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SUMMARY

The pathogenesis of intestinal fibrosis in Crohn’s disease (CD) remains unclear. Mer receptor tyrosine ki-
nase (MerTK) is an immunosuppressive protein specifically expressed in macrophages. Osteopontin
(OPN), also known as secreted phosphoprotein 1, contributes to inflammation and wound repair. This
study investigates the potential profibrotic pathway in MerTK+ macrophages in order to provide a
possible therapeutic target for intestinal fibrosis. MerTK expression in the inflamed and stenotic bowels
was evaluated. TheMerTK/ERK/TGF-b1 pathwaywas overactivated in the fibrotic intestinal tissues of pa-
tients with CD. This pathway was induced by epithelial cell apoptosis, resulting in activated fibroblasts
with increased TGF-b1 secretion. OPN upregulated TGF production by altering ERK1/2 phosphorylation,
as evidenced by OPN or MerTK knockdown and OPN overexpression in vitro. MerTK inhibitor UNC2025
alleviated intestinal fibrosis in mouse colitis models, suggesting a potential therapeutic target for intesti-
nal fibrosis in patients with CD.

INTRODUCTION

Intestinal fibrosis (IF) is a common and severe complication of Crohn’s disease (CD). With the rapidly rising incidence of inflammatory bowel

disease (IBD) in Asia,1 IF has become a burden, notably for individuals with CD. Due to the IF’s unclear etiology, current medical therapy

choices are limited. Notably, refractory clinical obstruction always necessitates endoscopic or surgical intervention. Although chronic inflam-

mation was originally thought to be responsible for the intricate pathogenesis of stricture formation, new evidence for noninflammatory con-

tributors to stricture formation has emerged, suggesting an intricate interplay between cellular, molecular, and other potential hosts/environ-

mental factors. Therefore, more in depth understanding of the pathogenesis and thus new therapeutic targets in IF are desperately needed.

Although various factors may contribute to fibrosis development, inflammation plays a primary role in this complex process, as no

fibrotic lesions have been identified in areas other than the inflammatory bowel, even in cases of recurrent fibrosis following enterectomy.2

After surgical excision of the lesion, fibrosis tends to recur away from the anastomotic sites.3 Notably, current research has demonstrated

that anti-inflammatory agents are ineffective in preventing, relieving, or treating fibrosis in colitis, suggesting that antifibrotic therapy re-

quires reconsideration in a novel, inflammation-independent manner that is not limited to inflammation inhibition. A TNBS (chronic trinitro-

benzene-sulfonic acid) model of inflammation-induced colonic fibrosis4 exhibited an early increase in inflammation-related genes followed

by a rapid decline, suggesting that overactive repair, after reduction in acute inflammation, significantly contributes to fibrotic disease

progression.

Currently, transforming growth factor (TGF)-b1 is themost important profibrotic factor. TGF-b and its receptors prefer to localize to lamina

propria cells, especially close to the luminal surface, a site enriched with diverse immune cells that appears to be upregulated in biopsy spec-

imens and myofibroblasts from areas of intestinal stricture.5 Because systemic targeting of Smad3 may impair host T cell immunity,6 deter-

mining a target to partly inhibit the TGF pathway for treating fibrotic lesions is necessary. Numerous upstream factors, such as highly plastic

macrophages, are implicated in TGF pathway activation and play a dual role in tissue damage and repair. The TAM family, comprising Tyro3,

AXL, and Mer receptor tyrosine kinase (MerTK), and its cognate glycoprotein ligands (growth arrest-specific (Gas)6 and protein S) are impor-

tant tissue homeostasis and inflammation regulators.7 TAMs are immunosuppressive regulators that may help resolve inflammation and

repair damaged tissue after conditions including acute liver failure8 and myocardial infarction,9 suggesting their ability to induce overactive

repair and fibrosis when inflammatory diseases persist, such as in IBD. Unlike ulcerative colitis (UC), transmural inflammation in CD renders

clinical obstructionmore common, althoughUCdevelopmentmay still involve fibrotic pathological changes. Pathological fibrosis is observed

in almost all UC colectomy specimens.10 Therefore, chronic inflammation should be largely considered for the effective treatment of fibrosis,

especially the immunosuppressive factors that predominate when inflammation becomes chronic.
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MerTK significantly regulatesmacrophageM1/M2 polarization and inflammation in the brain,11 liver,12 lung,13 heart,14 and kidney.15 Gas6,

a typical ligand for the TAM family, markedly modulates the inflammation-fibrosis interplay.16 Recent studies have focused on its possible

function in fibrotic disease, such as liver fibrosis in nonalcoholic steatohepatitis,17 and lg4-related diseases.18 However, Gas6’s specific mech-

anism remains unclear, especially in the gut. Upon activation, as a receptor tyrosine kinase (RTK), the intracellular tyrosine kinase domain

(carboxyl terminal) is responsible for downstream cytoplasmic signaling. For instance, the phosphorylated sites of MerTK could bind to

