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BACKGROUND & AIMS: Fibroblasts play a key role in stricture
formation in Crohn’s disease (CD) but understanding its path-
ogenesis requires a systems-level investigation to uncover new
treatment targets. We studied full-thickness CD tissues to
characterize fibroblast heterogeneity and function by gener-
ating the first single-cell RNA sequencing (scRNAseq) atlas of
strictured bowel and providing proof of principle for thera-
peutic target validation. METHODS: We performed scRNAseq
of 13 fresh full-thickness CD resections containing noninvolved,
inflamed nonstrictured, and strictured segments as well as 7
normal non-CD bowel segments. Each segment was separated
into mucosa/submucosa or muscularis propria and analyzed
separately for a total of 99 tissue samples and 409,001 cells.
We validated cadherin-11 (CDH11) as a potential therapeutic
target by using whole tissues, isolated intestinal cells, Nano-
String nCounter, next-generation sequencing, proteomics, and
animal models. RESULTS: Our integrated dataset revealed
fibroblast heterogeneity in strictured CD with the majority of
stricture-selective changes detected in the mucosa/submucosa,
but not the muscle layer. Cell-cell interaction modeling revealed
CXCL14þ as well as MMP/WNT5Aþ fibroblasts displaying a
central signaling role in CD strictures. CDH11, a fibroblast cell-
cell adhesion molecule, was broadly expressed and up-
regulated, and its profibrotic function was validated using
NanoString nCounter, RNA sequencing, tissue target expression,
in vitro gain- and loss-of-function experiments, proteomics, and
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Stricturing Crohn’s disease (CDs) is a significant clinical
problem and fibroblasts play a key role in its
pathogenesis. We created a single-cell RNA sequencing
(scRNAseq) atlas of strictured bowel and controls.

NEW FINDINGS
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knock-out and antibody-mediated CDH11 blockade in experi-
mental colitis. CONCLUSIONS: A full-thickness bowel scRNAseq
atlas revealed previously unrecognized fibroblast heterogeneity
and interactions in CD strictures and CDH11 was validated as a
potential therapeutic target. These results provide a new
resource for a better understanding of CD stricture formation
and open potential therapeutic developments. This work has
been posted as a preprint on Biorxiv under doi: 10.1101/2023.
04.03.534781.
Sequencing 409,001 cells, we revealed previously
unrecognized fibroblast heterogeneity, interactions and
CXCL14þ & MMP/WNT5Aþ fibroblasts displaying a
central signaling role in CD strictures. Cadherin-11
(CDH11) was validated as a potential therapeutic target.
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nflammatory bowel diseases (IBD) are a group of
Our surgical cohort represents late and already
established disease. We are not able to elucidate a link
of medications at time of surgery with the findings.

CLINICAL RESEARCH RELEVANCE

An increasing understanding of CDs, a complication for
which no selective therapies exist, can lead to
development of novel antifibrotic treatments. Blockade
of CDH11 may be tested in clinical trials for CDs.

BASIC RESEARCH RELEVANCE

These results provide a new resource for a better
understanding of CD stricture formation. The scientific
community and industry can use this dataset to
generate or validate hypotheses and develop novel
therapeutic drug targets.

Abbreviations used in this paper: a-SMA, alpha-smooth muscle actin;
AKT, a serine/threonine protein kinase; CCL, C-C motif chemokine ligand;
CD, Crohn’s disease; CDi, nonstrictured but inflamed Crohn’s disease;
CDni nonstrictured, noninflamed Crohn’s disease; CDns, ileal Crohn’s
disease nonstricturing; CDs, strictured CD; CDH11, Cadherin-11; DES,
desmin; CXCL, chemokine (C-X-C motif) ligand; DSS, dextran sodium-
sulfate; ECM, extracellular matrix; FAK, focal adhesion kinase; FFPE,
formalin-fixed paraffin embedded; FN, fibronectin; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; HIMFs, human intestinal myofibro-
blasts; IBD, inflammatory bowel disease; Ig, immunoglobulin; IL,
interleukin; KD, knockdown; KO, knockout; LP, lamina propria; mTOR,
mammalian target of rapamycin; MP, muscularis propria; NL, non-IBD
patients; RNAseq, RNA sequencing; scRNAseq, single-cell RNA
sequencing; SES-CD, Simple Endoscopic Score for Crohn’s Disease;
SMC, smooth muscle cell; TGF, transforming growth factor; TNF, tumor
necrosis factor; UC, ulcerative colitis; WT, wild type.
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Ichronic inflammatory disorders that include Crohn’s
disease (CD) and ulcerative colitis (UC).1 A major compli-
cation of CD is intestinal fibrosis leading to stricture for-
mation, the main cause for surgical interventions.2

Conventional anti-inflammatory therapies can only
modestly reduce the occurrence of stricturing disease3,4 and
no anti-fibrotic or selective anti-stricture therapy is avail-
able, making this a significant clinical problem.

Mesenchymal cells, the major effector cell in intestinal
fibrosis,5 represent a distinctive cell population where fi-
broblasts are the predominant cell type. In the strictured
bowel of patients with CD, fibroblasts become activated,
increase in number, and produce excessive extracellular
matrix (ECM). In addition, under inflammatory conditions
like CD, mesenchymal cells interact intimately with each
other as well as with nearby immune and nonimmune cells,5

leading to complex fibrogenic circuits. Until now the un-
derstanding of such circuits has been hindered by the
traditional classification of mesenchymal cells into fibro-
blasts, myofibroblasts, and smooth muscle cells (SMCs),6

which lacks specificity.
A better understanding of the multifaceted cellular net-

works underlying fibrogenesis and stricture formation in CD
requires high-resolution molecular profiling, such as single-
cell RNA sequencing (scRNAseq).5 This approach has
revealed distinct changes in the epithelial, immune, and
stromal cell compartments in both UC7,8 and CD.9 However,
as innovative as it is, the obtained information was derived
from superficial endoscopic mucosal biopsies which, given
the transmural nature of CD, fail to comprehensively cap-
ture the complexity of intestinal fibrogenesis, which can
only be fully appreciated by studying it in all intestinal tis-
sue layers. Therefore, to comprehensively examine the
transmural changes in CD and differentiate possible cellular
subtypes in strictured (CDs), nonstrictured (CDi), and
noninvolved (CDni) tissues, we leveraged scRNAseq and
transcriptomic signatures in a well-phenotyped cohort of CD
and control surgically resected intestinal tissues.

