling parameters  ChiP-seq data were processed using the nf-core/chipseq 2.0.0 workflow (Ewels et al. 2020). Raw sequencing reads were
preprocessed using FastQC and Trim Galore! to remove low-quality reads and adapters. The remaining reads were then aligned to a
reference genome (GRCh38)(Schneider et al. 2017) using BWA. Picard’s MarkDuplicates (https://broadinstitute.github.io/picard/),
SAMtools(Danecek et al. 2021), and BAMTools(Barnett et al. 2011) were used post-alignment for filtering and removing unmapped,
multi-mapped, PCR duplicate, and mismatched reads. BEDTools(Quinlan and Hall 2010) and bedGraphToBigWig(Kent et al. 2010)
were used to create normalized bigwig files which were visualized using Integrated Genomics Viewer (IGV). The retained high-quality
alignment results were used to call narrow peaks using Model-based Analysis of ChIP-seq version 2 (MACS2)(Zhang et al. 2008;
Gaspar 2018) against an IgG control with a g-value < 0.05.

Data quality Sample,count of peaks with g-value<0.05

FLAG_Ohr_REP1,25

FLAG_Ohr_REP2,49

FLAG_Ohr_REP3,46

FLAG_Ohr_REP4,20

FLAG_Ohr_REP5,15

FLAG_24hr_REP1,25
FLAG_24hr_REP2,98
FLAG_24hr_REP3,618
FLAG_24hr_REP4,769

Software Chipseeker, clusterProfiler, DESeq2

Flow Cytometry

Plots

Confirm that:
X, The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For in vitro fibroblasts, cells were trypsinized, washed with PBS, and re-suspended in cold live-cell sorting buffer (PBS with 5%
FBS, 2mM EDTA, 25mM HEPES).

For whole-colon tissue, colon was processed by following the methods of Morral C. et al. Isolation of Epithelial and Stromal
Cells from Colon Tissues in Homeostasis and Under Inflammatory Conditions. Bio Protoc. 2023 Sep 20;13(18):e4825. doi:
10.21769/BioProtoc.4825. PMID: 37753470.

Instrument Sony SH800 cell sorter, Beckman CytoFLEX S cytometer, Beckman CytoFLEX LX cytometer




Software

Cell population abundance

Gating strategy

Flowjo

For in vitro fibroblasts, no population was sorted from a multi-cellular source. Fibroblast population purity was maintained
using ultra-purity sorting, followed by confirming sorted cells through Sony SH800 cell sorter.

For colons, abundance was measured by manual cell counting-post sort. Purity was maintained using ultra-purity sorting,
followed by detailed characterization of isolated cell types with scRNA-seq.

Single population of fibroblasts was used for flow cytometry. Bulk cell population was gated away from small debris using
FSC/SSC. Doubles were excluded by gating on FSC-H/FSC-A. FITC-A was used as measurement of IL-11mNeonGreen median
fluorescence intensity.

For colons, gating was done as follows. All cells were first gated by FSC-A/SSC-A, followed by exclusion of dead cells by gating
live cells on Live/Dead stain on APC-AF50-A. PECAM1 and TER119 cells were excluded by drawing a gate on PE-A and PE-
Dazzle-A negative cells, respectively. CD45 and EPCAM1 cells were excluded by drawing a gate on APC-A and BV711-A
negative cells, respectively. PDGFRA+, IL-11mNG cells were then gated. IL-11mNG+ cells were assessed by comparing to
signal from water-treated mice.

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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