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Abstract

Background and Aims: Crohn's disease (CD) is a chronic inflammatory disease of the bowel, often complicated by fibrotic strictures, for which
medical treatment is lacking, and surgery is commonly required. The mechanisms underlying the progression from chronic inflammation to fibrosis
are not yet defined. We aim to unravel CD pathogenesis using a cutting-edge computational pipeline combining several available tools.

Methods: Spatial transcriptomics was performed on 13 surgical specimens, including inflamed and fibrotic CD tissues and healthy controls. The
resulting spatial data were integrated with single-cell RNA sequencing to trace the cellular and molecular transitions from healthy intestine to
fibrotic tissue. Ligand-receptor interaction and pseudotime analyses were employed to infer dynamic cell-cell communication networks and
lineage trajectories. Key computational findings were validated through immunostaining in an independent cohort of CD patients. Finally, the
therapeutic relevance of the identified target was evaluated in a TNBS-induced chronic colitis mouse model upon CD38 inhibitor administration.

Results: \We demonstrated that intestinal cytoarchitecture was rearranged while chronic inflammation progressed. CD-associated fibrosis evolved
within the mesenchymal compartment, driven by PECAM2 signaling through the PECAM1-CD38 interaction. In parallel, ApoA signaling, particularly
the APOA1-ABCA interaction, emerged as relevant for maintaining epithelial and stromal homeostasis, while its downregulation was associated
with fibrosis development. Moreover, inhibition of CD38 signaling effectively reduced colitis symptoms and colon thickening in the experimental
TNBS-induced model of chronic inflammation.

Conclusions: Our results provide insights into CD38-driven fibrosis and indicate that blockade of PECAM2 signaling could reduce the development
of strictures in patients with CD, potentially offering a new treatment target.
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Graphical abstract

1. Introduction

Crohn’s disease (CD) is a chronic inflammatory disorder with
a complex and multifaceted etiology and pathogenesis, pre-
senting striking asymmetries in location and behavior.! CD can
affect any segment of the gastrointestinal tract from the mouth
to the anus, but it is most commonly localized in the terminal
ileum and/or in the colon.

Inflammation in CD involves all the layers of the gut wall
from the mucosa to the serosa. This transmural pattern of
disease extension is at the basis of intestinal tract stricturing,
one of the most common complications of CD.

Strictures result from the accumulation of fibrosis in the lam-
ina propria and hypertrophy of the muscularis propria.? Stric-
tures occur in more than 50% of patients, most commonly in
the terminal ileum rather than the colon,? and the only treatment
options are invasive, such as surgery or balloon dilatation.

The primary cause of intestinal fibrostenosis is believed to
be the continuous tissue injury occurring in chronic inflamma-
tion.” Despite this, the mechanisms underlying fibrotic
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complications in CD remain largely unclear, and specific treat-
ment and prevention measures are missing.

The intestine is a complex, multi-layered tissue composed of
diverse cell types and signaling networks, making the investi-
gation of individual factors insufficient to grasp the processes
behind CD pathogenesis. A comprehensive understanding
requires integrating evidence through a multi-level approach.

Next-generation sequencing (NGS) approaches have been
evolving rapidly over the years, flourishing with different tech-
nologies useful for exploring and elucidating various biological
and molecular mechanisms, which would otherwise be difficult
to characterize.*

Among these, RNA-sequencing (RNA-seq) analysis has
helped understand CD pathogenesis but some technological
pitfalls remain. Although bulk and single-cell RNA-seq exper-
iments helped to identify new processes or hypotheses,’™ they
did not fully resolve the physiological and pathological intes-
tinal map. The advent of spatial transcriptomics (ST) has over-
come this limitation by coupling transcriptomic profiles with
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cellular spatial organization information without the need for
sample dissociation.’

Here, for the first time in the context of CD, we sought to
describe the pathogenic mechanisms of CD evolution toward
intestinal fibrosis by assembling tissues from different stages of
chronic inflammation and exploiting ST, along with state-of-
the-art computational methodologies. Moreover, we show how
decoding fibrosis mechanisms through ST helped to identify the
PECAM?2 signaling at the basis of the inflammation-to-fibrosis
transition, whose inhibition ameliorated colitis and colon thick-
ening in mice. Our study establishes ST as an adequate technol-
ogy for discovering cellular and molecular processes and
biomarkers orchestrating early disease and its progression,
ultimately providing a novel outlook on CD and new potential
targets for treatment.

2. Material and methods

2.1. Human sample selection and processing

Samples from surgical intestinal resections of CD strictures
provide an ideal model of the fibrotic process unfolding. The
two ends of the specimen are usually macroscopically non-fi-
brotic while, progressing toward the center of the segment, the
thickening increases, reaching its maximum at the point of the
stenosis (Figure S1(A)). In addition, variable degrees of inflam-
mation can be present throughout the segment. Thus, macro-
scopically healthy margins are usually present at the resection
site, and the affected tract is fully removed. Throughout its
length, the surgical specimen displays the transition from the
proximal healthy margin to the affected part (usually also
inflamed), reaching the stricturing point and reverting to the
healthy distal margin.

Based on this rationale, we selected surgical leftovers from
patients undergoing ileocecal resection due to stricturing CD.
The formalin-fixed, paraffin-embedded (FFPE) tissues were
inspected by the pathologist to identify the three regions of
interest per sample, representing the healthy region, an inter-
mediate tract displaying inflammation with initial fibrotic
changes, and the maximally affected areas with marked fibrosis
and maximal strictures. After the intestinal regions of interest
were identified, the original FFPE blocks were melted. The
selected tissue slices were reassembled in two new paraffin
blocks to optimize the sequencing surface. The correct orien-
tation in the reassembled paraffin blocks was confirmed by
examining hematoxylin and eosin (H&E)-stained slides adja-
cent to those cut for sequencing. Tissues were thus reassembled
to create a specimen composite with a diameter of approxi-
mately 11 mm (Figure S1(B)) with CD-derived intestinal sam-
ples (Figure S1(C)) encompassing different areas of interest or
“stages” of the process. This approach was required to obtain
tissue slices accommodating into the 10x Visium Spatial Gene
Expression slide from as many patients as possible and com-
prising different disease stages.

