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Abstract

Chronic inflammation is often associated with the development of tissue fibrosis, but how
mesenchymal cell responses dictate pathological fibrosis versus resolution and healing
remains unclear. Defining stromal heterogeneity and identifying molecular circuits driving
extracellular matrix deposition and remodeling stands to illuminate the relationship between
inflammation, fibrosis, and healing. We performed single-cell RNA-sequencing of colon-
derived stromal cells and identified distinct classes of fibroblasts with gene signatures that
are differentially regulated by chronic inflammation, including IL-11—producing inflammatory
fibroblasts. We further identify a transcriptional program associated with trans-differentiation
of mucosa-associated fibroblasts and define a functional gene signature associated with
matrix deposition and remodeling in the inflamed colon. Our analysis supports a critical role
for the metalloprotease Adamdec1 at the interface between tissue remodeling and healing
during colitis, demonstrating its requirement for colon epithelial integrity. These findings pro-
vide mechanistic insight into how inflammation perturbs stromal cell behaviors to drive fibro-
blastic responses controlling mucosal matrix remodeling and healing.

Introduction

Fibroblasts are essential components of parenchymal tissues, providing the framework that is
necessary for tissue structure. However, emerging evidence has revealed critical functions for
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fibroblast cells that extend beyond their traditional roles as structural scaffolds, including roles
in regulating cell survival, differentiation, and migration [1-3].

This concept is exemplified in the gut, where fibroblasts have been shown to support muco-
sal crypt architecture, extracellular matrix (ECM) remodeling, and immune fitness [4-6]. By
secreting factors like Wnt ligands and bone morphogenetic protein (BMP) antagonists, fibro-
blasts are critical in supporting colon crypt architecture, creating discrete anatomical zones
that maintain the epithelial stem cell niche in defined areas, while supporting epithelial cell dif-
ferentiation and inhibition of cell proliferation in others [2,6,7]. This functional compartmen-
talization is also reinforced through matrix-dependent signaling cues to neighboring cells that
collectively contribute to crypt architecture [8,9].

The gastrointestinal tract represents a potential vantage point to study fibroblast-imposed
immunoregulation, as it constitutes the largest reservoir of immune cells within the human
body, ensuring protection from pathogenic infections while promoting mucosal tolerance
against commensal microbes. Recent studies have provided foundational insights into how
fibroblasts mediate immune activation and inflammation, thus expanding their roles in tissue
homeostasis [10,11]. Intestinal stromal cells secrete the CCL19, CCL21, and CXCL13 chemo-
kines to promote isolated lymphoid follicle formation and B cell recruitment [12,13]. Addi-
tionally, fibroblasts secrete proinflammatory cytokines within colon tissues from Crohn’s
disease patients, establishing that these cells are important contributors of inflammation in the
gut [14]. However, how these diverse functions are regulated by intestinal fibroblasts is incom-
pletely understood. In particular, it remains unclear how mesenchymal cells in the gut may
imprint on the ensuing inflammatory response, while also driving excessive production of
ECM components that ultimately lead to fibrosis, a hallmark of chronic inflammation in
mucosal tissue and a prominent cause of morbidity in diseases like inflammatory bowel disease
(IBD) [15]. It is thus not known how inflammation in pathologies like IBD results in the pro-
gressive accumulation of ECM that compromises normal intestinal functions [15].

The coexistence of distinct subsets of fibroblasts is thought to account for their pleiotropic
properties in supporting gut homeostasis and disease pathogenesis. Uncovering the heteroge-
neity of fibroblasts, however, has been hindered by a dearth of molecular tools available for
experimental assessment, including molecular markers and transgenic mouse models. Recent
advances in technologies such as single-cell RNA-sequencing (scRNA-seq) now permit the
survey of stromal cell heterogeneity across organs [16-21].

Here, we employed orthogonal technologies, including next generation sequencing of
mucosa-associated stroma to survey cellular heterogeneity in the colon. We identified pheno-
typic and functionally divergent fibroblast populations in mucosal tissues of the gastrointesti-
nal tract and uncovered molecular circuitries governing inflammation and ECM remodeling
during colitis, identifying a key role for Adamdecl in mucosal matrix remodeling and healing.

Results
A cellular census of stromal cells in healthy and inflamed mucosal tissues

To better understand the cellular and molecular circuitries operating during inflammation,
ECM remodeling, and wound healing in the intestine, we implemented a murine model of
colonic inflammation based on oral administration of multiple cycles of low-dose dextran sul-
fate sodium (DSS) to induce epithelial injury and ECM deposition [22,23]. Mice subjected to 3
repetitive cycles of DSS displayed progressive accumulation of immune cell infiltrates associ-
ated with excessive deposition of collagen fibers (Fig 1A, S1A and S1B Fig). Strikingly, ECM
deposition was also documented using high-resolution tissue scanning confocal microscopy
(Fig 1B), showing alterations in the structural network of reticular fibers, as stained with
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Fig 1. A cellular census of stromal cells in healthy and inflamed mucosal tissues. (A) Masson’s trichrome staining
of colon from water- and chronic DSS (3 rounds)-fed mice. Collagen accumulation in blue, as demarcated by yellow
arrows. Leukocyte infiltrates, as demarcated by yellow arrowheads. n = 2, Scale bar, 300 um. representative of 2
experiments. (B) IF staining of colon from water- and chronic DSS-fed mice. DAPI (blue), Pdpn (red), ER-TR7
(green). ECM deposition, as demarcated by white arrowhead. Pdpn* cell expansion, as demarcated by white arrow.
Scale bar, 150 pm. n = 3. (C) Workflow depicts colon processing, epithelial strip, mechanical and enzymatic digestion
dissociation, and sorting to enrich for stromal cells. (D) Gating strategy for FACS to enrich for colon stromal cells
(DAPI” CD45™ Ter119” EpCAM") prior to performing single-cell transcriptomics. (E) Single-cell atlas of the murine
colonic stroma. UMAP of approximately 34,000 single-cell (dots) profiles colored by cell type assignment. (F)
Expression of common stromal marker genes across cell type subsets. Color represents average expression of marker
gene within clusters; diameter represents percentage expression of marker gene within cluster. (G) A dendrogram of
cell subset relationships based on the single-cell transcriptomic data. Numbers at nodes represent score of how closely
related the clusters are, with the higher the number indicating transcriptional similarity. DSS, dextran sulfate sodium;
ECM, extracellular matrix; IF, immunofluorescence; UM AP, uniform manifold approximation and projection.

https://doi.org/10.1371/journal.pbio.3001532.9001
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ER-TR7. ECM protein deposition was similarly increased in mucosal and submucosal tissues
of DSS-treated mice, together with muscularis thickening, therefore supporting the notion
that chronic DSS treatment can be used to model fibroblast-mediated tissue remodeling in
mice.

We then employed scRNA-seq to survey stromal cell heterogeneity in response to chronic
inflammation in the colon in this model (Fig 1C). We collected colons from water- and DSS-
treated mice, prepared single-cell suspensions from the lamina propria by adapting a protocol
that we have previously optimized to extract stromal cells from various organs (Fig 1C)
[24,25], enriched for stromal cells by FACS using antibodies to exclude hematopoietic cells
(CD45), epithelial cells (EpCAM), and erythrocytes (Ter119), and profiled the cells by droplet-
based scRNA-seq (Fig 1D, Methods).

We identified 18 cell subsets by dimensionality reduction, alignment, and clustering of
batch-corrected expression profiles of approximately 34,000 cells (22,949 from water-treated
samples and 11,248 from DSS-treated samples) (Fig 1E, Methods). Following integrated anal-
ysis and clustering of cells from both water- and DSS-treated samples, we confirmed that all
samples contributed to each cluster, suggesting that clustering was driven by subset-specific
rather than treatment-related features (S1C Fig). We annotated the clusters post hoc by a com-
bination of canonical lineage marker genes to identify blood endothelial cells (BEC:s), fibro-
blasts, lymphatic endothelial cells (LECs), smooth muscle cells (SMCs), pericytes, and
interstitial cells of Cajal (ICCs) (Fig 1F, S1D Fig) [26-33].