Our approach identified previously unrecognized
mesenchymal cell populations, distinct cell niches, and
related cell interactions in strictured CD bowel. We identi-
fied differentially expressed genes and pathways, and
comprehensive in vitro and in vivo studies demonstrated
that cadherin-11 (CDH11) is a fibroblast-selective surface
molecule with prominent profibrotic properties.
Methods
Tissue Procurement

Briefly, full-thickness freshly resected intestinal specimens
from subjects with CD and controls, comprising apparently
healthy tissue (constipation, healthy margin of resections from
patients with intestinal cancer; termed “NL” for normal) were
procured as previously described.10,11 This protocol was
approved by the Cleveland Clinic Institutional Review Board
(number 17-1167). Before resection in patients with CD, the
presence of a stricture was ascertained using cross-sectional
imaging (computed tomography or magnetic resonance imag-
ing) and/or inability to pass an adult or pediatric
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ileocolonoscope. Postresection, CD specimens were classified
based on gross anatomy into segments of CDs, CDi (purely in-
flammatory disease without the presence of stricture), and
CDni (noninflammatory disease without the presence of stric-
ture). For generation of the scRNAseq atlas (following manu-
facturer’s instructions and as described in Supplementary
Methods and chemistries shown in Supplementary Table 1),
the 3 CD segments were from the same patient’s resection. Each
segment was scored and characterized using a macroscopic
score modified from the simple endoscopic score–CD10 and a
histopathologic score for inflammation11 or fibrosis12

(Supplementary Tables 2 and 3). This procurement system
was validated using macroscopic and histopathologic evalua-
tion performed by a trained IBD pathologist (I.O.G.). The time
from resection in the operating room to starting tissue pro-
cessing in the laboratory was <30 minutes.

ECM Deposition Assay for Human Intestinal
Myofibroblasts

Deposition of ECM by intestinal myofibroblasts was assayed
using modification of a method described previously.13 Briefly,
recombinant human CDH11-Fc chimera (CDH11Fc, R&D Systems;
catalog number 1970-CA) or H1M1 antibody (prepared from
hybridoma PTA-9699 [ATCC] at high purity [>99%] and low
endotoxin levels [<0.23 EU/mg]) were used as activator and as a
functional blocker of CDH11 in human intestinal myofibroblasts
(HIMF), respectively. A 96-well dark-walled imaging plate
(Greiner, BioOne, catalog number 655090) was coated with
CDH11Fc, H1M1, or human immunoglobulin (Ig)G1 or IgG2b
isotype control, respectively, in phosphate-buffered saline for 2
hours at 37�C. HIMFs were plated (3200 cells/well) in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine
serum and antibiotics, and incubated overnight. Cells were then
incubated with serum-free culture medium to produce ECM for 5
days and subsequently removed using 0.25 mol/L ammonium
hydroxide in 50 mmol/L Tris pH 7.4. Deposited ECMwas fixed by
exposure to 100% methanol at �20�C and stained with Alexa
Fluor488-conjugated anti-fibronectin (EBioscience, clone FN-3,
1:500 dilution) or Alexa Fluor594-conjugated (Invitrogen,
1:1000 dilution) anti-ColI/III antibodies (EMD, Millipore Corp.,
1:100 dilution). Fluorescence intensities were obtained using a
Cytation5 scanner (Agilent Biotek). The following compound in-
hibitors were used in the ECM deposition assay in conjunction
with the HIMF: GSK690693 (pan-Akt inhibitor, Sigma-Aldrich,
catalog number 937174-76-0), mTOR Inhibitor XI, Torin1
(Sigma-Aldrich, catalog number 1222998-36-8), LY-294,002 hy-
drochloride (Pi3K inhibitor, Sigma-Aldrich, catalog number
934389-88-5), Y15 (focal adhesion kinase [FAK] inhibitor,
1,2,4,5-benzenetetramine tetrahydrochloride, Sigma-Aldrich, cat-
alog number 406-66-5), and SEW 2871.

Full information on tissue dissociation and isolation of single
cells, library generation, scRNAseq analysis, cyclic immunofluo-
rescence, quantitative reverse transcriptase polymerase chain
reaction, immunostaining and quantification, immunofluores-
cence labeling and confocal microscopy, RNA extraction from
formalin-fixed paraffin-embedded (FFPE) tissue, gene expression
analysis using NanoString nCounter platform, isolation of primary
human intestinal cells, cell cultures, immunoblotting, proteomics,
RNA interference, next-generation RNA sequencing, antibodies,
animals, dextran sodium-sulfate (DSS)–induced colitis, chronic
DSS model with CDH11 blockade in BALB/c wild type (WT) mice,
experimental fibrosis endpoints, and statistical analysis can be
found in the Supplementary Materials.

The transcriptomic datasets will be shared on request.
Please contact the corresponding author for any inquiries. The
Cleveland Clinic agrees to use the National Institutes of Health’s
Federal Demonstration Partnership (FDP) Data Transfer and
Use Agreement (DTUA) template to share the data, which can
be found at https://thefdp.org/default/committees/research-
compliance/data-stewardship/.