Src homology (SH)2 domains, thus recruiting SH2-domain-containing proteins and activating related pathways, such as the suppressor of

cytokine signaling, growth factor receptor-bound protein 2, and mitogen-activating protein kinase (MAPK).19 Notably, the nature of wide-

spread recruitment makes it difficult to identify the pathways that work in different disease states. In addition, the role of MerTK in the devel-

opment of IBD remains unclarified. ADAM17 (ADAMmetallopeptidase domain 17), also known as a tumor necrosis factor (TNF)a-converting

enzyme, which belongs to the disintegrin and metalloproteinase family, can hydrolyze the extracellular domain of MerTK. Once ADAM17

sheds the ectodomain structure of MerTK, generating soluble forms (sMerTK), MerTK loses its affinity for ligands, fails to be a decoy receptor,

and stops exerting its biological effects. ADAM17 is ubiquitously expressed in the human colon and is increased in IBD (both CD and UC),20

and its activity is associated with disease development. Blaydon et al. identified a loss-of-function mutation in ADAM17 as the cause of in-

flammatory skin and bowel disease in two of three children born to consanguineous parents,21 and later reports on ADAM17 revealed its rela-

tion to very-early-onset IBD.22 These studies indirectly indicated that the TAM family and IBDmay be associated. The present study explored

the direct role of MerTK in IF and identified a potential therapeutic target for CD.

In addition to investigating the fibrosis-related MerTK/extracellular signal-regulated kinase (ERK)/TGF-b1 pathway in IF development, we

focused on what activates MerTK in CD and the possible factors that regulate the whole signaling pathway, given that ERK is universally acti-

vated in CD.23 MerTK is inextricably linked to efferocytosis, the macrophage-dominated process of clearing apoptotic cells mediated by the

GAS6/MerTK system. Notably, apoptotic cell phagocytosis can induce alternatively activated macrophage growth to repair tissue injury.24

Enterocyte apoptosis can promote IF in CD mediated by CD36/CD36R and ERK1/2 activation.25 ERK, a MAPK family member, is a typical

downstream signal of MerTK phosphorylation. These studies revealed that apoptotic cells may be a source of activated MerTK+ macro-

phages; thus, we hypothesize that apoptotic enterocytes activate the MerTK pathway in intestinal macrophages and promote fibrosis in CD.

Shen et al. reported that osteopontin (OPN) is essential for CD11c+ microglial cell stability, phagocytosis, and proliferation. Significantly

decreased homing of CD11c+macrophages to the brain and defects inmacrophage-related functionwere observed inOPN-deficientmice,26

suggesting that OPN plays an irreplaceable role in maintaining macrophage functions. Although OPN was first identified as a cytokine with

proinflammatory activity, its prohealing or potentially profibrotic function has eventually been identified. Morse et al. reported the colocal-

ization of MerTK and OPN in the profibrotic macrophages of patients with idiopathic pulmonary fibrosis (IPF).27 They defined a proliferative

pulmonary MerTK+ macrophage subset that expresses highly upregulated OPN and used causal modeling to support its profibrotic role in

lung fibrosis. OPN activates fibroblasts in vitro as a form of exocytosis, and OPN-deficient macrophages produce reduced TGF-b levels in

dermal fibrosis.28 Based on these studies, we further investigated whether OPN and MerTK interact in macrophages.

This study investigates the role of MerTK in IF development in CD, determines critical events in activating the MerTK pathway, identifies

regulatory factors for this pathway inmacrophages, anddetermineswhether UNC2025, aMerTK-targeting inhibitor, can attenuate IF in exper-

imental animal models.

RESULTS

Increased MerTK expression in the fibrostenotic bowel and decreased expression in the inflamed area of CD

To investigate whetherMerTK is associatedwith CDdevelopment, its protein expression and transcriptional levels were evaluated in stenotic,

inflamed, and nonstenotic, noninflamedbowel biopsies frompatients withCD (Figures 1A–1C). Consistent with clinical bowel stricture,MerTK

expression (both transcriptional and protein levels) was significantly higher in the stenotic bowel and markedly lower in the inflamed area

compared to the nonstenotic area. Immunohistochemical staining of MerTK in human bowel samples corroborated the western blot and

qPCR analysis results (Figure 1B). Table S1 lists the detailed clinical characteristics of the patients. All suspected stenotic segments of the in-

testine were preliminarily confirmed by preoperative gastrointestinal radiography and intraoperative biopsy specimen observation by a sur-

geon. Representative Masson trichrome staining confirmed the increased deposition of collagen in the stenotic intestine (Figure S1A). In the

gut, types I, III, IV, and V collagens predominate, and type I, III, and IV are highly increased in the fibrotic intestines of patients with CD.29

Consistent with these reports, types I, III, and IV collagens demonstrated increased transcription in the stenotic specimens (Figure 1C). In addi-

tion, a significantly decreased transcriptional level of type IV collagen, which was abundantly expressed in the basement membrane,29 was

observed in the inflamed area, which may be attributed to the damage to the basement membrane caused by transmural inflammation

because inflammation is restricted to themucosa or submucosa in UC but extends throughout the entire thickness of the small or large bowel

wall in CD. Immunohistochemical staining of collagen (COL)1A1 and COL3A1 in fibrotic or control human specimens (Figure S1B) revealed

increased deposition of types I and III collagen in the stenotic area. In addition, the staining images showed that, closer to the subepithelial

area, the difference in staining for COL1A1/COL3A1 became even more pronounced, suggesting that changes in collagen deposition in the

lamina propria were more pronounced in these patients. The transcription level of TGF-b1, the most important profibrotic factor in CD,

increased in the stenotic area but did not significantly change in the inflamed area (Figures 1A and 1C). Colocalization of MerTK and

CD206, a typical marker of anti-inflammatory M2 macrophages, was found in human specimens, even in the control group (Figure 1D).