2.2. Immunohistochemistry

Immunohistochemistry (IHC) was performed on a set of human
tissue samples affected by CD obtained from the archive of the
Department of Pathology (ASST Spedali Civili di Brescia, Bres-
cia, Italy). Tissue sections 4 pm thick were obtained from FFPE
blocks. For immunohistochemical staining, endogenous per-
oxidase was blocked by incubation with methanol and

hydrogen peroxide 0.03% for 20min during rehydration.
Immunostaining was performed using anti-CD38 (clone
SPC32, 1:200, Novocastra, code no. NCL-L-CD38-290). After
pre-treatment with microwaves in EDTA buffer at pH 8.00,
the reaction was revealed using Novolink Polymer (Leica
Microsystems), followed by diaminobenzidine (DAB; Dako,
Glostrup, Denmark). Finally, the slides were counterstained
with Meyer’s Haematoxylin.

2.3. Spatial transcriptomics

ST sequencing was performed by AcelaBio (San Diego, CA).
Raw reads were aligned to the human reference genome
(GRCh38) and linked to the H&E images with Space Ranger
(10x Genomics, v2.1.1). The resulting gene expression matrices
were quality-checked, normalized, preprocessed, multi-dimen-
sionally scaled, and clustered with Seurat (v5.3.0).!° Data har-
monization was performed with Harmony (v1.2.3).!" Digital
segmentation of the different slices was performed with SPATA2
(v2.0.4).% Stlearn (v0.4.12) was used for spatially resolved
multi-dimensional scaling and clustering.'* Deconvolution of
spatial data with single-cell signatures and deconvolution of sin-
gle-cell data with spatial signatures were performed with Seurat
(v5.3.0)10, using the functions FindTransferAnchors() and
TransferData(), and the 10x pre-built GRCh38 reference genome
(https://www.10xgenomics.com/support/software/cell-ranger/
downloads#reference-downloads). Pseudotime analysis was per-
formed with Monocle 3 (v1.3.7)."* Pathway analysis was per-
formed with GSdensity (v0.1.3)."" CellChat (v2.1.2) was used
to analyze ligand-receptor and cell—ell communication.'®

Regarding parameters, we primarily employed the default
settings for these tools unless specific analytical requirements,
such as data filtering thresholds, clustering parameters, or cri-
teria for differential analysis, necessitated the use of non-default
values.

Quality control steps and metrics, according to the 10x’s
instructions, applied to the ST data included: (1) Overall Read
Mapping; (2) Sequencing Saturation; (3) Q30 Bases; (4) Valid
Barcodes and UMIs; and (5) Reads, UMI Counts, and Genes
per Spot under Tissue.

Upon initial processing of raw sequencing data with Space
Ranger, and following a comprehensive read count quality
check confirming the absence of sequencing bias in whole tissue
areas and clusters, the ST data demonstrated sufficient and
unbiased data capture quality, thereby obviating the need for
filtering of individual spatial spots based on metrics related to
sequencing saturation or overall read count sufficiency.

2.4.TNBS model of colitis

Female C57BL/6 mice were maintained in our specific-
pathogen-free (SPF) animal facility and used at 8 weeks of age.
All experiments were performed following the guidelines estab-
lished in the Principles of Laboratory Animal Care (Directive
86/609/EEC) and were approved by the Italian Ministry of
Health. The procedures involving mice conformed to institu-
tional guidelines in agreement with national and international
law and were approved by the ethics committee of the IRCCS
Ospedale San Raffaele. Based on our experience with animal
models and according to animal welfare policy (directive
86/609/EEC), which strongly suggests the use of a limited num-
ber of animals, we estimated that two experiments with 7=5
mice per group would allow us to reach statistical significance.
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Mice were randomized, and experimental mouse allocation
and evaluation of clinical disease parameters by a dedicated
lab technician were blinded.

C57BL/6N mice 7 weeks of age were divided into four exper-
imental groups (n=35): group I served as the control group
receiving 45% ethanol (EtOH); group II received the vehicle
(45% EtOH) along with a CD38 inhibitor; group III was
induced with trinitrobenzene sulfonic acid (TNBS; Sigma-
Aldrich, Italy) along with 45% EtOH; and group IV received
both TNBS and the CD38 inhibitor (iCD38; EMD Millipore
Corp., USA). TNBS induction involved intrarectal administra-
tion of TNBS dissolved in 45% EtOH at escalating doses
weekly, doses ranging from 1mg/0.1ml to 2mg/0.1 ml, while
control mice received 45% EtOH alone. Mice in groups IIl and
IV additionally received the CD38 inhibitor (15 mg/kg) intra-
peritoneally three times per week, starting from the fourth week
of TNBS treatment. Mice were scored for the development of
colitis symptoms, including stool consistency, body weight, and
rectal bleeding, and the disease activity index (DAI) was calcu-
lated for each animal. At the end of the 7-week TNBS treatment
period, followed by an additional 2-week evaluation phase,
mice were killed using CO,. Before this, all mice underwent an
endoscopic evaluation to assess the degree of inflammation and
mucosal damage as previously reported.!”