Results
A Single-Cell Atlas of Full-Thickness CD Reveals
Shifts in Cell Type Composition From
Noninvolved to Inflamed to Stricturing Phenotype

We generated a scRNAseq transcriptional atlas from 13
ileal CD full-thickness and 7 NL colonic tissues. CD resections
were separated into CDni, CDi, and CDs segments when
available, as described in the Methods section. We mechani-
cally dissected the muscularis propria (MP) from the mucosa/
submucosa, which was subsequently processed into an
epithelial-enriched fraction (LP1) and a lamina propria-
enriched fraction (LP2). We were not able to obtain all frac-
tions and segments from all patients. If sufficient libraries
were not obtained from particular samples, they are also
missing from the final atlas. Neither of these pertained to a
particular region or fraction. This resulted in a total of 99
analyzed fractions and 409,001 high-quality single-cell tran-
scriptomes (Figure 1A); 97,954 cells were sequenced from
CDni, 101,164 from CDi, 94,049 from CDs, and 115,834 from
NL, with a median recovery of 471 genes/cell and 751 Unique
Molecular Identifier/cell (Supplementary Figure 1A). The total
number of obtained cells per fraction or segment did not
correlate with the macroscopic inflammation score. In addi-
tion, the numbers for each individual obtained cell type per
fraction and segment also did not correlate with the macro-
scopic inflammation score, with the exception of Goblet cells
in CDs (Supplementary Table 6A). Samples from NL segments
had slightly more cells sequenced per sample in the LP1 and
LP2 regions compared with CD, but the number of cells per
fraction were fairly similar across the atlas (Supplementary
Table 6B). Overall preparation quality was high to excellent
(viability >80%, mitochondrial reads <10% in more than
80% of cells; Supplementary Figure 1B).

Next, we broadly annotated the full dataset using ca-
nonical cell type markers and subclustered into epithelial,
stromal, myeloid, B cell, and T/NK cell compartments
(Figure 1B–D). The sequenced cell numbers per compart-
ment and cell type can be found in Supplementary Table 6C.
The subclustering resulted in 93 different cell types repre-
sentative of the cell populations in each segment (Figure 1C
and D). To investigate progression toward strictures, we
examined differences in cell type composition by tissue type
and layer (Figures 1E and F, Supplementary Figure 1C–F).
Cell type composition of LP1 or LP2 vs MP was markedly
different, but not between LP1 and LP2, which were
thereafter combined as “LP1/2” (Supplementary Figure 1C
and D). A detailed description of the changes in cell type and
pseudobulk analysis between LP1, LP2, and MP can be

https://thefdp.org/default/committees/research-compliance/data-stewardship/
https://thefdp.org/default/committees/research-compliance/data-stewardship/


Figure 1.Generation of a full-thickness scRNAseq atlas. (A) Schematic summary of atlas generation from contributing donors.
(B) Uniform manifold approximation and projection (UMAP) plot of all cells from the atlas colored by cell type. (C) Dot plot of
canonical markers used to define and annotate general cell types. Average gene expression is shown by color intensity.
Percent of cells expressing each gene is shown by size. (D) Compartmental UMAP plots for each subclustering analysis
colored by cell types/states. (E and F) Differential abundance beeswarm plots from LP1/2 (E) or MP layer (F) layers by cell type.
Each dot is a neighborhood of cells calculated using miloR. Neighborhoods that reach significance (spatial false discovery rate
<0.1) are colored by log fold-change. (G and H) Bar plot representing the total number of up-regulated (red) or down-regulated
(blue) genes by cell type in the LP1/2 (G) and MP (H) layers.
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found in Supplementary Results and Supplementary
Figure 1C–F. Consistent with progression from CDni to
CDi, lymphocyte, myeloid, epithelial, and fibroblast cell
composition was altered in CDi LP1/2 compared with CDni.
Alteration in myeloid, lymphocyte, and epithelial cells was
also evident in CDni compared with NL, suggesting the
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influence of low-grade inflammation, an intrinsic disease-
induced difference in CDni and/or difference in the colon
or ileum origin of the tissue segment (Figure 1E). In the MP
layer we found significant alteration of nearly all cell types
in CDs compared with NL, with minor differences in CDi and
CDni compared with NL. When comparing CDs with CDi in
both LP1/2 and MP, we found significant differences of
epithelial, lymphocyte, SMC, endothelial, fibroblast, and
myeloid cell composition (Figure 1E and F).

In addition to cell type compositional changes related to
disease progression, we examined general transcriptional
changes using pseudobulk differential expression. Most dif-
ferences between segments were observed in the LP1/2 layer,
especially when comparing diseased with normal gut with the
most marked in CDs compared with NL (Figure 1G). Epithelial
cells in the LP1/2 layer exhibited the largest transcriptional
changes with 2501, 2323, and 446 dysregulated genes in CDs,
CDi, and CDni compared with NL, respectively. Fibroblasts
also demonstrated an extensive transcriptional shift with
disease progression in the LP1/2 layer with 842, 686, and 104
dysregulated genes in CDs, CDi, and CDni compared with NL,
respectively. Surprisingly, only minor transcriptional changes
in the MP layer were noted between segments, even when
comparing CDs with all others (Figure 1H), suggesting that
major compositional changes between segments were driven
by the LP1/2 layers. Related signaling pathway perturbations
were also noted (Supplementary Results and Supplementary
Figure 2A and B)
Unique Cell Populations are Represented in the
Stromal Compartment of CD Strictures

In the combined stromal compartment, we identified 19
distinct cell types primarily grouped into fibroblast, smooth
muscle, and endothelial populations after subclustering
analysis (Figure 2A and B). Among all mesenchymal cell
types, only 4 were distinctly more abundant in the isolated
LP1/2 layer (CXCL14/ADAMDEC1þ, CXCL14/F3/PDGFRAþ
and MMP/WNT5Aþ fibroblasts and HHIP/NPNTþ SMCs),
whereas the rest were more abundant in the isolated MP
layer (Supplementary Figure 1F). Interestingly, 6 fibroblast
populations (SOD2/THBS1þ, PLA2GAþ, PTGDS/APOEþ,
MMP/WNT5Aþ, fibroblast reticular cells, and ECMhigh)
were over-represented in CDs compared with both CDi and
CDni in the LP1/2 layer, particularly in CDs vs CDni. These 6
fibroblast populations all express markers linked to fibrotic
diseases via transforming growth factor (TGF)-b1 regula-
tion, macrophage activation/differentiation, and ECM pro-
duction. Among the fibroblast populations over-represented
in CDs, only the MMPþ/WNT5Aþ

fibroblasts were more
abundant in any segment vs NL, specifically in CDs
compared with NL (Figure 2C). Conversely, the isolated MP
layer showed minimal significant differences in cell popu-
lation abundance when comparing CDs vs CDi. However,
adventitial, stem-like, and SOD2/THBS1þ fibroblasts were
under-represented and endothelial cells were over-
represented in the isolated MP of CDs compared with NL
(Figure 2D). Of note, differential abundance in cell types in
CDs or differences in transcriptional activity per cell type in
CDs held up when comparing CDs with NL or CDs or CDni.
Together, these observations suggest the LP1/2 layer as a
key pathogenic area of stricturing disease as evidenced by
both the global and mesenchymal compositional and tran-
scriptional alterations in disease.