Fibroblasts exhibited high expression of fibrillar collagen types I and III (Collal and
Col3al) as well as the glycoprotein fibronectin (Fn1), and the proteoglycan decorin (Dcn) [6],
but could be further distinguished into 3 major lineages (1, 2, and 3), each further partitioned
into subsets (Fig 1E and 1G), which we labeled 1a-c, 2a-c, and 3a-b (Fig 1E). Additional stro-
mal components, such as BECs, could be clearly identified based on expression of PecamI and
Plvap, whereas LECs expressed Lyvel and Prox1 and pericytes were distinguished by expres-
sion of Rgs5 (Fig 1E). We also identified a rare subset of cells resembling mesenchymal stem
cells (MSCs) that expressed Ptgs2 and that were previously shown to establish a tumor-pro-
moting niche through provision of PGE2 and induction of Yap [34]. Taken together, we note
that the cellular composition of colonic stroma was remarkably heterogeneous before and after
induction of the chronic DSS model. While the spectrum of stromal cell types was similar
comparing chronic DSS to previous reports of acute DSS [16,35], the chronic model was asso-
ciated with more extensive pathology related to aberrant ECM structure and accumulation.
Thus, the chronic DSS model afforded an opportunity to identify cell type-specific
transcriptional programs in the entire stromal compartment, including fibroblasts and endo-
thelial cells.

Intestinal inflammation elicits a coordinated transcriptional response in
the vascular endothelium

Among stromal responses in the setting of colitis, much emphasis has been placed on the acti-
vation of endothelial cells and the increased angiogenesis and lymphangiogenesis characteris-
tic of dysregulated wound healing processes [36-39]. Supporting a critical role for endothelial
cell dynamics during intestinal inflammation, therapeutic antibodies targeting endothelial-
mediated intestinal T cell infiltration (natalizumab and vedolizumab) are efficacious in
patients with Crohn’s disease and ulcerative colitis [40,41]. The clinical benefit of these thera-
pies, however, is restricted to a subset of patients, highlighting the need to fully uncover the
extent of endothelial cell activation and the implications for immune cell responses in the
inflamed gut.
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To further characterize the transcriptional diversity of endothelial cells in the colon with
respect to their roles during colitis, we reanalyzed the subset of annotated endothelial cells
(based on the expression of Pecaml, Plvap, and Lyvel), identifying 8 subclusters with distinct
expression profiles (Fig 2A, S2A Fig). LEC and BEC subsets (artery, arteriole, capillary, venule,
and vein cells) were identified by canonical markers (Fig 2B, S2B Fig) [42-45]. Arterial and
venous endothelial cells were characterized by expression of Efnb2 and Ephb4 markers that are
necessary for appropriate vessel development by regulating endothelial cell adhesion, migra-
tion, and sprouting angiogenesis (S2C Fig) [46]. Additionally, arterial endothelial cells were
enriched for Notch4, the Notch ligand Jagl, and downstream Notch effector Heyl. Similarly,
arteriole endothelial cells were enriched for Notch3, in concordance with the requirement for
Notch signaling in vascular remodeling and development [47].

To determine how each subset may individually contribute to inflammation, we calculated
cell frequencies and identified differentially expressed genes (DEGs) between baseline and
DSS within the cells in each cluster (Fig 2C-2F, S2B Fig, S1 Table). In line with the role of
endothelial cells as integral components of the intestinal architecture, we detected an enrich-
ment for gene annotations related to “extracellular structure organization” concomitant with
the up-regulation of many collagen genes in endothelial cells from inflamed colons (Fig 2C,
S2D Fig, S1 Table), likely reflecting a function for endothelial cells in the remodeling of vessel
basement membrane during inflammation [48]. Other ECM-related genes were also induced
in endothelial cells after DSS treatment (Fig 2D, S1 Table), including Sparc, which encodes a
matricellular binding protein that facilitates cell-matrix interactions and is expressed at high
levels during tissue remodeling in many conditions [49-51]. Importantly, we also detected a
striking up-regulation of Agp1 in 2 of the endothelial cell subsets (Fig 2D, S1 Table), suggest-
ing that these subsets may contribute to the regulation of fluid uptake during chronic
inflammation.

In endothelial cells in DSS, enriched genes were associated with “response to interferon
gamma” and “cytokine mediated signaling pathway” (52D Fig), suggesting general activation
of the endothelial compartment and their overall contribution to inflammation. Accordingly,
DSS treatment impacted most endothelial clusters, displaying significant up-regulation of che-
mokines, such as CXCL9 and CXCL10 (Fig 2C and 2E, S1 Table), implicating these genes in
recruitment of immune cells [52]. Genes encoding for adhesion molecules associated with
immune cell recruitment and extravasation during inflammation were also selectively up-reg-
ulated in subsets of endothelial cells (Fig 2F). MadCAML], in particular, was only expressed in
venous endothelial cells, in line with its putative function in directing leukocyte migration
through high endothelial venules (HEVs) by engaging integrin 04p7 on T cells homing to
intestinal tissues [53]. As both natalizumab and vedolizumab target this interaction, these data
support the concept that a deeper understanding of stromal heterogeneity can facilitate the
development of targeted therapies.

Functional and spatial heterogeneity of colonic fibroblasts

Just as endothelial cells play key roles in intestinal homeostasis and inflammation, a diversity
of specialized stromal cells of mesenchymal origin also execute important functions in main-
taining organ integrity and function. In particular, intestinal fibroblasts regulate structural fit-
ness and repair [2,6] but have also been associated with development of fibrosis in pathologies
like IBD [15]. To better understand the molecular circuits driving wound healing versus
fibrotic development in the colon, we reanalyzed the subset of intestinal fibroblast cells (Meth-
ods). As noted above (Fig 1E and 1G), we identified 3 main transcriptional fibroblast lineages
(Fig 3A, S3A Fig), each with 2 to 3 subclusters (Figs 1G and 3A).
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Fig 2. Intestinal inflammation elicits a coordinated transcriptional response in the vascular endothelium. (A) Single-cell
atlas of colon endothelial cells. UMAP of endothelial cell (dots) profiles colored by cell type assignment. (B) Expression of
canonical markers across endothelial cell clusters. Color represents average expression of marker gene within clusters;
diameter represents percentage expression of marker gene within cluster. (C) Volcano plots depicting DEGs between water-
and DSS-treated samples for select endothelial cell clusters. Each dot represents an individual gene, and dot colors represent
statistical significance. Gray, not differentially expressed; orange, differentially expressed but gene name is not annotated; blue,
differentially expressed and gene name is annotated. Significant DEGs had FDR <0.05 using MAST (see Methods). (D-F)
Violin plots of expression levels of select novel (D), chemokine (E), and adhesion (F) transcripts across endothelial cell clusters
in water- and DSS-treated samples. Normalized gene expression levels are plotted on the y-axis. Significant DEGs had FDR
<0.05, and respective adjusted p-values derived using MAST (see Methods); *p < 0.05, **p < 0.001, ***p < 1E-10. DEG,
differentially expressed gene; DSS, dextran sulfate sodium; FDR, false discovery rate; LEC, lymphatic endothelial cell; UMAP,
uniform manifold approximation and projection.

https://doi.org/10.1371/journal.pbio.3001532.9002

We characterized the fibroblast lineages and their subclusters by their DEGs, which
included known markers of fibroblast-specific features (such as @SMA) and niche-associated
markers (e.g., Greml), as well as new genes predictive of functional specialization (including
Pcolce2, Pil6, Hasl, C3, CD81, CD55, Lpl, Agt, Sox6, Procr, Adamdecl, Ackr4) (Fig 3B, S3B
Fig). We used these markers to define a gene signature for each of the 3 major fibroblast sub-
sets: Fibroblast 1 was defined as CD55"Grem1"CD81 Procr; Fibroblast 2 as aSMA+, together
with high levels of Agt, Procr, and Adamdecl and absence of CD55 and CD81; and Fibroblast
3 as CD55"CD81"Pcolce2"C3"Procr™. We also found the corresponding murine fibroblast
subsets in human colon stroma of both male and female donors, suggesting sex-independent
effects. (S4 Fig) [16,21].

Differential expression of genes associated with mucosal-specific functions pointed to
divergent roles of the 3 lineages in intestinal homeostasis. A dominant role for the Fibroblast 1
subset in supporting the epithelial stem cell niche was suggested by elevated expression of
Greml, which is known to maintain Wnt/B-catenin signaling gradients by antagonizing BMPs
[54,55] (Fig 3C, S3C Fig). These cells have also been referred to as crypt bottom fibroblasts
(CBFs) [35,56] or trophocytes [57,58] that express GremI, are Pdgfra low, and secrete Wnt
ligands and BMP antagonists to support intestinal epithelial stem cell renewal [16,59].

The Fibroblast 2 subset-expressed genes associated with contractile features of myofibro-
blasts (aSMA), and genes that support the differentiative compartment such as Bmp2, Bmp5,
Bmp7, and the atypical Wnt5a (Fig 3C, S3C Fig). Moreover, Fibroblast 2 subset genes were
enriched in pathways associated with negative regulation of Wnt signaling (Fig 3D), in line
with the notion that BMPs counteract B-catenin signals to prevent epithelial proliferation and
promote cell differentiation in the differentiative crypt compartment [2,60-62]. This fibroblast
2 subset has also been referred to as crypt top fibroblasts (CTFs) [35,56] or telocytes [57,58]
that express Foxl1, are Pdgfra high, Adamdec1 high, and secrete noncanonical Wnt ligands
and BMP agonists to promote epithelial differentiation [16,59].