3. Results

3.1. Intestinal layers rearrange while inflammation
progresses with associated changes in molecular
signatures

Samples from surgical intestinal resections of CD strictures pro-
vide an ideal model of the fibrotic process unfolding. The two
ends of the specimen are usually macroscopically non-fibrotic
while, progressing toward the center of the segment, the thick-
ening increases, reaching its maximum at the point of the ste-
nosis (Figure S1(A)). Based on this rationale, we selected surgical
sections from patients undergoing ileocecal resection due to
stricturing CD. Pathologists experienced in gastrointestinal
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diseases inspected the FFPE tissues to identify the three regions
of interest per each sample representing the healthy region
(referred to as control, and confirmed as having a Robarts His-
tological Index of activity <3 with no neutrophils in the lamina
propria or epithelium), an intermediate tract displaying inflam-
mation with only minimal fibrotic changes (L1), and the max-
imally affected area with marked fibrosis and maximal stricture
(L2) (Figure 1(A)). Once the intestinal regions of interest were
identified, FFPE tissues were reassembled to create a specimen
composite (Figure S1(B)) with CD- and healthy subject-derived
intestinal samples (7=13 slices, 11 CD and 2 controls, Figure
S1(C)). Spatial transcriptomics was then performed to map the
spatial distribution of the cell compartments.

Since sequencing data came from the two different capture
areas on the slide, we predicted a batch effect, which we
assessed and counteracted with Harmony'' (Figure S2(A) and
(B)). A read count quality check was then performed confirm-
ing the absence of sequencing bias in whole tissue areas and
clusters (Figure S2(C) and (D)).

To investigate the transmural progression of inflammation in
CD, ' we performed an unsupervised clustering through spatial
distance, tissue morphology, and gene expression measurements
with the Louvain community detection algorithm identifying 21
clusters defined by different transcriptomic signatures and spa-
tially distributed across disease stages (control, L1, and 1.2) and
tissue layers in each slice (Figure 1(B)). The pathologists anno-
tated each cluster according to its characteristics (Figure 1(C)),
finally identifying different compartments, including the epithe-
lial, muscular, stromal, nervous, fibrotic, and inflammatory (lym-
phoid aggregates and granulation tissue) compartments. Within
the compartments, the analysis revealed additional transcrip-
tomic differences related to the location and inflammatory state
(ie, deep/superficial; inflamed/not inflamed, Figure 1(C)).

We observed a progressive alteration of the cytoarchitecture
along the different disease stages, paralleling disease aggrava-
tion from control to L1 and L2, as expected. Specifically, the
healthy portion (control) displayed a well-assembled and intact
epithelium, with two layers, one superficial and one deep. In

Figure 1. Intestinal mucosa compartments rearrange while inflammation progresses. (A) 10x Visium Spatial Gene Expression slides with tissue slices
from control (green), L1 (yellow), and L2 (orange) areas. (B-C) Unbiased clustering by the Louvain algorithm (B) and the pathologist's cluster annotation
(C) of spatial transcriptomics data in control, L1, and L2 tissue slices. (D) Schematic representation of deconvolution of spatial data with single-cell
signatures. (E-K) Violin plots showing gene expression profiles related to the indicated specific cell types of the annotated cell clusters.
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L1 and L2 slices, these two layers lost their physiological
cytoarchitecture and transformed into inflamed epithelia (Fig-
ure 1(C)). Of note, a thin layer of deep inflamed epithelium
was observed in the control. This is consistent with the speci-
men’s nature since it came from a healthy margin of intestinal
resection that might retain minimal traces of inflammation.
Likewise, in the healthy tissue, the submucosa, namely the
stroma and the perivascular stroma, are visible and well orga-
nized over the muscle layer, associated with enteric nervous
tissue spots. In L1 and L2, this structure was altered. All stro-
mal types became inflamed, fibrosis, distinguished in deep and
superficial layers, accumulated, breaks and fissures developed
on the surface, and extended lymphoid aggregates and granu-
lation tissues appeared (Figure 1(C)).

These spatial data confirmed CD-associated rearrangement
of the intestinal layers'” in terms of localization and molecular
signatures while inflammation progressed and complications
developed.

3.2. Cell clustering deconvolution reveals cell
phenotype shifts during the transition from healthy
mucosa to fibrosis

By deconvolving spatial sequencing data with single-cell RNA-
seq data from the scIBD platform, which combines highly
curated single-cell datasets from CD patients and healthy con-
trols? (Figure 1(D)), we further characterized the cell compart-
ments whose phenotypes changed upon disease worsening
(Figure S3(A)).

The results showed that both the deep and the superficial
epithelia, enriched for crypts and postmitotic villi, respectively,
had similar cell-type-specific signatures, mainly consisting of
enterocyte-related gene characteristics (Figure S3(B)). However,
while inflammation increased, the superficial epithelium
became particularly enriched in Goblet cell-specific traits,
which, in contrast, were reduced in the deep inflamed epithe-
lium, where transit-amplifying (TA) cell-, Paneth cell-, and Tuft
cell-related genes were mostly observed (Figure S3(C)—(G)).
These results indicated that, in the epithelium, the deep layer
underwent the most prominent change.

In the stromal compartments, including the perivascular, we
observed an enrichment of signatures related to immature

pericytes, stromal (1 and 2) cells, and myofibroblasts (Figure
1(E)=(H)). When inflamed, the stroma lost most of these traits
while acquiring those of the transitional stroma (in the peri-
vascular inflamed stroma), inflammatory fibroblasts (Figure
1(I) and (J)), lymphatic endothelial cells (LECs), and mesoderm
(in the inflamed stroma, Figure S4(A) and (B)).