Not all MerTK colocalized with CD206, suggesting that MerTK+ macrophages cannot be considered M2-type macrophages. In addition,

the CD206-marking green fluorescence signal was much less colocalized with MerTK in the control and inflamed human samples
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(colocalization percentage between MerTK and CD206: 3.56% G 2.51% [mean G SD, control], 4.54% G 1.53% [mean G SD, inflamed], and

46.46% G 6.09% [mean G SD, fibrosis]). In the inflamed tissue, the fluorescence signal of CD206 increased, whereas the red fluorescence

signal of MerTK did not (Figure 1D). During fibrosis progression, an unknown stimulus upregulates MerTK irrespective of CD206 expression,

revealing M2-biased polarization.

These results indicate that MerTK expression on CD206+ macrophages occur with the progression of CD-related diseases (Figure 1D).

While MerTK positively correlates with stenotic CD development, it plays a restorative role and was inhibited or activated by various factors

in the intestinal microenvironment.

Apoptotic enterocytes induced MerTK-ERK1/2 activation in macrophages and increased TGF-b1 secretion

We focused on changes in MerTK in the stenotic bowel and attempted to explain the increased expression. Based on recent reports about

apoptosis-induced fibrosis and our observation in human samples that TGF-b1 transcription was significantly increased in the stenotic area,

we hypothesized that apoptosis of intestinal epithelial cells would activate theMerTK/ERK pathway and eventually result in TGF-b1 secretion.

The apoptosis level was detected in human samples by immunofluorescent staining of cleaved-caspase3 (Figure 2A). Excessive apoptotic

cells were observed in the stenotic intestinal mucosa, and fluorescence was enriched in the epithelial cells, which supported enterocyte

apoptosis. Multiple regions of fluorescent signals were captured in the inflamed tissue, indicating that apoptosis occurred across the entire

thickness of the intestinal mucosa in response to inflammatory injury. To further explore the effect of apoptotic enterocytes onmacrophages,

we incubated RAW 264.7 cells with apoptotic CT26 cells (induced by UV irradiation) for 1 h (Figure S1C). Western blotting for caspase 3 and

cleaved-caspase 3 was used to verify CT26 apoptosis (Figure 2B). The MerTK transcription and phosphorylation levels increased, with no

obvious change in the protein level of the total MerTK (Figures 2C and 2D). Recent studies have confirmed the anti-inflammatory function

of Gas6, a ligand for MerTK, in macrophages. Furthermore, it has been established that Gas6 relies on its TAM ligand on macrophages to

exert its function. Therefore, Gas6 was utilized as a MerTK inducer in MerTK-related in vitro investigations. Gas6 exhibited a slight increase

in transcription and activated MerTK in other macrophages, resulting in an amplified MerTK signaling pathway. The longer UV irradiation

reduced this increasing trend. A higher load or longer duration of UV exposure also led to cell death, rather than just early apoptosis, possibly

causing elevated inflammation that was not effectively and rapidly cleared by phagocytes.WhenMerTKwas phosphorylated, ERK1/2 was also

activated (Figure 2B), initiating the production of downstream TGF-b1.

Figure 1. MerTK expression increased in the fibrostenotic bowel and decreased in the inflamed bowel area in patients with CD

(A) Western blotting and quantitative grayscale analysis (compared to the control group) of MerTK and TGF-b1 protein expression in the resected intestinal

mucosal specimen.

(B) Immunohistochemical staining of MerTK in bowel specimens.

(C) qPCR evaluation of MerTK, TGF-b1, COL1A1, COL3A1, and COL4A1 levels in bowel specimens.

(D) Immunofluorescence staining and colocalization of MerTK and CD206 in human specimens. The colocalization percentage was analyzed by ImageJ, and

statistical analysis was performed in GraphPad Prism (compared to the control group).
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Themechanism by which MerTK recruits ERK for phosphorylation, either directly or through indirect phosphate group transfer to initiate a

cascade of amplification reactions, remains elusive. In tumor microenvironment, MerTK autophosphorylation in tumor cells induced phos-

phorylation of SH2 domain-containing proteins and led to ERK activation. We subsequently performed a nature-IP analysis on gas6-stimu-

lated RAW264.7 to investigate the potential binding between MerTK and ERK (Figure S2A). The findings from the nature-ip experiment

did not provide evidence supporting the binding of ERK to MerTK.