Given these results, we next interrogated transcriptional
changes within the stromal niche. Compatible with the
global transcriptional view in Figure 1G and H, the LP1/2
layer contained the stronger perturbation of gene expres-
sion within each stromal cell type compared with the MP
layer. Both CXCL14þ fibroblast populations as well as
adventitial PI16þ fibroblasts had a large number of signif-
icantly differentially expressed genes when comparing CDs
with CDni and NL, suggesting their contribution to stricture
(Figure 2E). The stromal transcriptional changes in the MP
layer were minimal, but most pronounced in CDs compared
with NL segments. Cell types contributing to transcriptional
changes were mainly stem-like fibroblasts and ACTA2þ
SMCs (Figure 2F). The per cell type signaling pathways can
be found in Supplementary Results and Supplementary
Figure 3A and B. We further mapped previously published
stromal populations associated with IBD onto our dataset
and interrogated the frequency of the cell types per
segment. These results can be found in Supplementary
Results and Supplementary Figure 4A and B.

To understand global communications and interactions
among cells we used CellChat14 to quantitatively infer
intercellular communication networks. CellChat predicts
major signaling inputs (incoming receptor signals, received
signals) and outputs (sent signals, outgoing signals) on a per
cell type basis. Our initial analysis pointed to CDi and CDs as
the most relevant areas underlying the progression from
nonstrictured inflammation to stricture. In LP1/2 the major
populations with strong incoming receptor signals in CDs
compared with CDi are myeloid cell types (CLCL9/
CXCL10high, inflammatory monocytes, NLRP3high, and Met-
allothioneinhigh), T/NK cells (CCL5/CD8þ, CCL4/CCL5/
CD8þ, XCL1þ, CCL5þ), endothelial venular cells, MMP/
WNT5Aþ fibroblasts, and pericytes (Figure 3A). In the MP
fraction, major populations that show strong incoming re-
ceptor signals are B cells (CCL3/4þ plasma cells, mature
B3/CRIP1þ, CYBA/IGHG4þ plasma cells), myeloid cells
(cDC2, MEG3/MEG8high, Metallothioneinhigh), and stromal
cells (MMP/WNT5Aþ; Figure 3C). Strikingly, fibroblasts
stand out as major signal senders in CDs compared with
CDi in the LP1/2 layer, particularly CXCL14/ADAMDEC1þ,
MMP/WNT5Aþ, CXCL14/F3/PDGFRAþ, and ECMhigh cells
(Figure 3B). A comparable finding was observed in the MP
layer, with pericytes and SMC/HHIPþ stromal cells
showing stronger outgoing signals in CDs compared with
CDi. All other cell fractions had a negligible contribution as
signal senders (Figure 3D). When evaluating the outgoing
signal strength across segments in the stromal compart-
ment the noted changes were found to be progressive with
fibroblasts taking on an increasing signal sending role
from NL, through CDni and CDi, to CDs (Figure 3E,
Supplementary Figure 5). These findings indicate that fi-
broblasts are major “signal sending hubs” in CDs in the
LP1/2 as well as MP layers.



Figure 2. Stromal compartment analysis of the scRNAseq atlas. (A) UMAP plot of mesenchymal subclustering colored by cell
type. (B) Dot plot of top markers used to define/annotate mesenchymal subsets. Average gene expression is shown by color
intensity. Percent of cells expressing each gene is shown by size. (C and D) Differential abundance beeswarm plots from LP1/2
(C) and MP (D) layers by cell type. Each dot is a neighborhood of cells calculated using miloR. Neighborhoods that reach
significance (spatial false discovery rate <0.1) are colored by log fold-change. (E) Bar plot representing the total number of
up-regulated (red) or down-regulated (blue) genes by cell type in the LP1/2 layers (F) Bar plot representing the total number of
up-regulated (red) or down-regulated (blue) genes by cell type in the MP layer.
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Figure 3. Cell-cell interaction analysis of the full scRNAseq atlas by tissue segment and layer. (A and B) Scatterplot of the incoming
(A) and outgoing (B) interaction strength for CDs vs CDi sections in the LP1/2 layers calculated using cellChat.14 Each dot rep-
resents a cell type (C and D). Scatterplot of the incoming (C) and outgoing (D) interaction strength for CDs vs CDi sections in the MP
layers calculated using cellChat. Each dot represents a cell type. (E) Heatmap of outgoing signal strength of the stromal
compartment by cell type and segment, scaled by cell type. Red indicates high- and blue indicates low-signal strength.
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CDH11 Emerges as a Dominant Cell Surface
Molecule in CD Strictures