In the fibrotic compartments, we identified two distinct types
of intestinal fibrosis characterized by specific molecular mark-
ers and cellular compositions. Specifically, we found a reduc-
tion of inflammatory fibroblast signatures in both the superficial
and the deep fibrosis compared with the inflamed stroma,
including the perivascular (Figure 1(J)). In contrast, reticular
fibroblast gene signatures were increased and characterized the
fibrotic compartments (Figure 1(K)), which also displayed gene
signatures related to myofibroblasts (Figure 1(H)). Moreover,
the superficial submucosa fibrosis showed a mesoderm-related
gene signature (Figure S4(E)). Interestingly, the stromal 1- and
the stromal 2-specific genes characterized the deep and the
superficial fibrosis, respectively (Figure 1(H) and (G)).

The muscular compartment was characterized, as expected,
by both mature and immature pericyte- (Figure S4(C) and (D)),
stromal-, myofibroblast- (Figure 1(F)—(H)), and smooth muscle
cell-related gene signatures (Figure S4(F)).

From this analysis, the fibrotic process emerges as an alter-
ation of the mesenchymal compartments (stromal and mus-
cular cells) without a significant involvement of the
epithelium.

3.3. Fibrosis develops from the mesenchymal
compartment

Although various studies have described fibrosis mechanisti-
cally,?' clear molecular transitions have yet to be tracked, jus-
tifying the uncertainty around the process and the questions
on the role of inflammation.

Therefore, to unravel how chronic inflammation progresses
to fibrosis, we performed deconvolution of single-cell RNA-seq
data?® with the observed spatial signatures (Figure 2(A)). Uni-
form Manifold Approximation and Projection (UMAP) revealed
the different cell populations in the single cell data (Figure 2(B)),
in particular epithelial, lymphoid (CD8, CD4, ILC, plasma
cells), myeloid, mesenchymal, endothelial, and neural clusters.

Figure 2. Fibrosis mainly develops from the mesenchymal compartment. (A) Schematic representation of single-cell data deconvolution with spatial
cell signatures. (B) UMAP showing major clusters found in the scIBD dataset. (C-L) UMAP plots showing the indicated spatial signature distributions

in scIBD.
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First, we confirmed that our inflammation-related clusters
(ie, granulation tissue and lymphoid aggregates) matched the
proinflammatory single-cell data (Figure S5(A) and (B)).

Within the epithelial cluster, deconvolution with the spatial
signatures revealed differences between the deep and superficial
epithelia at the transcriptomic level. Notably, both changed in
an inflamed environment (Figure 2(C)—(F)). As expected, the
stromal compartment was part of the mesenchymal and endo-
thelial cell clusters, also with spots in the myeloid (Figure 2(G))
consistent with the presence of resident or circulating innate
immune cells physiologically overseeing stromal tissue homeo-
stasis.”> When inflamed, the stroma became enriched in granu-
lation tissue and lymphoid aggregates (Figure 2(H) and Figure
S5(A) and (B)). The perivascular stroma also showed mesenchy-
mal and endothelial characteristics, with myeloid spots and no
major changes upon inflammation (Figure 2(I) and (])). These
data suggest that the structural stroma underwent inflammatory
activation over the disease course, while the perivascular stroma,
which regulates immune cell trafficking, remained stable.

In parallel, the fibrotic compartment in the deep submucosa
was mainly of mesenchymal origin with minor signals from
endothelial cells and myeloid cells (Figure 2(K)), while the
superficial submucosa fibrosis displayed mainly B cell signa-
tures (Figure 2(L)). The muscular compartment, as expected,
was part of the mesenchymal cell cluster (Figure S5(C)).

Together, these results confirmed that epithelial cells change
their transcriptional phenotype upon inflammation but did not
indicate any epithelial-to-mesenchymal transition (EMT) at this
stage. On the other hand, fibrosis appears to be mainly of
mesenchymal origin, with inflammatory cells highly present in
the superficial submucosa.

Next, to investigate in detail the transition from mesenchy-
mal cells to fibrosis, we performed a sub-clustering of the mes-
enchymal cell compartment (Figure 3(A)).

Fibrosis in the deep submucosa was mainly enriched in one
cluster (Figure 3(B), cluster #1), while superficial fibrosis was
characterized also by an additional cluster (Figure 3(C), clusters
#1 and #2). Cluster #1 included stromal cells, both fetal and
non-fetal, cycling stroma, and reticular fibroblasts, while clus-
ter #2 was characterized by transitional stroma and mesoderm
(Figure 3(D)). Based on this characterization, we thus deter-
mined that reticular fibroblasts mainly characterized the deep
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submucosa fibrosis, while mesodermal cells were a peculiarity
of the superficial fibrosis.

Therefore, to track the transition to fibrosis in the mesen-
chymal compartment, we performed pseudotime analysis. In
cluster #1, two starting points (start 1 and start 2) were defined,
the fetal stromal and the myofibroblasts, respectively, while in
cluster #2 transitional stroma was identified as the most prob-
able beginning (start 3, Figure 3(D)—(F)). During the transition,
in cluster #1 fetal stroma cells became differentiated stromal
cells (end 1). At the same time, myofibroblasts underwent dif-
ferentiation into reticular and inflammatory fibroblasts (end 2
and end 3) after passing through an intermediate state of
cycling stroma. In cluster #2, the transitional stroma evolves
to mesoderm (end 4), a transition specific to superficial sub-
mucosa-associated fibrosis.