Furthermore, GAS6 was employed to stimulate RAW264.7 cells, followed by IP-MS (immunoprecipitation-mass spectrometry) analysis for

the identification of proteins that bind with MerTK upon activation. Unfortunately, the peptides of ERK were not found in either untreated or

Gas6-treated samples. A total of 600 proteins were identified in Gas6-stimulated samples, excluding the detection of ERK peptides. The IP-

MS results indicate that direct activation of MerTK by ERK is not observed, which aligns with previously reported mechanisms (Figure S2B).

MerTK as one of the markers associated with the M2 phenotype has been consistently observed across multiple studies. Next, genes

related to macrophage polarization have also undergone changes. We observed increased expression of genes related to classically acti-

vated macrophages (M1) [interleukin (IL)-1b and TNF-a] and alternatively activated macrophages (M2) (IL-10 and arginase-1), after incubation

with cells pretreated with UV irradiation. This indicates that a large number of macrophages were polarized during coincubation with

apoptotic cells. Longer UV irradiation time (1 or 2 h) led to significantly increased expression of M1-related genes, which was not observed

with shorter UV irradiation times (15 and 30 min). This may explain why MerTK phosphorylation decreased with longer irradiation time (Fig-

ure 2B) and the transcriptional level gradually decreased (Figure 2C), suggesting that MerTK is not expressed on proinflammatory M1

Figure 2. Apoptotic intestinal epithelial cells induced activation of MerTK-ERK1/2 pathway in macrophages and M2-biased polarization

(A) immunofluorescence staining of cleaved-caspase 3 in human specimens.

(B) change in theMerTK pathway by western blot and corresponding grayscale analysis (compared to the control group) in Raw 264.7 cells after coculture with CT-

26 cells exposed to different durations of 254-nm UV.

(C) Transcriptional change in the MerTK pathway in RAW264.7 cells by qPCR analysis.

(D) Western blotting of pro-caspase3/cleaved-caspase 3 expression at different exposure times in the NCM460 cell line and corresponding grayscale analysis

(compared to the control group).

(E) Western blotting and grayscale analysis (compared to the control group) of the MerTK pathway in cocultured PBMC-derived macrophages; 0–I: 0 min-

stimulation with apoptotic MCM460 + GM-CSF induced PBMCs, which were extracted from patients with inflamed CD; 30–I: 30 min-stimulation with

apoptotic NCM460 + GM-CSF induced PBMCs, which were extracted from patients with inflamed CD; 0–F: 0 min-stimulation with apoptotic MCM460 + GM-

CSF induced PBMCs, which were extracted from patients with fibrostenotic CD; 30–F: 30 min-stimulation with apoptotic MCM460 + GM-CSF induced

PBMCs, which were extracted from patients with fibrostenotic CD; 0–N: 0 min-stimulation with apoptotic MCM460 + GM-CSF induced PBMCs, which were

extracted from healthy donors; 30–F: 30 min-stimulation with apoptotic MCM460 + GM-CSF induced PBMCs, which were extracted from healthy donors.

(F) Evaluation of mRNA expression in PBMC-derived macrophages, extracted from patients with CD after coculture with UV-treated NCM460 cells (30 min). All

in vitro experiments were repeated at least three times to minimize technical and biological variability.
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macrophages. Importantly, a 15-min UV irradiation was sufficient to polarize macrophages to M2 (Figure 2C) and induce the generation of

85% Annexin V+ cells,24 corroborating the findings that efferocytosis induces alternatively activated macrophage proliferation.24

Macrophages in normal and pathological intestinal tissues are generated from Ly6Chi monocytes, which originate from bone marrow,

enter the peripheral blood circulation, and migrate to the intestine. Self-maintaining macrophages arising from the yolk sac and/or fetal

liver are a small part and support enteric neurons or submucosal vasculature in adulthood. Based on this, we extracted peripheral blood

mononuclear cells (PBMCs) from patients with CD and stimulated them with GM-CSF. We co-cultured PBMC-derived macrophages and

apoptotic NCM460 cells to simulate apoptotic intestinal epithelial cells interacting with macrophages. UV-induced apoptosis was verified

by analyzing the levels of caspase3 and cleaved-caspase3 (Figure 2D). We selected a 30-min irradiation to investigate the changes in human

cells; at this time, ERK phosphorylation was highest in RAW 264.7 cells (Figure 2B), and cleaved-caspase3 was highest in NCM460 cells (Fig-

ure 2D). Similar to the observation in RAW 264.7 cells, apoptotic NCM460 cells activated the MerTK/ERK pathway in macrophages (Fig-

ure 2E) and promoted macrophage polarization toward an alternative activated phenotype. This phenotype represents pro-resolving

and pro-repair macrophages characterized by increased transcription of arginase-1, IL-10, and TGF-b1 (Figure 2F). Additionally, we ex-

tracted PBMCs from healthy donors and patients with CD plus IF and compared these cells with PBMCs from patients with inflamed CD

to determine whether they responded to apoptotic cells differently in vitro (Figure 2E). Western blotting did not reveal any significant dif-

ferences among these three groups, suggesting that the profibrotic profile of macrophages can only be acquired after monocytes enter the

gut. The specific intestinal microenvironment in fibrosis progression may remodel the properties and functions of macrophages. Also, we

observed reduced levels of phospho-MerTK in the 0-F condition (lane 3) compared to 0-I (lane 1). This might be attributed to high levels of

intestinal and systemic inflammation in active CD.