Together, Fibroblast 1s and 2s may maintain colon crypt architecture by establishing
opposing Wnt and BMP growth factor gradients. Conversely, the Fibroblast 3 subset did not
express genes related to regulation of growth factors necessary for crypt architecture. Rather,
they expressed Ackr4, a receptor that functions as a chemokine sink, thus regulating chemo-
kine gradients [63], and an array of ECM modifying genes, including Pi16, Has1, and Pcolce2
(Fig 3B), suggesting that Fibroblast 3 cells are mesenchymal cells that remodel the ECM in the
intestine. These cells have also been referred to as crypt bottom fibroblast 2 (CBF2) [35,56] or
interstitial stromal cells [57,58] that express Pi16, CD81, and are Pdgrfal low [16]. Importantly,
these Pil6-expressing interstitial fibroblasts are a universal fibroblast subset found in all tissues
[64].

To test if this functional heterogeneity is associated with discrete spatial niches, we defined
the tissue localization of the 3 intestinal fibroblast populations by immunofluorescence (IF)-
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Fig 3. Single-cell profiling reveals functional and spatial heterogeneity of colonic fibroblasts. (A) Single-cell atlas of colon
fibroblasts. UMAP of fibroblast (dots) profiles colored by cell type assignment. (B) Expression of canonical and newly
characterized markers across fibroblast clusters. Color represents average expression of marker gene within clusters; diameter
represents percentage expression of marker gene within cluster. (C) Expression of genes involved in maintaining colon crypt
architecture. Color represents average expression of marker gene within clusters; diameter represents percentage expression
of marker gene within cluster. (D) GO enrichment of DEGs for each fibroblast cluster at baseline (water-fed mice). (E) IF
staining of 3 fibroblasts classes from water-fed mouse colon. Boxes zoom onto fibroblast subsets: green box- fibroblast class 1,
orange box- fibroblast class 2, and blue box- fibroblast class 3. Pcolce2 (red), CD55 (white), Procr (green), DAPI (blue). Scale
bar, 25 pm. n = 3. (F) IF and FISH of various markers for fibroblast subsets. Fibroblast 1 (orange box): Grem1 (FISH).
Fibroblast 2 (green box): Adamdec1 (IF), Agt (FISH), and Sox6 (IF). Fibroblast 3 (blue box): Pil6 (FISH), C3 (IF). Denoted
stain (white), DAPI (blue). Scale bar, 50 um. n = 3. (G) Proposed distribution of 3 fibroblast classes within the colon. BMP,
bone morphogenetic protein; DEG, differentially expressed gene; FISH, fluorescence in situ hybridization; GO, gene
ontology; IF, immunofluorescence; IstF, interstitial fibroblast; MAF, mucosa-associated fibroblast; UM AP, uniform manifold
approximation and projection.
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and in situ hybridization (ISH)-based analyses of subset-specific markers (Fig 3E and 3F).
Consistent with a role in nurturing stem cells, Fibroblast 1 cells were marked by costaining of
CD55 and Grem1 and predominantly localized at the base of crypts, associated with the epithe-
lial stem cell niche. Fibroblast 2 cells (positive for Procr, Adamdecl, Agt, and Sox6) were
found at the outer edge of the crypt, in line with their putative function in inhibiting Wnt sig-
naling and sustaining the differentiative compartment along the crypt axis. Fibroblast 3 cells,
coexpressing Pcolce2, CD55, Pil6, and C3, were localized within the muscularis mucosa.
Taken together, these data suggest that each of the 3 major lineages of fibroblasts may have dis-
tinct phenotypic and functional attributes and different spatially restricted anatomical niches.
Based on these functional features, we hereafter refer to these fibroblast lineages as mucosa-
associated fibroblasts (MAFs: Fibroblast 1, CBF1, trophocytes), myofibroblasts (MyoFs: Fibro-
blast 2, CTF, telocytes), and interstitial fibroblasts (IstFs: Fibroblast 3, CBF2) (Fig 3G).

Intestinal inflammation elicits a dynamic fibroblast response

In order to delineate how the inflammatory response may impact fibroblast phenotypes, we
compared the expression profiles of cells between water- and DSS-treated samples accounting
for different levels of the lineage tree: (1) the broader lineage; and (2) each subcluster of a fibro-
blast lineage (Fig 4A, S5 Fig, S1 Table). We focused on DEGs and gene set enrichment analy-
sis (Fig 4A, S5 Fig). Consistent with a general response to the inflammatory environment, we
detected a significant induction of immunomodulatory factors, including complement genes
(C3 and C4b), MHC-related molecules (B2m, Calr, H2-D1, H2-K1, H2-Q7, Psmb8), and che-
mokines (Ccl2, Ccl8, Cxcl5, Cxcl12, Cxcl14) (Fig 4B, S2 Table). DSS-induced genes in all fibro-
blast subsets were enriched for inflammatory responses (Fig 4A, S5 Fig). In all subsets, DSS
induced redox regulators such as Gpx1, Gpx3, Prdx2, and Prdx5 (Fig 4A, S2 Table), suggesting
that fibroblasts exhibit a metabolic adaptation to counterbalance oxidative stress associated
with inflammation [65]. Notably, the antioxidant system appears to be a critical player in fibro-
sis development, which is prevalent across many pathological conditions [66-69], thereby sug-
gesting that fibroblast activation in colitis may be linked, at least in part, to this process.

Consistently, across fibroblast subsets and lineages, cells from DSS-treated mice up-regu-
lated genes encoding ECM components and matrix modifiers (Fig 4A, S5 Fig, S2 Table).
These included genes for fibrillar collagen type I and III, which are known to provide tensile
strength, as well as for the glycoprotein fibronectin, reported to be deposited aberrantly in
patients with IBD [70-74]. Myofibroblasts and interstitial fibroblasts showed a pronounced
up-regulation of genes associated with the process of extracellular structure organization, as
highlighted by up-regulation for genes such as Collal, Col3al, and Fnl, and also the genes
implicated in the propagation of the fibrotic response, such as Mmp3 and Mmp10 (Fig 4A and
4B, S5 Fig, S2 Table). We also observed a striking alteration in the expression of genes from
the insulin growth factor binding protein (IGFBP) family that are known to regulate the local
availability of insulin growth factor I [75] (Fig 4C, S5 Fig, S3 Table). Notably, the IGFBP1/
IGFBP3 locus was recently associated by GWAS with poor prognosis in patients with Crohn’s
disease, where IGFBPs have been suggested to play a role in both the inflammatory response
and fibrosis [76-82]. The increased expression of IGFBP genes in mucosal fibroblasts and
other stromal subsets may point to a pathological role for this pathway in colitis.

The frequency of the MAF 3 population, which expressed a potent inflammatory signature
(S2 Table), increased dramatically in response to DSS treatment (P value = 0.04, Methods)
(Fig 4E), suggesting that this subcluster may be analogous to the inflammation-associated
fibroblasts (IAFs) we recently described in ulcerative colitis patients [21]. In fact, a gene
expression correlation analysis corroborated this conclusion (S4 Fig). We also observed an
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Fig 4. Intestinal inflammation elicits a dynamic fibroblast response. (A) Volcano plots depicting DEGs between
water- and DSS-treated samples for select fibroblast clusters. Each dot represents an individual gene, and dot colors

represent the contributing fibroblast subset when that gene is differential
<0.05 using MAST (see Methods). (B) GO enrichment of DEGs for each

ly expressed. Significant DEGs had FDR
fibroblast cluster comparing water- and DSS-

treated mice. Color represents adjusted p-value of GO enrichment annotation for each fibroblast cluster; diameter
represents gene ratio for each fibroblast cluster. (C) Violin plots of expression levels of select IGFBP family members
across all stromal clusters in water- and DSS-treated samples. Normalized gene expression levels are plotted on the y-
axis. Significant DEGs had FDR <0.05, and respective adjusted p-values derived using MAST (see Methods);

*p < 0.05, **p < 0.001. (D) Fibroblast frequency changes between water-

and DSS-treated samples. Significant

frequency changes derived using Dirichlet multinomial regression; *p < 0.05. (E) Feature plot for IL11 expression in
fibroblasts from water- and DSS- treated samples; *p < 0.05 (F) Expression of select IL6 family receptors across
fibroblast clusters in water- and DSS-treated samples. Color represents average expression of marker gene within
clusters; diameter represents percentage expression of marker gene within clusters. DEG, differentially expressed gene;
DSS, dextran sulfate sodium; FDR, false discovery rate; GO, gene ontology; IGFBP, insulin growth factor binding
protein; IstF, interstitial fibroblast; MAF, mucosa-associated fibroblast; MyoF, myofibroblast.

https://doi.org/10.1371/journal.pbio.3001532.9004
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increase in IL-11 expression in MAF subsets from DSS-treated mice (Fig 4E, S2 Table), an
observation with potential clinical implications, as IL-11 is associated with fibrosis in other
organs [83-85]. As most of the fibroblast subsets expressed both IL-11 receptor subunits
IL11ra (even at baseline) and IL6st (DSS-induced) (Fig 4F), as well as Osmr (DSS-induced, Fig
4F), these data highlight a putative role for the IL-6 cytokine family in fibroblast intercellular
communication during inflammation. In addition, receptor-ligand expression patterns suggest
that IAFs communicate with endothelial cells through provision of Notch ligands, as previ-
ously described [86], and through IL-6 family cytokines such as IL-11 (S6 Fig). Altogether,
these data identify changes in gene expression in mucosal fibroblasts that occur during chronic
inflammation, which collectively provides a framework for functional dissection of the mecha-
nisms driving fibrosis in the intestine.