To better characterize the cellular transition, we performed
pathway analysis of the pseudotime sub-clustering to identify
the biological processes (BPs) highly specific to fibrosis and
most activated. Start 1 subcluster was characterized by BPs
related to the negative regulation of fibroblast growth factor
(FGF) and regulation of microvillus organization, the latter
also activated when the transition to stroma progressed (Figure
S6(A) and(B), and Figure S7(A), top panel). At the end of the
transition (end 1), BPs related to cell adhesion were increased
(Figure S6(C) and (D), and Figure S7(A), bottom panel). Start
2, formerly identified as myofibroblasts, activated pathways
related to muscle contraction and intermediate filament assem-
bly (Figure S6(E) and (F), and Figure S7(B), top panel). During
the transition to end 2, besides activation of cell adhesion pro-
cesses (Figure S3(C) and (D)), cells activated BPs related to T
cell costimulation and the response to bacteria (Figure S6(G)
and (H), and Figure S7(B), middle panel), while during the
transition to end 3 cells mainly activated pathways related to
innate immune response (Figure S6(I)—(L), and Figure S7(B),
bottom panel). Finally, inflammatory pathways were highly
upregulated in the transition from start 3 to end 4 (Figure S6
(K) and (L), and Figure S7(C)).

Based on these results, fibrosis evolves from the mesenchymal
compartment and is constituted by stromal cells, also including
inflammatory and reticular fibroblasts, the latter highly
enriched in deep submucosa fibrosis. Moreover, the two types
of fibrosis depend not only on the source cells but also on the

Figure 3. Pseudotime analysis of the mesenchymal compartment subclusters reveals three types of cellular transition defining fibrosis. (A) Schematic
representation of mesenchymal compartment subclustering. (B—C) UMAP plots showing the deep (B) and superficial (C) submucosal fibrosis spatial
signature distributions in scIBD-defined cell types. (D) UMAP showing minor clusters in scIBD mesenchymal subclustering. (E) Pseudotime analysis in
the mesenchymal subclustering. (F) Seurat clustering with 200% resolution to identify pseudotime start and end clusters.
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type of BPs activated. Specifically, one type is mainly charac-
terized by cell shape changes (deep submucosa fibrosis), and
the other is associated with inflammatory responses (superficial
submucosa fibrosis).

3.4. Intercellular communications broaden, but
weaken, as inflammation progresses to
complications

Signaling crosstalk among the different compartments via
ligand-receptor communications is central to tissue functioning
in both physiological and pathological conditions.** To inves-
tigate the cell interactions and signaling network rearrangement
within either the control, or L1, or L2 areas, we employed
CellChat, which uses a ligand—receptor interaction database to
infer, visualize, and analyze intercellular communications.*

In the control, most of the interactions occurred among mus-
cle, stroma, and perivascular stroma, with an average interac-
tion strength of around 2 (Figures S8(A) and S9(A)). Notably,
the nervous system at this stage exchanged signals, with mod-
erate strength, with the stromal and muscular compartments,
indicating that, in the intestinal mucosa, the enteric nervous
system also directs the correct tissue physiology by interacting
with the muscle.

By contrast, intercommunication strengths changed when
we performed the same analysis in the L1 and L2 areas. In L1,
the interactions among muscle, stroma, perivascular stroma,
and nervous system increased in number and intensity, with
the highest interaction strength (between 4 and 6) with the
inflamed perivascular stroma (Figures S8(B) and S9(B)). Inter-
estingly, in L1, lymphoid aggregates began sending and receiv-
ing signals, although they were less interactive when compared
to the other cell compartments. As expected, granulation tissue,
characteristic of chronic inflammation, was relatively silent.
Moreover, fibrotic tissues, particularly the superficial ones,
mostly interacted with the inflamed perivascular stroma.

In the L1 phase, the average weight of interaction strengths
was around 4, higher than in the control areas, meaning that
chronic inflammation activated cell—cell interactions, mainly at
the level of the inflamed perivascular stroma. This is consistent
with the increased angiogenesis during inflammation, which is
in charge of directing immune cell trafficking within mucosa.”

By proceeding to the L2 areas, almost all compartments
began interacting with each other (Figures S8(C) and S9(C)),
apart from the epithelium, which remained relatively “iso-
lated.” Likewise, the inflammatory areas (lymphoid and gran-
ulation tissues) were less interactive than the other stromal
compartments.

While in L1 the deep submucosal fibrosis remained “silent,”
in L2 it became active, communicating with the other compart-
ments more than the superficial fibrosis, in particular with the
other mesenchymal compartments. Also, in L2, the inflamed
perivascular stroma was the most highly activated and
interactive.

Despite the overall increase in the number of interactions,
within the L2 area, the average interaction strength was around
2, indicating that the peak of the intercellular communication
strength was reached in L1 and that, in L2, the overall inter-sig-
naling was reduced, although more dispersed.

3.5. Ligand-receptor analysis reveals the main
actors in driving inflammation to fibrosis

To highlight the most relevant pathways among the large num-
ber of interactions observed by CellChat'® analysis, we calcu-
lated the number of ligand-receptor signaling patterns
describing the co-contribution of sent and received different
pathways, for control, L1, and L2 stages (Figure S9(D)—(F)).
The number of patterns was chosen to minimize the pathways
featuring compartment-specific contributions and maintain
sufficient co-phenetic and silhouette scores.

To track the molecular evolution of the disease, we started
from the L2 stage by selecting only those pathways most spe-
cific to both the superficial and deep fibrosis, and then pro-
ceeded backward to the control stage to define the compartments
possibly triggering the process. In L2, the superficial and the
deep fibrosis received signaling pattern 4 (black arrow), with
PECAM1 and 2 signals as the major contributors, which were
sent (pattern 1) by the superficial fibrosis and, to a lesser extent,
by the deep fibrosis, perivascular stroma, inflamed stroma, and
the granulation tissue (Figure 4(A)). Thus, we checked for
PECAM1 and 2 signaling in L1. PECAM1 (patterns 5 and 6
with a major contribution) was received by the stroma, the
deep and superficial fibrosis, and the perivascular stroma, while

Figure 4. Ligand-receptor analysis reveals the main actors in driving inflammation to fibrosis. (A-C) Heatmaps showing receiving (top panel) and
sending (bottom panel) cell and communication pattern contributions in L2 (A), L1 (B), and control (C). Black arrows and boxes indicate PECAM1/2

signaling pathways, and light blue indicates the ApoA signaling pathway.
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the stroma and superficial fibrosis, lymphoid aggregates, and
inflamed stroma received PECAM?2 (patterns 2 and 6). Here,
both PECAM 1 and 2 (pattern 1) were sent by the perivascular
stroma, the stroma, the superficial, and, to a lesser extent, the
deep fibrosis (Figure 4(B)).