Our results suggest that apoptotic epithelial cells are capable of activating the MerTK/ERK/TGF-b1 pathway in intestinal macrophages

with growth-promoting, reparative M2 polarization.

MerTK+ macrophages activated fibroblasts in vitro

To demonstrate the profibrotic activity ofMerTK+macrophages, we stimulatedMerTK expression in RAW264.7 cells withGas6 and evaluated

the transcription levels of various profibrotic cytokines, including TGF-b1, TGF-b2, TGF-b3, and platelet-derived growth factor (PDGF). Only

TGF-b1 increased following MerTK activation (Figures 3A and 3B), and 1 h of stimulation with Gas6 resulted in the highest MerTK expression

(Figure 3C). After treatment with or without Gas6, we incubated L929 cells with a supernatant of RAW 264.7 cells and performed a wound

healing assay to observe the effect of MerTK+ macrophage secretions on fibroblast migration (Figures 3D and 3E). The supernatant from

Gas6-activated macrophages promoted fibroblast migration, which was most likely due to growth factor secretion.

After knockdown ofMerTK (MerTK-KD) in RAW 264.7 cells, theMerTK/ERK pathway was significantly suppressed, and Gas6 could partially

rescue this inhibition (Figure 3F). The culture of L929 cells with supernatant from MerTK-KD RAW 264.7 cells showed reduced production of

collagen compared with Gas6-stimulated RAW 264.7 and control cells (Figure 3G). The decreased TGF-b1 production inhibited fibroblast

activation and types I and III collagen secretion, which was not reversed by Gas6 (Figure 3G). After MerTK knockdown, gas6 stimulation

did not increase TGF secretion, and as a result, there was no significant increase in collagen secretion from L929 (Figure 3G). These results

suggest that the activation of MerTK in macrophages is crucial for collagen production, which is an important cause and pathological mani-

festation in IF.

Intestinal epithelial cell apoptosis promotesM2macrophage polarization, activatesMerTK onM2membranes, and induces TGF-b1 secre-

tion mediated by the ERK1/2 pathway. This results in the activation of fibroblasts and extracellular matrix (ECM) production, which subse-

quently leads to bowel wall thickening and intestinal obstruction.

OPN upregulated phosphorylation of ERK1/2 in MerTK+ macrophages

ERK1/2 is a member of the MAPK family and is activated generically in many inflammatory diseases, including IBD. As a member of the large

MAPK family, the biological signals involved in ERK are extremely broad and complex, which also makes ERK unsuitable as a drug target.

Knowledge of a possible method that might at least partially control theMerTK/TGF-1 pathway would open up a new possibility for targeted

medical treatment of IF.

Based on the co-localization ofOPN andMerTK in other fibrotic lesions (as previously described), we investigated the potential connection

betweenMerTK and OPN in the intestine. Western blotting and qPCR revealed an obvious increase in OPN, synchronized with MerTK, in the

stenotic intestinal biopsy (Figures 4A and 4B). This synchronous rise was also observed in vitro. We treated bone marrow-derived mesen-

chymal cells and RAW 264.7 cells with Gas6 to activate MerTK; protein expression and transcription of OPN significantly increased

(Figures 3A–3D and 4C), as confirmed by its immunofluorescence (Figure 4D). Macrophages, including PBMC-derived macrophages ex-

tracted from patients with CD, which were stimulated by apoptotic enterocytes in vitro, also showed increased protein expression and tran-

scription of OPN after MerTK activation (Figures 2C–2F). This increasing trend did not diminish with longer UV irradiation times (Figures 2C

and 2D), suggesting that apoptosis-activated MerTK+ macrophages result in higher OPN production. Immunofluorescence was performed

on the same human specimens to assess whether MerTK and OPN exhibited a spatial correlation (Figure 4E). OPN was found to colocalize

with MerTK with overlapped fluorescent signals, which were not observed in the control human intestinal mucosa (Figure 4E). OPN knock-

down (Figure 4F) restricted the production and secretion of TGF-b1, instead of TGF-b2, TGF-b3, or PDGF (Figure 4G), with no significant

change in the protein expression or transcription of MerTK (Figures 4F and 4G). However, MerTK activation by Gas6 after OPN knockdown

resulted in a partial recovery of TGF-b1 production compared to MerTK knockdown (Figure 4G). Although OPN knockdown did not affect
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MerTK expression, it regulated the transcription and exocrine secretion of downstream TGF-b1, suggesting that OPN can regulate theMerTK

signaling pathway without directly influencingMerTK. Next, we explored whether OPN affected TGF-b1 production by regulating ERK phos-

phorylation. Phosphorylation of ERK1/2, especially ERK1, was inhibited followingOPN knockdown, resulting in decreased production of TGF-

b1 (Figures 4F and 4G). Whether OPN alone increased the production of downstream TGF-b1 was also evaluated by transfection with plas-

mids overexpressing OPN. Higher OPN expression alone induced by plasmid transfection, without Gas6 treatment, upregulated ERK1/2

phosphorylation (Figures 4G and 4H), but failed to increase TGF-b1 production and secretion (Figures 4G and 4I) after a cell supernatant

was evaluated by TGF-b1 ELISA test. These results indicate that OPN can upregulate the MerTK/ERK/TGF-b1 pathway by affecting ERK1/

2 phosphorylation without regulating MerTK.