Our cell-cell interaction analysis revealed a dominant
role for fibroblasts as pathobiologically relevant “signal
senders” as well as “receivers.” We hence queried molecules
that may mediate fibroblast-fibroblast interactions by
focusing on 3 populations that were over-represented in the
isolated LP1/2 compared with MP layers and either
increased in CDs segments (MMP/WNT5Aþ) or showed
major transcriptional changes in CDs (CXCL14/PDGFRAþ
and CXCL14þ/ADAMDEC1þ). When interrogating over-
lapping gene signatures of these populations, we detected
12 shared markers (Figure 4A and B), of which only CDH11
is expressed on the cell surface and in addition is highly
selective to fibroblasts (Supplementary Figure 4C). When
analyzing CDH11 expression across stromal cell types, LP1/
2 layer neighborhoods that had a high CDH11 expression
also had an increased abundance or differentially expressed
genes in CDs, making this a marker for stromal cells enriched
in CDs (Figure 4C). A shift in the density of CDH11 expression
is noted in parallel to disease progression from NL, through
CDni and CDi, to CDs (Figure 4D). Of relevance, CDH11þ
stromal cells are not only increased in abundance in CDs, but
CDH11 is increased in CXCL14/ADAMDEC1þ fibroblasts on a
per cell basis (Figure 4E). Automated cyclic immunofluores-
cence analysis on FFPE intestinal tissue sections confirmed
robust up-regulation of CDH11 in the mucosa/submucosa in
CDs with minor expression in the MP. CDH11 was coex-
pressed with a-SMA and desmin (DES) and the frequency of
CDH11/a-SMA/DESþ cells compared with total cells or
within the a-SMA/DESþ fraction increased in CDs (Figure 4F).

CDH11 is Up-Regulated in IBD Tissues
Underscoring the pathophysiological relevance of

CDH11 in CDs, we found up-regulation of its gene and
protein expression in full-thickness ileal CDs, ileal CD non-
stricturing (CDns), and colonic UC compared with the NL
colon tissues (Figure 5A and B), with the most pronounced
increase (up to 35-fold) found in CDs. As mentioned in
Supplementary Methods, for the validation experiments we
grouped CDi and CDni together, termed CDns. This was done
because the CDni portions of the resection are very small in
size and not amendable to cell isolation in sufficient
numbers for the experiments. To be consistent across the
validation experiments we used the grouping of CDns and
CDs across all experiments beginning with Figure 5. UC
samples were included in the target validation program to
=
Figure 4. CDH11 is a potential regulator of intestinal fibrosis.
CXCL14/ADAMDEC1þ, CXCL14/F3/PDGFRAþ, and MMP/WNT
A. (C) Differential abundance beeswarm plots from miloR analysi
colored by CDH11 expression. Only significantly differentially a
plots of CDH11 expression density in stromal compartment
demonstrating CDH11 pseudobulk differential expression by
**(adjusted P value <.01). Only contrasts with a significant ad
immunofluorescence of intestinal FFPE section using vimentin,
mated quantification is indicated. Data are presented as mean
serve as an intestinal inflammatory control. Dual-
immunolabeling with markers of mesenchymal, endothe-
lial, and epithelial cells and leukocytes colocalized CDH11
with a-SMA and vimentin in the mucosa and submucosa, and
enrichment in a subfraction of DES-positive cells (Figure 5C,
Supplementary Figure 6) compatible with high CDH11
expression by myofibroblasts. Expression of CDH11 was low
in the muscularis propria and did not change based on the
disease phenotype (data not shown). Minimal to no colocali-
zation of CDH11 was found with CD45, CD68, E-cadherin, and
CD31 (Supplementary Figure 6), indicating that immune cells,
including tissue resident macrophages, are minimal contrib-
utors to CDH11 expression in the inflamed gut.

A prespecified NanoString panel comprising 13 genes
associated with fibrotic diseases in an independent cohort of
FFPE full-thickness intestinal tissues revealed overlap be-
tween NL (colon), UC (colon), and CDns (ileum) in a prin-
cipal component analysis and heatmap. Some genes
expressed in CDs (ileum) were separated from the other
groups, compatible with up-regulation of CDH11 (Figure 5D
and E). Considering all groups combined CDH11 was posi-
tively correlated with COL1A1, COL1A2, COL3A1, CTGF,
SPP1, TIMP1, and SERPINE. The same was true for the CD
samples combined except for CTGF. When assessing UC,
CDns, and CDs separately, CHD11 correlated with COL1A1,
COL1A2, and COL3A1 in all of them. Interestingly, CHD11
only correlated with MMP2 in the NL tissues (Figure 5F).
IBD Myofibroblasts Express Increased Levels of
CDH11

Investigation of various human intestinal cells revealed that
CDH11 was expressed by HIMF and human intestinal muscle
cells, but not epithelial cells, lamina propria mononuclear cells,
or human intestinal microvascular endothelial cells (Figure 5G).
Analysis of a publicly available scRNAseq dataset7 from UC
mucosal biopsies confirmed that CDH11 mean and percent
expression clusters in the stromal compartment, with the
strongest signal in inflammatory fibroblasts. The epithelial and
immune cell compartments did not express CDH11
(Supplementary Figure 6H). CDH11 expression was higher in
CD HIMF compared with NL (Figure 5H).
Modulation of CDH11 Activity Affects
Myofibroblast ECM Production

We next investigated the effect of CDH11 loss-of-
function in HIMF with blocking antibody H1M115 or
(A) Venn diagram showing overlap of significant markers for
5Aþ fibroblasts. (B) Dot plot of 12 overlapping markers from
s of LP1/2 layers in stromal compartment with neighborhoods
bundant neighborhoods show CDH11 expression. (D) UMAP
split by segment (NL, CDni, CDi, and CDs). (E) Dot plot
cell type. Significance is shown by size and denoted by
justed P value (<.05) show log fold-change color. (F) Cyclic
a-SMA, and DES antibodies (Supplementary Table 4). Auto-
± standard deviation. *P < .05; **P < .001.
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silencing RNA (siRNA) knockdown (KD). We developed a
novel medium throughput ECM deposition assay where the
deposited (v soluble or gene expression) ECM is
automatically measured (see the Methods section). Treat-
ment with H1M1 reduced deposition of fibronectin (FN) and
ColI/III in a dose-dependent manner in NL (colon), UC
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(colon), CDns (ileum), and CDs (ileum) HIMF (Figure 6A and
B). CDH11 KD markedly down-regulated its expression and
decreased cellular level of FN (Figure 6C). In contrast,
CDH11 gain-of-function by extracellular recombinant hu-
man CDH11 domain-Fc chimera (“CDH11 activator”)16