We then calculated which compartments orchestrated this
signaling in physiological conditions (control). Interestingly,
PECAM1 is received and sent by the perivascular stroma (pat-
terns 3 and 1, respectively), while PECAM2 is received (pattern
2) by the deep epithelium and sent as pattern 4 by the stroma
(Figure 4(C)).

Hence, going backward from L2 to control, we identified
PECAM1 and 2 as the main contributors in sustaining the
fibrotic process, involving both the stromal and inflammatory
compartments. In fact, in physiological conditions (control), the
epithelium was involved as an additional actor in receiving
PECAM?2 but stopped doing so in L1. This raised the question
of how the homeostasis between the stromal and the epithelial
compartment is interrupted in favor of the stromal compartment
only, eventually leading to activation of the fibrotic process.

We thus checked in the control which signals involved both
the deep epithelium and the stroma. In the control heatmap,
the deep epithelium sends ApoA (pattern 3, light blue arrow)
that is received by the stroma (pattern 4, Figure 4(C)). This
crosstalk weakened during disease complication, where ApoA
signaling sustained, with high strength, the epithelial inflam-
mation but not the stroma (Figure 4(A) and (B)).

From these results, we concluded that, in physiological con-
ditions, the deep epithelium and the stroma interact via ApoA
and PECAM2 signaling, while the perivascular stroma sustains
itself via PECAM1 (Figure S10(A)). Upon inflammation, epi-
thelium-stroma crosstalk decreases, and the epithelium starts
fostering itself via ApoA. The stroma, along with the perivas-
cular stroma and the fibrosis, send PECAM2-mediated signals
to themselves and the lymphoid aggregates (Figure S10(B)). In
the L2 stage, when chronic inflammation is established, fibrosis
is self-sustained by PECAMT1 and 2 signals, also sent by the
granulation tissue and the stroma (Figure S10(C)). Notably,
PECAM1-mediated signals continue sustaining the mesenchy-
mal compartments across all disease stages.

3.6. ST reveals fibrosis as induced by CD38-
mediated signals and their inhibition halts chronic
colitis in vivo

Ligand-receptor analysis helped draw the molecular blueprint
of CD, localizing and giving relevance to signaling pathways
associated with specific compartments. By exploiting this anal-
ysis, we sought to define the molecular evolution of the disease
from control to L2 by spatially mapping the ligand-receptor
pairs contributing to the overall signaling.

ApoA signaling included APOA1-ABCA1 and APOA1-
(CUBN+AMN) pairs. Expression of APOA1 and ABCA1 mol-
ecules was confirmed at the epithelial and stromal levels,
respectively, in the control, supporting APOA1-ABCA1
pair-mediated crosstalk between the two compartments as rel-
evant in the healthy state (Figure 5(A)). In L1 and L2 tissues,
the APOA1-ABCA1 distribution was still present, but less
intense and associated, particularly in the epithelial compart-
ment, with the APOA1—-(CUBN+AMN) pair (Figure 5(B) and
(C)). Notably, CUBN was absent in the control, indicating that
the APOA1-(CUBN+AMN) complex-mediated signaling was
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not involved at that stage. This expression pattern was also
confirmed in single-cell data from CD samples, where APOA1*
and ABCA1* cells were highly present in the epithelial and
stromal clusters (Figure S11(A)—(C)), while CUBN* and AMN*
cells were mainly found at the level of the epithelium (Figure
$11(D) and (E)).

PECAM1 signaling included PECAM1-PECAM1 and
PECAM1-CD177 interactions, the former representing the
major contributor to all disease stages, at the level of the stroma
(Figure 5(D)—(F)). PECAM2 signaling mainly involves
PECAM1-CD38 molecules. CD38 was almost absent in the
control but increased its intensity upon inflammation in the
lymphoid aggregates (in L1), in the granulation tissue (in L2),
and in the stromal and fibrosis compartments (Figure 5(D)—(F)).
CD38 was highly present in hematopoietic cells (Figure S11(F))
but also in the mesenchymal compartment at the level of the
myofibroblast-to-reticular fibroblast transition, and, to a lesser
extent, in the fetal stroma-to-stroma, myofibroblast-to-inflam-
matory fibroblast, and transitional stroma-to-mesoderm tran-
sitions (Figure S12(A) and (B)). Notably, CD38 expression was
also confirmed at the level of mesenchymal cells in the fibrotic
area in an independent cohort of CD patients (Figure S12(C)).

To further support the clinical relevance of our ST data, we
then correlated CD38 and APOA1 expression profiles with
fibrosis development in patients by co-varying neighborhood
analysis (CNA).> This confirmed the direct correlation between
fibrosis development and disease duration adjusted for age, as
widely known”’ (Figure 6(A) and (B), and Figure S12(D)). More
importantly, we found opposite correlations with fibrosis for
the two investigated main actors: APOAT1 negatively correlated
while CD38 positively correlated with fibrosis. Of note, they
inversely correlated with each other (Figure 6(C)—(E)). Finally,
other evidence in support of our hypothesis comes from the
inflammatory bowel disease (IBD) TaMMA platform,” where
CD38 and APOAT1 are up- and down-regulated, respectively,
in a larger sample of surgical specimens of ileal CD (total sam-
ples analyzed n=1643, Figure S12(E) and (F)).