UNC2025, a MerTK dual inhibitor, alleviated DSS-induced intestinal fibrosis in vivo

Considering the important role of the MerTK/TGF pathway in IF development, we administered UNC2025, a potent and orally bioavailable

Mer dual inhibitor,30 to DSS-treated C57BL6/J mice, or tap water to the control group (Figure S2C). Consistent with our findings in human

specimens, increased apoptosis was identified in themurine colonwith a strengthened fluorescence signal of cleaved-caspase 3 (Figure S2D).

In the experimental DSS- and TNBS-induced IF, both MerTK and OPN exhibited higher transcription and protein expression levels

(Figures 5A, 5B, and S4A). In addition, MerTK was found to colocalize with CD206 and OPN (Figure S2E). In DSS-induced fibrosis, increased

TGF-b1 transcription levels were observed with changes in MerTK and OPN (Figures 5B and S3A). The alteration in Gas6 transcription ap-

peared subtle but was still substantial (Figure 5B). We examined MerTK expression in the experimental colitis group to determine whether

it had a similar change as seen in the human samples. The results showed similarity, with less obvious changes in OPN (Figure 5A). Immuno-

histochemical staining for MerTK verified this alteration (Figure S3B). Based on the change in MerTK expression, we focused on the effects of

oral UNC2025 in experimental mice. Masson’s trichrome staining revealed increased deposition of collagen in mice treated with 2% dextran

sodium salt (DSS) for 64 days, and light microscopy demonstrated a thicker intestinal wall and narrower lumen (Figures 5C and S4B). More

Figure 3. Profibrotic activity of MerTK+ macrophages in vitro

(A and B) qPCR analysis for MerTK, OPN, TGF-b1, TGF-b2, TGF-b3, and PDGF in RAW264.7 cells after stimulation with 400 ng/mL Gas6.

(C) Protein expression evaluation of MerTK and OPN in RAW264.7 cells by western blotting and grayscale analysis (compared to the control group) after

stimulation with 400 ng/mL with 0, 30 min, 1 h, and 2 h.

(D) Wound healing analysis in L929 cells cultured in the supernatant of RAW 264.7 cells with or without Gas6 stimulation.

(E) Quantitative analysis of scratch area in the wound healing experiment by ImageJ.

(F) Protein expression evaluation and grayscale analysis (compared to the control group) of MerTK/ERK/TGF pathway after knockdown of MerTK by

transfection of siRNA into RAW 264.7 cells with or without Gas6 stimulation; (G) transcriptional evaluation of COL1A1 (left panel) and COL3A1 (right panel) of

L929 cells after treatment with the supernatant of RAW264.7 cells. All in vitro experiments were repeated at least three times to minimize technical and

biological variability.

ll
OPEN ACCESS

6 iScience 27, 110226, July 19, 2024

iScience
Article



deposition of types I and III collagen confirmed the fibrotic pathological change after 64 days of DSS treatment, as evaluated by qPCR, west-

ern blotting, and immunohistochemistry (Figures 5B, 5D, and S3C). These results suggested that the change in MerTK was in step with the

deposition of ECM, mainly collagen. Despite their important and non-negligible roles in mediating wound healing during the initial phase of

inflammation, MerTK+ macrophages may undergo excessive repair as inflammation progresses.

Considering that most patients with CD plus IF present advanced or progressive stages of the disease when they seek medical treatment,

we administered UNC2025 to mice at different stages (Day 0/Day 21/Day 42) to mimic the clinical treatment of early, middle, and late fibrosis.

Masson’s trichrome staining and immunohistochemistry of collagen showed that oral UNC2025 (3 mg/kg) reduced ECM deposition and alle-

viated fibrosis (Figures 5C, S3C, and S4B). Relative quantification of COL1A1, COL3A1, and COL4A1 by qPCR demonstrated the therapeutic

effect of UNC2025 (Figure 5B). Western blotting supported the decrease in MerTK expression after UNC2025 treatment (Figure 5D), demon-

strating that this small molecule MerTK inhibitor, UNC2025, exhibits great biological activity and targeted inhibition in vivo. We also noted

that the antifibrotic effect of the inhibitor UNC2025 gradually decreased as the administration duration was prolonged (Figures 5B–5D and