resulted in a dose-dependent increase of FN and ColI/III
deposition by NL, UC, CDns, and CDs HIMF (Figure 6A and
B), an effect comparable with TGF-b1, the strongest profi-
brotic activator of HIMF (Figure 6B). CDH11 activator only
affected HIMF function when it was plate-bound but not in
soluble form (data not shown). Given the analysis of
scRNAseq suggesting a dominant signal sender role of CDs
fibroblasts, we analyzed the HIMF secretome with and
without CDH11 activation (Figure 6D and E, Supplementary
Figure 7, Supplementary Table 7). Also, 332 proteins were
significantly different on CDH11 activation, with 179 up-
regulated and 153 down-regulated. CDH11 activation up-
regulated secretion of multiple core matrisome proteins
suggesting a broad profibrotic effect. Pathway enrichment
analysis indicated the up-regulation of multiple proteins and
signaling pathways related to inflammation, suggesting a
proinflammatory effect of CDH11 (Figure 6E). The detailed
analysis of the secretome is found in Supplementary
Figure 7 and Supplementary Table 7.

Global Gene Expression Mediated by CDH11
Next-generation RNA sequencing (RNAseq) in NL HIMF

with and without gene KD of CDH11 resulted in differential
expression of 475 genes (260 down-regulated, 215 up-
regulated; Figure 6F and G). The top up-regulated and
down-regulated genes, correlation analysis, and gene
enrichment analysis with CDH11 confirm correlation of
CDH11 with ECM deposition, remodeling, and cell prolifer-
ation (Supplementary Figure 8A–C, Supplementary Tables 8
and 9). CDH11 correlated with a majority (116/161) of
known matrisome genes, including FN1, COL1A1, COL3A1,
COL6A1, and others. The top 30 genes with the strongest
correlation with CDH11 can be found in Supplementary
Figure 8D and the correlation between CDH11 and colla-
gens and fibronectin in Supplementary Figure 8E. CDH11 KD
up-regulated expression of multiple proinflammatory genes
(IL1A, IL1B, CCL20, and IL33), but at the same time
=
Figure 5. CDH11 expression is up-regulated in the intestine of p
fresh full-thickness sections. CDH11 level was normalized by G
tochemistry of full-thickness intestinal resection tissues immu
values (IDV). (Representative images shown here, scale bars: 8
patients with CDs were dual-immunolabeled for CDH11 (red) an
confocal images with the full panel being available in Suppleme
myofibroblast markers. Representative for n ¼ 4 per group. (D a
ECM-related gene expression in FFPE tissue using a prespec
keeping genes. Ellipses indicate 95% confidence intervals. Sepa
other groups (n ¼ 59). (F) Correlograms showing statistically s
gene expression in FFPE tissue using a prespecified NanoStrin
indicate positive correlation. (G) Expression of CDH11 was exa
human intestinal cell types: intestinal epithelial cells; HIMF; l
microvascular endothelial cells (HIMEC); and human intestinal m
isolated from patients with CD, patients with UC, and non-IBD
densitometric quantification, Data are presented as mean ± s
standard deviation (n ¼ 8–12). *P < .05.** P < .01.
down-regulated expression of other proinflammatory genes
(CXCL12, CXCL14, or CCL8). Among modulation of multiple
pathways, CDH11 KD revealed a robust down-regulation of
sphingosine and FAK signaling (Figure 6H, Supplementary
Tables 8–10). As a result of this data and to validate
scRNAseq as a tool for therapeutic target discovery, we
chose to interrogate our stromal populations of interest to
CDs (both CXCL14þ and the WNT5Aþ fibroblasts) in our
scRNAseq dataset. Corroborating the next-generation
sequencing (NGS) results, sphingosine metabolism was
strongly linked with CDH11 expression in these populations
(Figure 6I). Modulation of sphingosine and FAK signaling
pathways by inhibition of AKT, mTOR, Pi3K, and FAK with
selective small molecules led to amelioration of CDH11-
induced ECM deposition, functionally confirming the rele-
vance of these pathways to CDH11 profibrotic function
(Figure 6J). Importantly, the observed effects were not due
to increased cell death because at the end of the experi-
ments cell viability was 100% (Supplementary Figure 9A).

Functional Ablation of CDH11 Improves
Experimental Intestinal Fibrosis

We last investigated the therapeutic potential of CDH11
inhibition in vivo by using a total knockout of CDH11
(Cdh11-KO) in the DSS-induced fibrosis model of colitis.15

The clinical score was reduced in Cdh11-KO throughout
the course of DSS administration (Figure 7A). Cdh11-KO
showed no difference in inflammation compared with WT
mice (Figure 7B), but reduced picrosirius red, ColI, FN
staining (Figure 7C), and reduced thickening of the muscu-
laris mucosa, submucosa, and muscularis propria
(Figure 7D). Cdh11-KO mice displayed a reduction in gene
expression of IL6 and tumor necrosis factor (TNF)
compared with WT mice (Figure 7E).

We then examined the effect of CDH11 blocking anti-
body H1M1 in DSS fibrosis. H1M1 pharmacokinetics (PK)
study established the dose of 0.5 mg/mouse every other day
as optimal (Supplementary Figure 9), reaching a minimum
plasma H1M1 level of >200 mg/mL to achieve optimal ef-
ficacy.17 On preventive administration of H1M1, the clinical
score was reduced during DSS administration and post-DSS
recovery (Figure 7F). H1M1 did not reduce severity of
atients with IBD. (A) Expression of CDH11 messenger RNA in
APDH messenger RNA expression (n ¼ 43). (B) Immunohis-
nolabelled with CDH11 and quantified by integrated density
00 mm.) (C) Full-thickness sections of patients with NL and
d either a-SMA, vimentin, or desmin (green). Representative
ntary Figure 6. Arrows point to colocalization of CDH11 with
nd E) Principal components analysis and heatmap analysis of
ified NanoString nCounter panel and normalized to house-
ration of the gene panel was noted in CDs compared with the
ignificant correlations for relative abundance of ECM-related
g nCounter panel (Spearman correlation, P � .05). Red dots
mined using immunoblotting analysis in the following primary
amina propria mononuclear cells (LPMC); human intestinal
uscle cells (HIMC). (H) Expression of CDH11 protein in HIMF
controls was compared using immunoblotting analysis and
tandard deviation (n ¼ 17). Data are presented as mean ±
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inflammation18 (Figure 7G), but reduced development of
fibrosis as measured using picrosirius red, FN1, and ColI
staining (Figure 7H) and reduced muscularis propria
thickening (Figure 7I). H1M1 also reduced gene expression
of TNF and showed a trend for reduced IL6 expression
(Figure 7J).