To demonstrate the potential for clinical translation of our
findings into a therapeutic intervention that could avoid fibrosis
development, we tested the inhibition of CD38 in an experi-
mental model of chronic intestinal inflammation and fibrosis,
TNBS-induced chronic colitis. The results showed that mice
treated with the CD38 inhibitor in addition to TNBS do not
develop chronic inflammation and colon thickening compared
with the controls (Figure 6(F)—(G)), confirming the pro-inflam-
matory/pro-fibrotic role of CD38-mediated signaling in the
intestine.

Overall, our results shed light on new mechanisms underly-
ing CD progression and complications. We propose that
APOA1-ABCAT1 interaction with the stroma maintains homeo-
stasis in the healthy tissue, exerting anti-inflammatory effects®®
on the stroma. However, during chronic inflammation, when
the epithelium is compromised, APOA1-(CUBN+AMN)
switches on, supporting the epithelium’s survival and diverting
ApoA signaling from the stroma (Figure 6(I)).

Moreover, during inflammation, immune cells, including the
CD38* cells, migrate to the site of injury, and the PECAM1-
CD38 interaction increases in both the stromal compartment
and inflammatory sites, contributing to the transformation of
the mesenchymal compartment in fibrosis (Figure 6(F)). This
function is consistent with well-established role of CD38 in
inflammation, including in IBD pathogenesis and fibrosis.?’
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Figure 5. Ligand-receptor pair identification reveals PECAM1-CD38 interaction as the main contributor to fibrosis. (A—-C) Bar graphs showing relative
contribution of ligand-receptor pairs to ApoA signaling (top panel) and spatial expression pattern of the contributing genes in representative images of control
(A), L1 (B), and L2 (C) spatial transcriptomics slides. (D-F) Bar graphs showing relative contribution of ligand-receptor pairs to PECAM 1 and PECAM2 signalings
(top panel) and spatial expression pattern of the contributing genes in representative images of control (D), L1 (E), and L2 (F) spatial transcriptomics slides.

Figure 6. CD38- and ApoA1-mediated signaling contribute to fibrosis. (A) UMAP showing group distribution within spatial multidimensional scaling. (B-D)
UMAPs showing fibrosis (B), APOA1 (C), and CD38 (D) expression profile correlation according to co-varying neighborhood analysis (CNA) in spatial multidimen-
sional scaling. (E) Single-cell gene co-occurrence analysis by Spearman’s correlation. (F) Disease activity index (DAI) showing colitis development over time in
the indicated conditions. The black arrow indicates commencement of the CD38 inhibitor treatment. The inhibitor was administered intraperitoneally, three
times a week, from the fourth week of the TNBS-induced model until mice were killed. (G) Box plots showing the endoscopic score (right panel) and thickening
of the colon score (left panel) in mice in the indicated conditions. () Schematic representation of ApoA- and PECAM2-controlled fibrosis development.
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Finally, all disease stages are supported by PECAM1 signal-
ing to ensure the correct activity of the stromal compartment,
particularly of the endothelial cells, and in mediating leukocyte
trafficking within a tissue, a process known to be central in
regulating intestinal inflammation.** Thus, PECAM1 signaling
is sustained during inflammation to support tissue maintenance
while simultaneously promoting fibrosis.

4. Discussion

Here we present the first spatially resolved analysis of the tran-
sition from inflammation to fibrosis in the intestine of patients
with CD. Using full-thickness surgical specimens from patients
with CD and healthy controls, our study confirms the cytoar-
chitecture rearrangements, the loss of compartment organiza-
tion,'” and the relevance of epithelial and stromal cell subtypes
in the evolution of the disease to fibrosis.*»** In addition, the
spatial resolution of our approach enabled the identification
of two distinct fibrotic clusters: a superficial cluster predomi-
nantly composed of inflammatory fibroblasts and a deeper
cluster enriched with reticular fibroblasts, which were uniquely
associated with strictures and absent in other inflammatory
settings, such as fissures and inflamed stroma. Furthermore,
pseudotime analysis confirmed that reticular fibroblasts origi-
nate from activated myofibroblasts, representing the terminal
differentiation stage of these cells within the fibrotic tissue.

This is in line with CD pathological traits. Indeed, inflam-
matory insults activate inflammatory fibroblasts to release
pro-inflammatory cytokines®** and coordinate the immune
response. Our findings show that the superficial submucosa is
highly enriched in B cells and displays activation of BPs related
to the inflammatory response. At the same time, reticular fibro-
blasts, specialized in extracellular matrix deposition, become
relevant for fibrotic tissue thickening in the deep submucosa
fibrosis in the advanced disease stage.’”*

Notably, a recent study by Miyara and colleagues® applied
the model of hot/cold fibrosis to cardiac injury,* where acute
myocardial infarction (MI) leads to cold fibrosis, where only
myofibroblasts are present, whereas chronic injury in heart fail-
ure leads to hot fibrosis, where, beyond myofibroblasts, mac-
rophages are enriched. In our study, we showed the involvement
of inflammatory cells (B cells, myeloid cells) in fibrotic regions
in both the deep and the superficial submucosa, although B cells
are most highly present, especially in the superficial submucosa
(Figure 2(K) and (L)). Superficial fibrosis, with inflammatory
fibroblasts and B cells, might align more closely with the “hot”
fibrosis concept than deep fibrosis, primarily characterized by
reticular fibroblasts and fewer inflammatory cells. This com-
parison highlights that while the hot/cold concept provides a
useful high-level framework, the specific cellular compositions
of fibrosis can vary by organ and injury context, as shown by
the detailed spatial analysis in CD provided here.