S3C). Immunohistochemical staining confirmed reduced MerTK expression in the mouse colon (Figure S3B). Shortening of the drug course

also reduced the inhibitory effect of UNC2025 on MerTK expression (Figure 5D). The change in immunohistochemical staining was not as

obvious as that observed in human intestinal tissue. This may be attributed to nonspecific immunohistochemical staining, and the DSS-

induced experimental model may be ineffective in reproducing the intestinal microenvironment in human CD. Light microscopy revealed

change in the intestinal wall and lumen compared to that in 64-day DSS-treated mice without UNC2025 treatment (Figure 5C). With the

change in MerTK expression, OPN transcription and protein expression levels tended to decrease, and TGF-b1 showed a synchronous

Figure 4. OPN regulated TGF-b1 secretion induced by MerTK activation

(A and B) Evaluation of MerTK and OPN by western blotting, grayscale analysis (compared to the control group), and qPCR in intestinal specimens from patients

with CD.

(C) Transcriptional level of OPN in RAW 264.7 cells after 1 h of 400 ng/mL Gas6 stimulation.

(D) Intracellular signal intensity of OPN in RAW 264.7 cells with or without 1-h Gas6 stimulation for immunofluorescence analysis.

(E) Immunofluorescence staining and colocalization of MerTK and OPN in human specimens.

(F) Changes in the MerTK pathway after knockdown of OPN with siRNA for western blotting and corresponding grayscale analysis (compared to the control

group).

(G) Transcriptional change (compared to the control group) in the MerTK pathway and TGF-b2, TGF-b3, and PDGF after knockdown of OPN or overexpression

with plasmid transfection for qPCR analysis (control: vector transfected; siOPN: small interfering OPN RNA transfected).

(H) Changes in the MerTK pathway after OPN overexpression with plasmid transfection for western blotting and grayscale analysis (compared to the control

group).

(I) TGF-b1 ELISA test for supernatants of RAW 264.7 cells (compared to the control group). All in vitro experiments were repeated at least three times to minimize

technical and biological variability.
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change (Figure 5D). The MerTK/ERK/TGF pathway was also inhibited following UNC2025 treatment (Figure 5D). The inhibitory effect was

markedly reduced as the drug course was shortened. These results suggested that IF and TGF-b1 secretions were inhibited whenMerTK acti-

vation was blocked. Notably, targeting MerTK shows therapeutic promise in mice. Medication administered early in the progression of an

illness is essential for therapeutic effectiveness and long-term outcomes.

Maintaining the delicate balance between pro-inflammatory and anti-inflammatory responses is a key aspect of tissue homeostasis. We

observed an aberrant decrease in MerTK expression both in acute colitis model mice (3%DSS) and intestinal specimens from active CD pa-

tients. As a crucial anti-inflammatory signal, proper functioning ofMerTK signaling is indispensable for inflammation resolution. The abnormal

reduction in MerTK signaling may significantly contribute to exacerbation of inflammation in CD.

Therefore, precise regulation of MerTK signaling is of paramount importance throughout the chronic progression of CD. To assess the

impact of the MerTK inhibitor, UNC2025, on disease severity, we evaluated mouse body weight and colon length at the conclusion of the

64-day model establishment period (Figure S4C). No significant differences in body weight or colon length were observed among the exper-

imental groups. The sacrificed mice did not exhibit any signs of bloody stools or loose stools. This could be attributed to the lower concen-

tration of DSS used for chronic enteritis induction and an extended recovery period for enteritis development.

Our results demonstrated that OPN regulated the MerTK/ERK/TGF pathway in intestinal macrophages, and UNC2025, especially when

administered early, could relieve IF in a mousemodel of DSS-induced chronic colitis (Figure 6). Overall, IF now has a promising potential ther-

apeutic target.

DISCUSSION

Here, we first revealed a possible link between MerTK, an important member of the TAM family, and the complex fibrotic course of CD. The

primary finding of this study is the identification of a molecular mechanism of IF in CD mediated by the MerTK/ERK/TGF-b1 pathway. OPN

regulates ERK1/2 activation, which in turn affects downstream TGF-b1 secretion, thereby increasing fibroblast activation, ECM deposition,

Figure 5. UNC2025, an inhibitor of MerTK, alleviated DSS-induced intestinal fibrosis

(A) Western blot and grayscale analysis of MerTK and OPN in experimental mice with acute colitis or chronic fibrosis (n = 3).

(B) qPCR evaluation of MerTK, OPN, Gas6, TGF-b1, COL1A1, and COL3A1 in mice (n = 3).

(C) Masson’s trichrome staining of the colon in mice (n = 3).