Discussion
Organ fibrosis is a universal response to multiple path-

ologic conditions of inflammatory, neoplastic, or degenera-
tive nature.5 Depending on its extent and location, fibrosis
has serious consequences that become the primary cause of
symptoms and disease evolution as well as choice of ther-
apeutic intervention. This is well exemplified by the man-
agement of fibrosis-induced stricture formation in CD,
which is still very challenging due to a limited under-
standing of the underlying cellular and molecular mecha-
nisms.2 To overcome this limitation, we analyzed the
transcriptome of 409,001 intestinal cells from 20 patients
and generated the first full-thickness CDs scRNAseq atlas.
Our dataset provides novel information on the epithelial,
immune, and stromal compartments and enables the char-
acterization of cell type–specific differences along tissue
segments and layers. These data point to CDH11 as a key
driver of stricturing CD and a putative therapeutic target.

Our results contribute several new key findings for CDs.
First, the major differences between noninflamed, inflamed,
and strictured bowel segments at the cell type and tran-
scriptional level are found in the LP1/2 fraction, reflecting
the isolated mucosa and submucosa. Far fewer alterations
were detected in the MP of CDs despite its marked thick-
ening and contribution to obstructive symptoms.2 This may
be explained by post-transcriptional regulation of human
intestinal muscle cells proliferation and activation or by the
use of tissue samples in a late process of stricture formation.
Various stromal cell types were exclusive to the LP1/2 or
MP fractions, which highlights the unique features of each
tissue layer.

Second, we identified fibroblasts as major signal-sending
hubs in CDs. This is highly relevant, as to date it was unclear
=
Figure 6. CDH11 regulates the fibrogenic phenotype of HIMFs
using CDH11 blocking antibody (H1M1) or specific silencing RN
Fc). (A) HIMF from NL intestinal tissue were exposed to differen
ColI/III) was assayed using the ECM deposition assay (n ¼ 6
shown. Scale bar: 1000 mm. (B) HIMF from the patient groups N
Cad11-Fc (0.4 mg/mL), respectively, and assayed using the ECM
control (n ¼ 12). (C) KD of CDH11 was performed in HIMF and
blotting and densitometric quantification (n ¼ 18) (for primer deta
plot of secreted proteins with up-regulated (right) and down-regu
NL (n ¼ 9 for each group). (E) Protein enrichment analysis of t
Significantly up-regulated (yellow) and down-regulated (red) ge
scrambled control and KD groups). (G) Annotated volcano plot wi
on CDH11 KD. (H) Kyoto Encyclopedia of Genes and Genomes (K
of the correlation of CDH11 normalized expression with sphingos
databases in mesenchymal cell types in our scRNAseq dataset. S
NL were exposed to hIgG1 (control) or Cad11-Fc (0.4 mg/mL) w
5 mmol/L]; mTOR Inhibitor XI [mTOR Inhibitor, 0.25 mmol/L];
1,2,4,5-benzenetetramine tetrahydrochloride [FAK inhibitor, 5 mm
Data are presented as mean ± standard deviation. *P < .05; **P
which mechanisms drive the progression from pure
inflammation to fibrostenosis and whether progression is
driven by inflammation-dependent or -independent pro-
cesses.2 Being major signal senders, this puts fibroblasts in
the center of strategies to block transition of inflammation
to fibrosis or to directly prevent or eliminate fibrosis.

Third, our work identified in CDs an abundance of MMP/
WNT5Aþ fibroblasts, a cell type expressed exclusively in
the LP1/2 but not the MP fractions. This fibroblast type
matches a cell known as inflammatory fibroblast (IL13RA2/
IL11þ)7 from the mucosa of patients with UC resistant to
anti-TNF treatment. One could speculate that the presence
of MMP/WNT5Aþ and the reported association with anti-
TNF resistance is mediated by the presence of fibrosis. We
also found a CXCL14þ fibroblast population coexpressing
either PDGFRA or ADAMDEC1 displaying the most pro-
nounced transcriptional changes in CDs, and hence of
functional relevance. CXCL14þ fibroblasts have been asso-
ciated with increased ECM production19 and CXCL14 itself
has profibrotic properties.20 ADAMDEC1 is critical in the
fibroblastic response to tissue remodeling and healing
during colitis21 and PDGFRAþ fibroblasts display a prolif-
erative phenotype and are a major source of collagen.22,23

Based on the prominent role of fibroblasts in CDs
signaling, the differences largely restricted to the LP1/2
fraction, the over-representation of distinct fibroblast types,
and the strong contribution to transcriptional changes in
CDs, we sought a unifying molecule and identified CDH11 as
the only cell surface receptor shared by the CXCL14þ and
MMP/WNT5Aþ fibroblasts. Although also expressed in
macrophages, CDH11 is primarily responsible for mediating
homophilic stromal cell-cell interactions,24–27 is up-
regulated in fibrotic disorders of the lung,24 liver,25 skin,26

and intestine,27 and its inhibition attenuates fibrosis in
multiple animal models.25 This raises the prospect of using
CDH11 blockade to prevent or treat CD-associated intestinal
fibrosis.