The myofibroblast differentiation program confers matrix remodeling
function

Next, we defined a shared transcriptional program associated with inflammation across fibro-
blast lineages to subsequently identify key effectors that coordinate matrix remodeling. To this
end, we identified 10 genes that have high expression specificity within the gastrointestinal
tract relative to other human tissues [87] and were also differentially expressed between water-
and DSS-treated samples across many stromal lineages and that had an average log2 fold
change >0.10 and showed differential expression in >2 cell types (Fig 5A, S7A-S7C Fig). This
fibroblast gene signature included genes controlling ECM deposition and remodeling (Adam-
decl, Ecm1), immune function (Cstb, Dpepl), and extracellular nucleotide processing (Gda,
Gbp4, Enpp3). Among these, Adamdecl was coordinately up-regulated in response to chronic
inflammation in fibroblast subsets, both at the transcriptional and protein levels (Fig 5A-5C,
S2 Table).

Because myofibroblasts are thought to represent a terminally differentiated cell state [88],
we reasoned that pseudotemporal ordering of cells based on their transcriptional profiles
could provide insights into the dynamic transcriptional modules that may be associated with
the fibroblast to myofibroblast transition. Using both tree-based and diffusion map-based
inference methods, we learned the differentiation trajectory from the MAF populations to
myofibroblasts and identified putative effector genes that may drive this transition (Fig 5D-
5@, S8 Fig, S4 Table). Our model suggesting that myofibroblasts are derived from MAFs is
supported by lineage tracing strategies, which showed that fibroblasts located at the base of the
crypt differentiate into myofibroblasts along the outer edge of the crypt [55,89]. We sought to
expand on these findings and define the gene signature associated with the MAF-to-myofibro-
blast trans-differentiation trajectory within the colon. The early stage of the trajectory is
enriched for genes related to the ECM components Gsn, Fblnl, Eln, and Mfap5 and the
immune mediators Ccll, Cd34, Fos, and Jun. At later stages of transition, fibroblasts up-regu-
lated genes associated with contractility such as Tagln, Myl9, and Acta2. Adamdecl is up-regu-
lated during the intermediate stages, at the boundary of the MAF to myofibroblast transition
(Fig 5E and 5F), suggesting a role in myofibroblast function and matrix remodeling activity
characteristic of the myofibroblast lineage.

Transcriptional modules associated with the pseudotime trajectory reveal distinct transition
states that provide a higher resolution view of myofibroblast function (Fig 5G, S4 Table).
Among these differentiation transition genes, Adamdecl is unique in that it is a secreted metal-
loproteinase with no other paralogs [90,91], its expression is enriched in intestinal tissues [92],
and a single nucleotide polymorphism (SNP) variant (8:24248756 T/C) in this gene locus is
associated with rectal prolapse [93,94]). Taken together, these findings led us to hypothesize
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differentially expressed gene; DSS, dextran sulfate sodium; FDR, false discovery rate; IF, immunofluorescence; MAF,
mucosa-associated fibroblast; UMAP, uniform manifold approximation and projection.

https://doi.org/10.1371/journal.pbio.3001532.9005

that Adamdec] may play a key role in balancing homeostatic matrix remodeling versus devel-
opment of pathological fibrosis.

Adamdecl is required for matrix remodeling and healing in response to
epithelial injury

To define the role of Adamdecl in tissue homeostasis we generated Adamdecl knockout (KO)
mice (Fig 6A) and induced epithelial injury by administration of 2% DSS in drinking water for
7 days followed by 7 days of recovery. Adamdecl KO mice were considerably more susceptible
to epithelial injury compared to their wild-type (WT) littermate counterparts, as demonstrated
by increased weight loss and reduced colon lengths (Fig 6B and 6C). Histological analysis
indicated that Adamdecl KO mice exhibited increased immune infiltration and mucosal ero-
sion (Fig 6D, S9 Fig).

Because Adamdecl is a metalloproteinase, and members of the ADAM family have been
previously shown to modify the ECM [95,96], we analyzed ECM remodeling in colons from
Adamdec]l KO and WT mice following 7 days of DSS treatment (Fig 6E, S10 Fig). We focused
on collagen type I (ColI) and fibronectin (Fn1), due to their increased expression during fibro-
sis [73,74], as well as collagen type VI (Col VI), due to its role in promoting mesenchymal cell
proliferation [97]. Although minor mucosal and submucosal ECM accumulation occurred in
WT littermates following DSS, distinct and organized reticular fibers were observed by high-
resolution tissue scanning and tiling by confocal microscopy. In striking contrast, the ECM
was aberrantly remodeled in Adamdecl KO mice following DSS treatment, as characterized by
increased matrix deposition and disorganization of fibrillar structures, including fibrillar Col I,
filamentous Col VI, and the glycoprotein Fnl. Strikingly, Adamdecl KO mice exhibited aber-
rant submucosal Col VI and Fn1 deposition between the muscularis mucosa and the muscu-
laris, where this deposition was nonlinear, fragmented, and enveloped within areas of edema
(Fig 6E, S10 Fig). Adamdecl KO mice also presented with hyperplasia, edema, increased
immune infiltrates, and muscle thickening, altogether indicative of colitis disease pathology
(Fig 6D, S9 Fig). These data suggest that Adamdec] is necessary for ECM remodeling, and a
deficiency in this gene results in an accelerated accumulation and disorganization of the ECM
following inflammatory insult. Taken together, we have identified Adamdec] as a pivotal effec-
tor regulating the balance between wound healing and ECM remodeling.

Discussion

In response to chronic inflammation, intestinal stromal cells adopt specialized functions to
promote tissue repair and healing. We identified functional and locational attributes of fibro-
blast subsets that are regulated by chronic inflammation in the intestine. As the heterogeneity
of stromal cell subsets is coming into focus from single-cell transcriptional profiling, classify-
ing and naming these cell types remains challenging. In this context, a recent cross-tissue atlas
of human and mouse fibroblasts was defined at baseline and during inflammation [64]. These
datasets identified universal fibroblasts found in all tissues, tissue-specific cell states, and dis-
ease-associated activation programs [64]. Here, we identify 3 broad subtypes of fibroblasts that
perform critical functions in the intestine to maintain mucosal homeostasis. Grem I+ MAFs
and myofibroblasts establish the growth factor gradient along the crypt axis that promotes epi-
thelial stem cell renewal in the base of the crypt and the differentiation compartment
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Fig 6. Adamdecl is required for matrix remodeling and healing in response to epithelial injury. (A) ISH of
Adamdecl in WT or Adamdecl KO colon at basal state (water-fed mice). Scale bar, 200 um. n = 2 per cohort. (B)