In fact, our and Miyara’s studies identified specific molecular
interactions or cell populations as potential therapeutic targets
based on their roles in driving fibrosis. In cardiac cold fibrosis,
the target is the myofibroblast autocrine loop, specifically
TIMP1. In our CD fibrosis model, key targets identified are
PECAM?2 signaling (via CD38 inhibition) and potentially
restoring ApoA signaling. Comparing the targets highlights
that the specific drivers of fibrosis can differ significantly
depending on the organ and the nature of the injury (acute MI
vs. chronic intestinal inflammation). This reinforces the idea

Journal of Crohn’s and Colitis, 2025, Vol. 19, No. 8

that anti-fibrotic therapies may need to be context-specific.
However, the general strategy of targeting key cell—cell com-
munication pathways or autocrine loops, as suggested by the
cardiac cell circuit model, appears to be supported by the find-
ings in CD, where targeting CD38, involved in cell—cell inter-
actions, shows therapeutic potential as well. In our analysis,
we did not observe any indication of EMT, since epithelial cells,
also when inflamed, displayed no mesenchymal-specific tran-
scriptome characteristics. Despite previous studies describing
the role of EMT in the process of fibrosis development and the
large characterization at the level of specific mesenchymal
markers,*! our data did not confirm such a transition, but are
in line with the latest studies at single-cell resolution, where
EMT signs were not found in the epithelium, but only in the
mesenchymal compartment.®***>% Therefore, though we do
not exclude that the epithelial layers we identified by ST can
express single EMT-specific markers, we did not find evidence
of epithelial-to-mesenchymal cell reprogramming.

Our study allowed us to track the molecular transition from
control to inflamed to fibrotic. Ligand-receptor analysis, using
CellChat as a useful tool for unravelling the fibrosis-related
mechanisms, as previously shown elsewhere,** pointed to
two main steps during disease evolution: (1) interaction signal-
ings reached their maximum strength in the inflamed state (L1)
before fibrosis development when all compartments start com-
municating aberrantly, probably to counteract/activate proin-
flammatory stimuli; and (2) the intercommunications decreased
in strength but broadened in number when chronic inflamma-
tion is established and fibrosis developed (L2), probably due
to cell compartment distortion, loss of well-organized crosstalk,
and increase in transcriptionally inactive extracellular matrix.

Last but not least, we found that the stromal compartment
coordinated the signalings in the mesenchyme even before
fibrosis development, through CD38- and ApoA-mediated sig-
naling. These two molecular switches appear to be central to
the evolution of CD from inflammatory to fibrostenotic. In
particular, we propose that the APOA1-ABCA1 interaction is
at the basis of the immune surveillance exerted by the epithe-
lium on the stroma, ensuring tissue homeostasis in healthy
conditions. APOA1 has well-established anti-inflammatory
properties. In the intestine, it characterizes a subset of epithelial
cells.** APOAT1 interaction with ABCA1 mediates anti-inflam-
matory effects via STAT3 activation,”® and changes stromal cell
metabolism, which, in turn, impacts immune cells.””*’ These
findings support a model where, in healthy conditions, the epi-
thelium promotes immune surveillance through the APOA1/
ABCA1 pathway.’’ However, during inflammation, APOA1
switches its interaction to the CUBN/AMN complex, crucial
for epithelial cell survival in the intestine’*> probably as a
compensatory mechanism to support the damaged epithelium,
since epithelial-stromal communication is interrupted, and so
is its surveillance.

Most importantly, our study identified CD38 as a driver of
chronic inflammation and the fibrotic process. CD38 signaling
is important for maintaining mucosal epithelial barrier homeo-
stasis.?”?1*2 Notably, CD38 has been shown to harbor
NAD*-mediated pro-fibrotic activity via TGF-p signaling in
multiple organs, supporting its profibrotic role in CD.?"»*> We
believe CD38 can drive intestinal fibrosis by coordinating the
reshaping of the mesenchymal compartment, as supported by
our finding of CD38 expression at the transition from myofi-
broblasts to inflammatory and reticular fibroblasts. This is
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further corroborated by our in vivo study, where CD38 inhi-
bition has been noted as effective in reducing inflammation and
the consequent thickening of the colon, a sign of an ongoing
fibrotic process.

Moreover, we proposed ApoA signaling as a negative regu-
lator of the transition, owing to its indirect correlation with
CD38 expression and fibrosis in patients, as well as its reduced
impact on the stroma during disease progression.

Our data indicate for the first time the processes underlying
CD evolution to fibrotic complications at the molecular and
cellular levels, pointing to specific signalings as responsible for
tissue transformation.

We acknowledge that the sample size used was limited. How-
ever, by integrating our findings with previously published sin-
gle-cell datasets and confirming the reproducibility of key results
through different computational methods, we are confident that
our conclusions robustly outline the transition from a healthy
state to fibrosis from both molecular and cellular perspectives.
In fact, to reinforce our work, we performed deconvolution
analyses using spatial signatures on the scIBD single-cell data,
a meta-analysis of 440 samples—including tissues and liquid
biopsies for a total of 117 from ulcerative colitis, 51 from CD,
19 from colitis, and 253 from healthy individuals, and con-
versely, we deconvolved spatial data with scIBD single-cell sig-
natures. This integrated approach, utilizing the spatial context
from our limited cohort and the cellular resolution from the
larger scIBD resource, significantly strengthens the biological
conclusions drawn in the present study.

Nonetheless, we do not exclude the contribution of addi-
tional signaling pathways given the high heterogeneity of CD
among patients.’

Overall, our study offers a new view on the development of
intestinal fibrosis, originating from the mesenchymal compart-
ment in the context of an inflammation-associated disruption
of homeostatic mechanisms. Moreover, our findings position
CD38 as a critical link in this process and a potential new target
for treatment for the prevention of CD-associated fibrotic
complications.
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