In support of this, we confirmed in CDs a marked up-
regulation of CDH11 messenger RNA and protein expres-
sion,27 and correlation of CDH11 gene expression with
. CDH11 was either inhibited in HIMF isolated from subjects
A (siRNA) to CDH11 or activated by CDH11 activator (Cad11-
t doses of H1M1 or Cad11-Fc and ECM deposition (FN and
per group). Representative immunofluorescence images are
L, UC, CDns, and CDs were exposed to H1M1 (20 mg/mL) or
deposition assay. TGF-b1 (1 ng/mL) was used as a positive
CDH11 and FN expression was determined using immuno-
ils, please see Supplementary Table 5). (D) Annotated volcano
lated (left) proteins with and without CDH11 activation in HIMF
he HIMF NL secretome in response to CDH11 activation. (F)
nes on CDH11 siRNA KD in HIMF NL (n ¼ 4 each for the
th up-regulated (right, red) and down-regulated (left, red) genes
EGG) pathway enrichment analysis on CDH11 KD. (I) Heatmap
ine signaling. Ucell scores derived from KEGG and Reactome
ignificant P values (unadjusted) are denoted with a *. (J) HIMF
ith or without compound inhibitors (GSK690693 [Akt inhibitor,
LY-294,002 hydrochloride [Pi3K inhibitor, 30 mmol/L]; Y15,
ol/L]) and assayed using the ECM deposition assay (n ¼ 18).
< .01; ***P < .001; ****P < .0001.
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hallmark profibrotic genes. CDH11 was predominantly
expressed in fibroblasts in bowel tissue, isolated primary
intestinal cells, and in scRNAseq. CDH11þ cells were more
frequent in CDs and on a per cell basis CDH11 was up-
regulated in MMP/WNT5Aþ inflammatory fibroblasts. By
using a novel ECM deposition assay we also showed that
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CDH11 has strong profibrotic properties in vitro compara-
ble in magnitude with those of TGF-b1. Measuring actual
ECM deposition instead of gene expression is important
because it most closely reflects the in vivo situation. Using
proteomics and next-generation sequencing, we uncovered
a broad profibrotic effect of CDH11 in vitro and the potential
mechanism of sphingosine and FAK signaling, a finding that
was confirmed in our scRNAseq dataset and functionally
validated using small molecule inhibitors in HIMF.

Importantly, a pharmacologic (antibody-mediated) or
genetic inhibition of CDH11 decreased intestinal fibrosis
in vivo without any adverse effects after prolonged admin-
istration. This is consistent with previously published data
in 2,4,6-trinitrobenzene sulfonic acid (TNBS) colitis in
CDH11-KO mice27 and, in addition to providing a different
fibrosis model, adds the successful administration of a
blocking antibody. In our experimental fibrosis model,
however, we were only able to appreciate an anti-
inflammatory property on the intestinal gene expression
level for TNF and IL6, but not on histopathologic inflam-
mation scoring. This may indicate that the antifibrotic ef-
fects outweigh any anti-inflammatory effects in vivo.

Our study has several limitations. Although the CD tis-
sues were rigorously phenotyped and we were able to
procure 3 distinct segments per patient (CDni, CDi, CDs), we
were not successful in procuring NL ileal control tissues.
Hence, our NL controls were derived from the colon. This,
however, had no bearing on the overall results of this
investigation. The cell types that were over-represented in
CDs or transcriptionally active in CDs were found irre-
spective of using colon NL or ileal CDni as controls. We,
however, cannot exclude that the described differences be-
tween NL and CDni were due to the origin of the tissue in
the intestine (colon vs small bowel). In the in vitro valida-
tion experiments we used HIMF derived from the colon of
UC and NL subjects as controls. UC HIMF were deliberately
chosen as inflammatory controls to the CD ileal fibroblasts.
Strikingly, no functional difference in response to CDH11
modulation was noted between the different groups. Of note
and consistent with the notion that UC is a progressive
disease,2 CDH11 was up-regulated in UC and its gene
expression correlated with profibrotic gene expression. The
DSS experimental fibrosis model exhibits fibrosis in the
colon and not the small bowel. How well the ECM
=
Figure 7. Blockade or genetic ablation of CDH11 attenuates ch
WT littermates were subjected to 2 cycles of DSS administration
induced colitis was evaluated by measuring the body weight los
sections were fixed and stained with H&E for histologic examin
sections by an IBD pathologist in a blinded fashion. (C) The seve
or FN immunolabeling and quantified using integrated density m
separately. (D) Thickness of the intestinal layers was measured
expression of TNF and IL6 in intestinal tissues. WT mice were s
post-DSS recovery. Cdh11 blocking antibody H1M1 or isotype
(F) Severity of DSS-induced colitis was evaluated by measuring
per group). (G) Inflammation score was determined using H&E se
of fibrosis was evaluated through picrosirius red staining, Col1,
measurements for the submucosa and the muscularis propria s
for mucosa, submucosa, and muscularis propria. (J) Gene expre
as mean ± standard error of mean. *P < .05.
expression in this model reflects ileal CD-like fibrosis is not
known, which, on the one hand, can be considered a limi-
tation of its use. On the other hand, together with the CDH11
expression and functional validation data, it underscores
CDH11 as a molecule with potential therapeutic utility in
CD- and UC-associated fibrosis.

Given the large amount of data we focused our initial
efforts on a systematic analysis strategy that revealed
CDH11 as a potential target. This does not exclude dis-
covery or validation of any other additional targets and, in
fact, our intent with this work is to make this data available
to the research community for this purpose. For example,
one interesting finding is the strong incoming signal
strength of conventional dendritic cells (cDC2) in the MP of
CDs segments, which already led to inception of an
exploratory experimental program evaluating their
interactions.

In conclusion, by developing a detailed single-cell atlas
of noninflamed, inflamed, and strictured autologous CD
tissue segments, characterizing the strong profibrotic ac-
tivity of specific mesenchymal cell subsets in the mucosa
and submucosa, and identifying CDH11 as a widely
expressed cell surface molecule essential for ECM produc-
tion, we uncovered novel cellular and molecular mecha-
nisms involved in CDs and CDH11 as a potential therapeutic
target.
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