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001532 January 27, 2022 14/30


https://doi.org/10.1371/journal.pbio.3001532

PLOS BIOLOGY

Fibroblastic responses controlling mucosal matrix remodeling and healing

Weight loss in Adamdecl KO versus WT mice administered 2% DSS for 7 days and followed by H,O for 7 days. n = 4
per cohort. Mann-Whitney test, “p < 0.05. (C) Colon length in Adamdecl KO versus WT mice administered DSS as
described above. n = 8 per cohort. Mann-Whitney test, “p < 0.05. For source data for panels B and C, see S1 Data. (D)
HE staining of representative images of colon following DSS in WT and Adamdecl KO mice. Mice were administered
2% DSS for 7 days, H,O for 1 day, and killed on day 8. Scale bar, 600 um. # = 4 per cohort. (E) IF staining was
performed on colons from Adamdecl KO and WT mice with indicated markers. Mice were administered 2% DSS for 7
days and killed on day 7. aSMA (red), ER-TR?7 (blue), DAPI (gray). Indicated ECM component (green). (Top row)
Collagen type I (green). Yellow arrow denotes submucosal ECM accumulation. (Middle row) Collagen type VI (green).
Yellow dotted line denotes submucosal thickening and edema. (Bottom row) Fibronectin (green). Yellow dotted line
denotes hyperplastic response. Yellow arrow denotes muscle thickening. Scale bar, 200 um. n = 3 per cohort,
representative of 2 experiments. DSS, dextran sulfate sodium; ECM, extracellular matrix; HE, hematoxylin—eosin; IF,
immunofluorescence; ISH, in situ hybridization; KO, knockout; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001532.9006

emanating upwards. Recent studies have described these GremI+ MAFs as CBFs or tropho-
cytes and myofibroblasts as CTFs or telocytes [35,56-58]. The third fibroblast subtype, intersti-
tial fibroblasts, express genes encoding ECM components and have been found in multiple
tissues and are variously referred to as CBF2 cells or Pil6 fibroblasts [35,56,64]. Although
there remains a need for the field to define and adopt a unified nomenclature for stroma, these
single-cell transcriptomic stroma atlases offer insights into mechanisms of fibroblast function
in the context of inflammation and tissue homeostasis. Despite the well-documented role of
fibrosis in many chronic inflammatory conditions, a lack of therapies to manage tissue fibrosis
represents a significant unmet medical need [98]. A deeper understanding of the mechanisms
operating in inflamed tissues and leading to pathological fibrosis may facilitate identification
of novel targeting opportunities to bolster the currently limited therapeutic landscape.

Despite significant progress, it remains unclear how chronic inflammation activates fibro-
blasts, and, conversely, how activated fibroblasts amplify local inflammation in mucosal tis-
sues. Recent studies highlighted fibroblasts as critical targets of IL-6 family cytokines such as
OSM in the intestine [14]. In this context, myeloid cell-derived OSM was shown to activate
fibroblasts to become inflammatory effectors producing chemokines such as CCL2, CXCL1,
CXCL9, and CXCL11 to recruit neutrophils and monocytes, thereby acting as amplifiers of
intestinal inflammation [14]. Similarly, in the context of rheumatoid arthritis, chronic inflam-
mation was shown to drive differentiation of synovial fibroblasts (CD34™ Thy1") that share
many features with IAFs [99]. Specifically, the presence of this fibroblast subset located within
the sublining of the synovium correlated with increased infiltrating leukocytes and more
severe clinical scores in rheumatoid arthritis patients [99]. Mechanistically, these expanded
inflammatory Thyl™ fibroblasts were shown to drive inflammation in rheumatoid arthritis by
secreting IL6 and chemokines such as CCL2, CX3CL1, CXCL9, and CXCL12 [100,101]. Taken
together with our findings, these data demonstrate the utility of scRNA-seq for identifying
unique subsets of inflammatory fibroblasts and elucidating pathogenic molecular mechanisms,
such as IL-6-dependent inflammatory responses, driven by these expanded subsets.

Within the colonic mucosa, we identified a unique IL-11" MAF subset arising in response
to chronic inflammation and exhibiting up-regulation of inflammatory genes, including C4B,
CXCLS5, and SAA3. Notably, IL-11 is a member of the IL-6 family and has been previously
implicated in an autocrine mechanism inducing ERK activation in fibroblasts to drive ECM
deposition and inflammatory chemokine production [83-85]. Neutralization of IL-11 was
shown to reduce pathological fibrosis in murine models of liver, cardiovascular, and lung
fibrosis [83-85]. Genetic KO of Il11 or Il11ra in mice attenuated DSS-induced tumorigenesis
[102]. Conversely, a transgenic mouse model driving I111 expression in smooth muscle cells or
fibroblasts was shown to spontaneously develop colitis, as well as inflammation in other organs
[103]. In humans, expansion of IL-11* IAFs was recently described in ulcerative colitis and
Crohn’s disease patients [21,104]. Together, these results and our data suggest that IL-11
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signaling by fibroblasts is a conserved molecular circuit that may be shared among diverse
inflammatory fibrotic diseases and therefore represents a potential therapeutic target to pre-
vent fibrosis.

Here, we expand on these findings showing both the fibroblast subset expressing 1111 and
the subsets expressing its receptor subunits I111ra and Il6st. While I111 was strictly expressed
in IAFs, the receptor was more broadly expressed among MAFs, myofibroblasts, interstitial
fibroblasts, and endothelial cells. These findings are consistent with previous reports suggest-
ing that local inflammatory cues drive I111 expression in IAFs and engage an autocrine/para-
crine mechanism of fibroblast matrix deposition and chemokine production [83-85]. Our
findings also suggest that IL-11 derived from fibroblasts may act on endothelial cells to pro-
mote gut inflammation.

In concert with IAF-mediated amplification of inflammation, myofibroblasts promote
fibrosis in chronic inflammatory diseases. Myofibroblast differentiation has been described in
the context of wound healing in the dermis and shares several key features with wound healing
in the mucosa. In the dermis, wound healing occurs in coordinated phases mediated by hemo-
stasis, inflammation, reepithelialization, and remodeling [105,106]. During the reepithelializa-
tion phase, activated fibroblasts form granulation tissue, and differentiated myofibroblasts
utilize contractile machinery to draw the wound margins together. During the remodeling
phase, myofibroblasts remodel the ECM to replace granulation tissue with organized connec-
tive tissue. In mucosal tissues, the wound-associated epithelium (WAE) envelops over the
wound to protect underlying tissues. Subsequently, mesenchymal cells form granulation tissue
as proliferating epithelial cells regenerate mucosal crypts and myofibroblasts remodel the tis-
sue site [107-109]. While the cellular and histological features of wound healing have been
thoroughly characterized, insights into the molecular mechanisms driving myofibroblast dif-
ferentiation are only starting to emerge. Using lineage tracing mice based on expression of the
fibroblast markers Pdgfra, DIk1, and/or Enl, two studies demonstrated that murine dermal
fibroblasts gave rise to early wound bed myofibroblasts that drove ECM deposition and fibro-
sis [110,111]. A similar mechanism was observed in human dermal fibroblasts identified using
scRNA-seq, in which Sfrp2*Dpp4" and Fmol*Lsp1™ fibroblast subsets were implicated in
matrix deposition and inflammatory cell retention, respectively [112]. Importantly, a subset of
the matrix-depositing Sfrp2 " Dpp4* fibroblasts share expression of key lineage markers
Pcolce2™ and CD55%, which we identified in MAFs and interstitial fibroblasts. Taken together,
these findings suggest a concerted fibroblast differentiation program giving rise to myofibro-
blasts that promote wound healing in diverse tissues, including the intestinal mucosa.

In the context of tissue homeostasis, the stromal cellular compartment is dynamic. Specifi-
cally, we and others have demonstrated that intestinal myofibroblasts are derived from MAFs,
reinforcing the idea that ECM-remodeling myofibroblasts are derived from lineage-restricted
fibroblasts [55,89]. These studies leveraged lineage tracing strategies to show that fibroblasts
located at the base of the crypt differentiate into myofibroblasts along the outer edge of the
crypt. Here, we expand on these findings and define the gene signature associated with the
MAF-to-myofibroblast trans-differentiation trajectory within the colon. While the early stage
of differentiation is enriched for genes encoding ECM components and immune mediators,
the later stages are enriched for genes involved in cytoskeletal contraction such as Acta2, Myl9,
and Tagln. These genes were recently identified to be expressed also during the terminal
phases of wound healing in injured skin [113], thereby highlighting a shared myofibroblast dif-
ferentiation trajectory across organs and conditions.

We provide evidence that Adamdec] is a key component of the MAF-to-myofibroblast
trans-differentiation trajectory in the intestine, influencing the local microenvironment at the
level of ECM remodeling. Our results indicate that Adamdec] is a required component of the
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matrix remodeling program that helps orchestrate wound healing to maintain intestinal tissue
homeostasis. Adamdec1 is a member of the ADAM metalloproteinase family, which includes
members that have been shown to modulate inflammation, wound repair, and tissue develop-
ment [95,114,115]. However, Adamdecl1 is an unusual member of the ADAM metalloprotei-
nase family in that its domain structure is unique, and there are no structurally similar
paralogues in the human genome. Specifically, Adamdec] is a secreted protein containing a
prodomain, metalloproteinase domain, and a truncated disintegrin domain [90,91]. While the
proteolytic substrates targeted by Adamdecl are not well defined, our data suggest that Adam-
decl plays a key role in matrix remodeling. In addition, recent studies suggest that Adamdec1
may play a broader role in tissue homeostasis by solubilizing ECM-bound growth factors such
as FGF2 [116,117].

Our genetic ablation studies provide additional insights into the function of Adamdec1 in
tissue homeostasis. We demonstrated that genetic ablation of Adamdecl in a mouse model
impaired recovery from intestinal epithelial injury and aberrant ECM. Consistent with these
findings, previous reports indicated that Adamdec1-deficient mice are more susceptible to
Citrobacter rodentium and Salmonella typhimurium bacterial infections relative to WT con-
trols [118]. However, these studies hypothesized a cell-intrinsic function for Adamdecl in the
myeloid lineage, whereas our analyses of stroma identify fibroblasts as the major source of
Adamdecl expression and identify a critical role for this gene in tissue remodeling and healing.
In the human colon, the vast majority of Adamdecl-expressing cells are fibroblasts, whereas
expression in myeloid cells was infrequent and quantitatively lower [21]. Thus, Adamdecl per-
forms key functions in fibroblast-mediated tissue homeostasis, and this may occur in coopera-
tion with myeloid cells expressing Adamdecl. Together, these data implicate a critical and
novel role for Adamdec1 in restoring mucosal integrity through matrix remodeling following
tissue injury. Pinpointing molecular factors that dictate healing versus fibrosis will be instru-
mental in efforts to identify potential therapeutic targets that may prevent fibrosis pathologies
that accompany chronic inflammatory diseases.

Methods

Resource availability

Lead contact. Further information and requests for resources should be directed to and
will be fulfilled by the Lead Contact, Daniel B. Graham (dgraham@broadinstitute.org).

Experimental model and subject details

Mice. C57BL/6] mice were housed in specific pathogen free housing at Massachusetts
General Hospital (MGH). For all experiments, 8- to 12-week-old mice were used. Adamdecl
KO and Balb/c W littermate mouse work was approved and performed at Novartis Institutes
for BioMedical Research (NIBR). The mice were housed in specific pathogen free housing at
NIBR. For all experiments, 8- to 12-week-old male mice were used. Adamdecl KO mice were
generated and derived from Balb/c mice using CRISPR technology. Two sgRNAs targeting
exons 1 and 2 of Adamdecl were combined with Cas9 and delivered to zygotes by microinjec-
tion. F1 offspring were backcrossed to the Balb/c background, and Adamdec1 genotype was
confirmed by genomic DNA sequencing. The founder line selected for breeding contained a
deletion in exons 1 and 2 spanning intron 1 and resulting in an out-of-frame KO allele. While
Balb/c mice are less susceptible to DSS pathology compared to C57BL/6], Adamdecl deficiency
in the Balb/c genetic background was still associated with morbidity, but tolerated well enough
to achieve endpoints in this study.
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DSS models. For chronic DSS, C57BL/6] mice were fed 2.5% (weight/volume) DSS salt
(40,000 to 50,000 MW, Affymetrix #14489) dissolved in sterile water ad libitum for 7 days, and
then returned to regular sterile water for 7 days; this cycle was repeated for a total of 3 times
[22,23]. Mice were then killed, and colons were obtained. A total of 3 female mice (12 weeks
old) were processed for each treatment group and analyzed by scRNA-seq. Female mice were
utilized because they were able to withstand 3 cycles of DSS, whereas males exhibited
morbidity.

For acute DSS, Adamdecl KO and WT littermate control mice were fed 2.0% DSS dissolved
in sterile water ad libitum for 7 days. Mice were then killed at noted time points, and colons
were obtained. Male mice were utilized in the acute DSS model, because they exhibit more uni-
form disease penetrance relative to females.

Ethics statement

All animal procedures were conducted in accordance with protocols approved by the Massa-
chusetts General Hospital Institutional Animal Care and Use Committee (IACUC), and ani-
mals cared for according to the requirements of the National Research Council’s Guide for the
Care and Use of Laboratory Animals. MGH IACUC protocol number, 2003N000158. NIBR
IACUC protocol number, 17IMO018.

Method details

Immunofluorescence (IF) staining. Colons were obtained and flushed with ice-cold
washing buffer (2% FBS in 1X PBS (Sigma-Aldrich, calcium and magnesium free)). Colons
were cut open longitudinally, covered with Optimal Cutting Temperature medium (OCT,
Sakura Finetek), and Swiss rolls were made and frozen at —80°C. Sections were cut on a cryo-
stat with a thickness of 12 to 16 um. Immunostaining was performed as follows: Sections were
fixed with 4% PFA (Alfa Aesar) for 10 minutes at room temperature, permeabilized with 0.2%
Triton X-100 (Sigma Aldrich) in 1X PBS for 2 minutes, and blocked with 2% BSA (Sera Care)
in 1X PBS for 20 minutes. Tissues were immunostained with primary (1:100) and then second-
ary antibodies/DAPI (1:500 and 1:1,000, respectively), each for 1 hour at room temperature.
Sections were mounted with Fluorescent Mounting Reagent (Dako), sealed, and imaged with a
Leica SP5X laser-scanning confocal microscope.

Fluorescent in situ hybridization (FISH). Flash frozen colon Swiss roll sections were pre-
pared as described previously. FISH was performed using the RNAscope Multiplex Fluores-
cent Kit v2 (Advanced Cell Diagnostics) per the manufacturer’s recommendations with the
following alterations. The protease treatment was adjusted and performed with Protease III for
20 minutes. Sections were mounted with Fluorescent Mounting Reagent (Dako), sealed, and
imaged with a Leica SP5X laser-scanning confocal microscope.

Image analysis. Individual tiles were stitched together using the LAS X Life (Leica).
Images were overlaid and cropped using Photoshop and Illustrator (Adobe).

HE/Trichrome. Colons were isolated and cleaned as previously described, fixed in 4%
PFA, and paraffin embedded. Sections were stained for hematoxylin-eosin (HE) or Masson’s
trichrome staining according to standard protocols.

Lamina propria single-cell isolation. To obtain a stromal single-cell suspension [24,25]
for scRNA-seq, we collected colons from water- and chronic DSS-treated C57BL6] mice and
flushed them with ice-cold washing buffer (2% FBS in 1X PBS (Sigma-Aldrich, calcium and
magnesium free)). After removing fat and any connective tissue, colons were flipped inside
out using forceps and cut into 2 cm chunks. Each colon was then incubated with 25 mL epithe-
lial strip buffer (5 mM EDTA (Invitrogen), 1 mM DTT (Sigma Aldrich), 2.5 mM HEPES
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(Gibco), and 5% FBS in HBSS (GE Healthcare, calcium and magnesium free)) for 30 minutes
at 37°C with stirring. Tissues were collected, rinsed with ice-cold washing buffer, minced
using scissors and razor blades, and transferred into 50 mL conicals containing 5 mL enzyme
digest buffer (0.2 mg/mL Collagenase P (Roche), 0.2 mg/mL Dispase II (Gibco), 0.1 mg/mL
DNase I (Roche) in full media (CO2-independent media (Gibco), 2% FBS, 1X GlutaMAX
(Gibco), 1X MEM NEAA (Gibco))) and placed into a bead bath at 40°C. The conicals were
vortexed every 5 minutes for 10 minutes, tissue chunks were allowed to settle for 5 minutes,
and the supernatants were collected into ice-cold collection media (full media with 10% FBS
and 10 mM EDTA) that was kept on ice. Next, 5 mL enzyme digest media was added to the
remaining colon fragments, the conicals were vortexed every 5 minutes for 5 minutes, tissue
chunks were allowed to settle for 5 minutes, and the supernatants were added to previously
collected fraction. Then, 3 mL enzyme digest media was added to the remaining tissue frag-
ments, pipetted up and down for 2 minutes, allowed to settle for 3 minutes, and supernatants
were collected and added to the previously collected fraction; this process was repeated for
approximately 45 minutes until no colon fragments remained. The collection buffer and its
contents were filtered using a 100-um cell strainer (Falcon), centrifuged (10 minutes, 450g,
4°C), and resuspended in full media (2% FBS, 10 mM EDTA).

Antibodies and FISH probes. The following primary antibodies were used for FACS and
IF staining with murine tissues: Ter-119 (TER-119, Biolegend), CD45 (30-F11, Biolegend),
EpCAM (G8.8, Santa Cruz Biotechnology), Pdpn (8.1.1, Biolegend), CD31 (390, Biolegend),
Procr (eBio1560, Invitrogen), CD90 (53-2.1, Biolegend), CD55 (RIKO-3, Biolegend), aSMA
(1A4, Sigma Aldrich), Adamdec1 (Origine #TA323936), Pcolce2 (Proteintech #10607-1-AP),
C3 (11H9, Abcam), Sox6 (Abcam #ab30455), ER-TR7 (Abcam #ab51824), Collagen I (Abcam
#ab34710), Collagen VI (Abcam #ab6588), and Fibronectin (Abcam #ab2413). The following
secondary antibodies were used: donkey anti-rabbit PE (Poly4064, Biolegend), Alexa Fluor
488-, 546-, 568-, and 647-conjugated secondary antibodies were obtained for goat anti-rabbit,
goat anti-rat, goat anti-mouse, and goat anti-Syrian hamster from Life Technologies, and
DyLight 488- and 649-conjugated secondary antibodies for goat anti-Syrian hamster were
obtained from Biolegend. NucBlue viability dye (Invitrogen) was spiked into single-cell sus-
pensions before flow analysis or FACS sorting.

The following probes from Advanced Cell Diagnostics were used for FISH in murine tis-
sues: Pil6 (Mm-Pil6-C2), Greml (Mm-Grem1-C3), and Agt (Mm-Agt-C1).

Cell enrichment and sorting for single-cell RNA-seq. Lamina propria single-cell suspen-
sions obtained as above were blocked with FcR blocking reagent (Miltenyi Biotec) for 10 min-
utes on ice, stained with primary antibodies previously listed for 20 minutes on ice, and cells
were sorted using the Beckman Coulter MoFlo Astrios EQ (100 um nozzle, 25 psi). For all
steps, cells were kept in full media (2% FBS, 10 mM EDTA). Stromal cells that were sorted
were defined as Ter119” CD45"EpCAM", and dead cells were excluded using NucBlue (1
drop/500 uL cells). Cells were collected in full media, and purity was assessed by taking a frac-
tion of sorted cells and reanalyzing them immediately on the MoFlo Astrios EQ. All samples
were analyzed using FlowJo (Tree Star).

Droplet-based single-cell RNA-seq. Single-cell suspensions were processed using the
Chromium Single-Cell 3’ Gene Expression kit (v2, 10x Genomics) per manufacturer’s instruc-
tions. Libraries were sequenced on the Illumina HiSeq 2500 per manufacturer’s instructions.

Quantification and statistical analysis

Analysis workflow—Gut stroma single-cell data. Data processing and QC. Digital gene
expression (DGE) matrices for each individual cell were obtained by aligning the FASTQ
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sequence reads against the reference mm10 mouse transcriptome using CellRanger v2.2 soft-
ware (10x Genomics). Cells that satisfied any one of the following criteria were removed: (1)
<300 detected genes; (2) outlier number of unique molecular identifiers (UMIs), ranging from
7,500 to 15,000; (3) outlier proportion of mitochondrial gene expression were excluded rang-
ing from 2.5% to 15%. Outlier cutoffs for each batch of samples were determined empirically
based on the distribution of UMI and proportion of mitochondrial gene expression per cell; or
(4) doublets identified by the python package Scrublet [119]. Overall, this led to removal of
4.7% of cells, retaining 35,072 cells for downstream analyses.

Normalization and batch correction. Normalized gene expression values were obtained by
applying a regularized negative binomial (NB) regression model implemented in the SCTrans-
form function in Seurat v3 [120]. Briefly, the function first applies an NB regression model to
the raw UMI count of each gene using sequencing depth as a covariate. Next, by including a
dispersion parameter that combines information across similar genes with similar abundances,
the model uses a kernel regression to learn regularized parameters that are robust to sampling
noise. Finally, a second round of NB regression is applied on the learned regularized parame-
ters to derive residuals that are treated as normalized expression levels. To adjust for batch
effects, we included the batch variable as an additional parameter in the NB regression model.
DGE matrices generated for each mice colon were considered as a different batch. Batch-cor-
rected normalized expression data were used for integration and clustering of datasets (below).
Alternatively, log-normalized expression levels without batch correction were used for differ-
ential expression analysis.

Identification of shared cell types across colon sites and conditions. Samples collected from a
different site in the colon (proximal and distal) or treated differently (water and DSS) were
considered as a separate dataset for integration. To integrate the batch-normalized expression
datasets for cell type identification across different sites and treatment conditions, we used the
FindIntegrationAnchors and IntegrateData functions implemented in Seurat v3 to align the
datasets [121]. Briefly, the method first performs joint dimensionality reduction using canoni-
cal correlation analysis (CCA) to identify latent gene level projections that are shared across
datasets. This is achieved through a standard singular value decomposition (SVD) of the input
matrices for the subset of highly variable genes to identify a set of canonical correlation projec-
tion vectors (dims = 1:50), which is then L2 normalized. Following this dimensionality reduc-
tion procedure, the algorithm next identifies K-nearest neighbors for each cell in one dataset
with the cells in its paired dataset. This search is constrained on the mutual nearest neighbors
(MNNe), i.e., to identify pairs of cells, also called “anchors,” each taken from the individual
datasets being present mutually in each other’s nearest neighborhood (k.anchor = 5). Finally,
the identified anchors are scored to ensure that low scoring correspondences are filtered out to
prevent anchoring of cells that represent different biological states.

Clustering and visualization. We performed a principal component analysis (PCA) of the
integrated anchor weights using the RunPCA function in Seurat v3 and selected the top 60
eigenvectors that explained a substantial proportion of the variance in the dataset. Subse-
quently, a k-NN graph was constructed with the top PCs and k = 200 using the FindNeighbors
function, to which the louvain clustering algorithm was applied using FindClusters function.
The resulting clusters were visualized using the RunUMAP function. Subclustering of anno-
tated endothelial and fibroblast subsets was also performed by subsetting the integrated data-
set. For endothelial cell subset analysis, clustering was parametrized at top 50 pcs and k = 50,
whereas top 40 pcs and k = 200 was used for fibroblast subsets.

Cell lineage dendrogram. Hierarchical clustering was performed on the average gene expres-
sion levels for each cell type cluster using the BuildClusterTree function.
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Differential expression analysis. We used MAST [122], which fits a hurdle model to log-nor-
malized expression levels for each gene to identify DEGs between any 2 given conditions. For
each lineage as well as subcluster separately, we compared gene expression levels between the 2
conditions (e.g., DSS-treated versus water-treated MSCs). GO term enrichment analysis was
performed to identify biological processes enriched in differential expressed genes and visual-
ized using ClusterProfiler [123].

Changes in cell proportions. To identify statistically significant changes in proportion of cell
types in water- and DSS-treated samples, we used the Dirichlet multinomial regression model
from the DirichletReg R package, and also Wilcoxon test as described previously [21]. Changes
in cell proportions that were significant in both tests were considered to be relevant.

Selection of GI tract-specific genes. Data from [87] were used to identify genes elevated in
the following annotated tissues: esophagus, stomach, small intestine, duodenum, appendix,
colon, and rectum.

Pseudotime analysis. Trajectory inferences were performed using the R implementation of
Monocle3 [124,125] and destiny. Log-normalized expression data for top 3,000 highly variable
genes in the subset of MAF and myofibroblast populations in the water-treated dataset were
used as input for both methods. In Monocle3, dimensionality reduction was performed to proj-
ect the data into a lower dimensional space, and the top 20 PC components were corrected for
batch effects and technical factors using the residual model: ~ number of UMIs + percentage
of mitochondrial gene expression + percentage of ribosomal gene expression. Further
dimensionality reduction into UMAP space was performed using the reduce_dimension func-
tion with the following parametrization: umap.min_dist = 0.1, umap.n_neighbors = 20. The tra-
jectory graph was then learned on the louvain clusters, and pseudotime was estimated using a
cell from MAF 1.1 population as the root index. To identify putative regulators associated with
the differentiation trajectory, the graph_test function was applied on the principal_graph. Tra-
jectory analysis was also performed using destiny to validate the observations using an alterna-
tive method. Diffusion components and diffusion pseudotime were estimated with the
following parameters: n_pcs = 50 and sigma = local.

Supporting information

S1 Fig. Chronic DSS model and batch effect assessment of stromal cells. (A) Chronic DSS
murine model: Mice were fed 3 iterative cycles of 2.5% DSS for 7 days followed by water for 7
days. (B) Masson’s trichrome staining of colons from water- and chronic DSS-fed mice after 1
round (day 14), 2 rounds (day 28), and 3 rounds (day 42) of DSS. Collagen accumulation in
blue, as demarcated by yellow arrows. Leukocyte infiltrates, as demarcated by yellow arrow-
heads. Scale bar, 200 pm. n = 2, representative of 2 experiments. (C) Single-cell atlas of the
murine colonic stroma. UMAP of stroma cells (dots) colored by cell type assignment from
water (top) or DSS (middle) samples and combined embedding of both conditions (bottom
panel). (D) Expression of lineage-specific marker genes across cell type subsets. Color repre-
sents average expression of marker gene within clusters; diameter represents percentage
expression of marker gene within cluster. BEC, blood endothelial cell; DSS, dextran sulfate
sodium; ICC, interstitial cell of Cajal; LEC, lymphatic endothelial cell; MSC, mesenchymal
stem cell; SMC, smooth muscle cell; UMAP, uniform manifold approximation and projection.
(TIF)

S2 Fig. Batch effect assessment of endothelial cell clustering and markers. (A) Single-cell
atlas of colon fibroblasts UMAP of endothelial cell (dots) profiles (Methods) colored by cell
type assignment from water (top) or DSS (bottom) samples. (B) Expression of canonical mark-
ers across endothelial cell clusters. Color represents average expression of marker gene within
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clusters; diameter represents percentage expression of marker gene within cluster. (C) Violin
plots of Ephb4 and Efnb2 expression level across endothelial cell clusters. Normalized gene
expression levels are plotted on the y-axis. (D) GO enrichment of DEGs for each endothelial
cell cluster between water- and DSS-treated samples. Color represents adjusted p-value of GO
enrichment annotation for each endothelial cell cluster; diameter represents gene ratio for
each endothelial cell cluster. DEG, differentially expressed gene; DSS, dextran sulfate sodium;
GO, gene ontology; LEC, lymphatic endothelial cell; UMAP, uniform manifold approximation
and projection.

(TIF)

S3 Fig. Fibroblast clustering by treatment condition and marker expression. (A) Single-cell
atlas of colon fibroblasts UMAP of fibroblast (dots) profiles (Methods) colored by cell type assign-
ment from water (left) or DSS (right) samples. (B) Expression of canonical and newly character-
ized markers across fibroblast clusters. Color represents average expression of marker gene within
clusters; diameter represents percentage expression of marker gene within cluster. (C) Expression
of genes involved in maintaining colon crypt architecture. Color represents average expression of
marker gene within clusters; diameter represents percentage expression of marker gene within
cluster. DSS, dextran sulfate sodium; UMAP, uniform manifold approximation and projection.
(TIF)

S4 Fig. Fibroblast subsets in mouse and human colons. (A) UMAP of combined analysis
and clustering of stromal cell subsets identified in [21] and [16]. Cell clusters obtained in the
combined analysis were annotated based on the cell annotations defined by Smillie colleagues,
using the most frequently present broader cell type annotation to annotate each cluster. (B)
Dotplot of gene set module scores of genes defined to be highly specific to broader level mouse
fibroblast subsets (x-axis) computed for each redefined human fibroblast cell subsets from
joint clustering analysis. Only specific marker gene lists with AUC >0.65 were considered for
computing gene set module score. Mouse fibroblast cell subsets were redefined as broader
level subsets: IstF, MAF, and MyoF. MAF3 cell subset from mouse colon data was renamed to
MAF IL11-hi. (C) UMAP of combined analysis and clustering of stromal cell subsets identified
in Smilie and colleagues and Kinchen and colleagues with redefined cell type annotations
aligned with broader mouse fibroblast cell type annotations. (D) Spearman correlation esti-
mates of pseudobulk gene expression levels for each fibroblast cell subset identified in our
mouse colon stroma atlas compared to pseudobulk expression levels of orthologous genes in
each fibroblast cell subsets identified in a combined analysis of stromal cell subsets from Smilie
and colleagues and Kinchen and colleagues. Correlation estimates were scaled for each col-
umn. AUC, area under the curve; BEC, blood endothelial cell; IstF, interstitial fibroblast; LEC,
lymphatic endothelial cell; MAF, mucosa-associated fibroblast; MyoF, myofibroblast; SMC,
smooth muscle cell; UM AP, uniform manifold approximation and projection.

(TIF)

S5 Fig. DEGs in fibroblast clusters in response to inflammation. Heatmaps of select DEGs
between water- and DSS-treated samples for all fibroblast clusters. Color represents normal-
ized gene expression. Significant DEGs had FDR <0.05 using MAST (see Methods). DEG, dif-
ferentially expressed gene; DSS, dextran sulfate sodium; FDR, false discovery rate; IstF,
interstitial fibroblast; MAF, mucosa-associated fibroblast; MyoF, myofibroblast.

(TIF)

S6 Fig. The MAF3 subset represents a hub for intercellular communication. Heatmap of
estimated interaction scores based on L-R pair expression between sender cell type MAF3
(IAFs) and receiver cell types: endothelial cell subsets (A) and fibroblast subsets (B).
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Interaction scores were computed separately for water-treated and DSS-treated mice. Heat-
map displays L-R pairs that are differentially expressed between water-treated and DSS-treated
mice; for example, ligands that are up-regulated in DSS in MAF3 and receptors that are up-
regulated in receiving endothelial subsets (A) or other fibroblast subsets (B). DSS, dextran sul-
fate sodium; IAF, inflammation-associated fibroblast; L-R, ligand-receptor; MAF, mucosa-
associated fibroblast; MyoF, myofibroblast.

(TIF)

S7 Fig. DEGs in response to inflammation also enriched in gastrointestinal tissues. (A)
Average expression levels of top 10 genes enriched for expression in the gastrointestinal tissues
and also differentially expressed in water- and DSS-treated conditions. Color represents aver-
age expression of marker genes across all stromal cell subsets; diameter represents percentage
expression of marker genes. (B) Average expression of top 10 genes enriched for expression in
the gastrointestinal tract and also differentially expressed in water- and DSS-treated conditions
stratified by annotated stromal cell subsets. Color represents average expression of marker
gene in each cluster; diameter represents percentage expression of marker gene within cluster.
(C) Column scaled average transcript levels of GI tract-enriched genes in several human tis-
sues profiled in the Human Protein Atlas study by Uhlen and colleagues. DEG, differentially
expressed gene; DSS, dextran sulfate sodium; GI, gastrointestinal.

(TIF)

S8 Fig. MAF-to-myofibroblast differentiation trajectory inference. (A) UMAP projections
of dimensionality reduction analysis on the subset of MAF and MyoF cells used for the con-
struction of differentiation trajectory overlaid by their lineage subset labels. (B) Visualization
of top 2 diffusion components (DC1) from diffusion map analysis of the subset of MAF and
MyoF cells overlaid by their lineage subset labels. (C) Diffusion pseudotime reconstruction of
the differentiation trajectory from MAFs to MyoFs. MAF, mucosa-associated fibroblast;
MyoF, myofibroblast; UMAP, uniform manifold approximation and projection.

(TIF)

S9 Fig. Temporal analysis of histopathology in Adamdecl KO mice following DSS. Mice
were administered 2% DSS for 7 days, H,O subsequently, and killed on day 11, 13, or 24. HE
staining (A) of representative images of colon following DSS in WT and Adamdecl KO mice.
Scale bar, 600 pm. Immunohistochemistry was performed for CD3 (B) and F4/80 (C) on day
11 or 13 after administration of DSS. Scale bars, 600 um and 200 um. Representative images, n
=2 per mice per genotype and time point. DSS, dextran sulfate sodium; HE, hematoxylin—
eosin; KO, knockout; WT, wild-type.

(TIF)

$10 Fig. Aberrant ECM deposition in Adamdecl KO mice following DSS. IF imaging was
performed on colons from Adamdecl KO and WT mice with the indicated markers. Mice
were administered 2% DSS for 7 days and killed on day 7. (A) Indicated ECM component
(white). Scale bar, 200 um. # = 3 per cohort, raw images representative of 2 experiments. (B)
Quantification of indicated ECM components by % area. n = 3 mice per cohort. See S1 Data
for source data. DSS, dextran sulfate sodium; ECM, extracellular matrix; IF, immunofluores-
cence; KO, knockout; WT, wild-type.

(TIF)

S1 Table. DEGs between water- and chronic DSS-treated endothelial cell clusters. DEG,
differentially expressed gene; DSS, dextran sulfate sodium.
(XLSX)
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$2 Table. DEGs between water- and chronic DSS-treated fibroblast clusters. DEG, differen-
tially expressed gene; DSS, dextran sulfate sodium.
(XLSX)

S3 Table. DEGs between water- and DSS-treated stromal clusters. DEG, differentially
expressed gene; DSS, dextran sulfate sodium.
(XLSX)

$4 Table. Genes associated with MAF-to-MyoF differentiation. MAF, mucosa-associated
fibroblast; MyoF, myofibroblast.
(XLSX)

S§1 Data. Source data for Fig 6B and 6C and S10B Fig.
(XLSX)
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