(D) Protein evaluation by western blotting of the MerTK pathway and OPN in different groups and corresponding grayscale analysis (Control: mice treated with

tap water; DSS: 64-day 2%DSS-treated mice; DSS + UNC2023-D0: mice treated with 3 mg/kg UNC2025 from the first day; 2%DSS + UNC2025-D21: mice treated

with 3 mg/kg UNC2025 from day 21; 2% DSS + UNC2025-D42: mice treated with 3 mg/kg UNC2025 from day 42; n = 3).
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and IF (Figure 6). We provided correlative evidence for this pathway in humans, DSS-treated mice, and in vitro experiments. The MerTK

expression level was lower in the active inflamed bowel in patients with CD but significantly increased during the progression to IF accom-

panied by continuous penetrating intestinal inflammation. Our animal and cell experiments confirmed these findings. In addition, we attemp-

ted to determine what activated the MerTK pathway and how it contributed to IF development. Apoptotic enterocytes, efferocytosis activa-

tors, may be the main factor that promotes increased MerTK expression. This increased MerTK phosphorylation induced ERK activation and

resulted in increased TGF-b1secretion. The MerTK/ERK pathway has been found in other diseases, including cancer and nonalcoholic stea-

tohepatitis.17 To elucidate the involvement of macrophage MerTK signaling in fibrogenesis, exogenous Gas6 was employed to activate

macrophage MerTK signaling in this study. Activation of MerTK signaling in macrophages stimulates fibroblasts through exocrine TGF-

beta1 secretion. The content presented herein serves as one piece of evidence supporting the notion that MerTK+ macrophages exert their

profibrotic function.

The Gas6/MerTK signaling pathway has been extensively investigated in the field of tumor and immunity, while this study represents the

first discussion of its involvement in fibrotic IBD. We believe that our study is the first to reveal the partial function of this pathway in CD and

related complications. A recent study demonstrated that AXL, another member of the TAM family, may have a profibrotic function by acti-

vating fibroblasts in fibrosis development.31 Therefore, the direct influence of residual Gas6 in the supernatant on fibroblast activation in the

wound healing assay cannot be ruled out. This was one of the limitations of this study. However, in the qPCR analysis of RAW 264.7 and L929

coculture experiments, MerTK knockdown in RAW 264.7 cells reduced L929 cell activation, which was not reversed by Gas6 stimulation. This

indicates the profibrotic activity of MerTK+ macrophages, but the interaction effect between residual Gas6 and AXL on fibroblasts was

insignificant.

Soluble Mer released in peripheral blood has been linked to disease activity in several autoimmune diseases,32 where it results in

decreased activation of MerTK and downstream pathways. A higher level of ADAM17 activity detected in actively inflamed intestines may

explain the lower level of MerTK intestinal expression in patients with active CD. Additionally, current research primarily suggests that

MerTK is indicative of anti-inflammatory/pro-repair macrophage differentiation. Therefore, the diminished expression of MerTK in macro-

phages may also contribute to the progression of inflammation in individuals with CD. We cannot reach a conclusive judgment based on

the available facts; thus, additional research on inflammation is necessary. After ERK1/2 phosphorylation, additional transcription is induced

via p-ERK1/2 activation of the TGF transcription factor activator protein-1 to increase TGF production.33 TGF-b is one of the most important

profibrotic factors in fibrotic diseases, including IF. Clinical or preclinical medicine targeting TGF-b is available, such as pirfenidone, although

it has not been approved for use in IF. In addition, TGF-b is reported to increase in the affectedmucosa in patients with active UC or CD and is

correlated with disease duration.34 In this study, we did not find any obvious increase in inflamed areas. This may have been due to hetero-

geneity in patients based on different disease durations.

Intestinal quiescent macrophages are predominantly polarized into two well-established polarized phenotypes, classically (M1) and alter-

natively activated (M2)macrophages, after receiving endogenous and exogenous stimuli. M2-biased polarization is rapidly initiated and often

observed under inflammation. However, MerTK expression did not appear to be fully synchronized with it, as we observed in human inflamed

samples. Cai B et al. found that neither loss nor cleavage resistance of MerTK in mice would affect total macrophage density and polariza-

tion.35 However, MerTK-mediated efferocytosis, which is mainly initiated by apoptotic cells, has been found to be a critical driving force for

Figure 6. A schematic model: MerTK+ macrophages mediated intestinal fibrosis in CD

Apoptotic epithelial cells activated MerTK on intestinal macrophages and promoted monocytes polarized to an alternatively activated type. Phosphorylated

MerTK on the membrane increased OPN and induced ERK1/2 activation, leading to more TGF-b1 production and secretion. Increased OPN upregulated

ERK1/2 phosphorylation, resulting in increased TGF transcription. Secreted TGF-b1 activated fibroblasts, resulting in increased collagen deposition.

Targeting MerTK with UNC2025 alleviated intestinal fibrosis in vivo.
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M2-macrophage polarization and maintenance.14,23 This corroborates our findings of apoptotic intestinal epithelium-induced activation of

MerTK/ERK signaling in intestinal macrophages. This also indicates that MerTK+ macrophages are more likely to play a role in promoting

repair and fibrosis and that the mere presence of M2 cells might not be the main threat to fibrosis. Notably, apoptosis also occurred in

the intestinal mucosa in areas of inflammation, but MerTK signaling was inhibited, suggesting that the MerTK-inhibiting factors during the

inflammatory phase are significantly more active. The previously described increased activity of ADAM17 in actively inflamed intestines

may explain this phenomenon.36 MerTK cleavage is performed by endogenous ADAM17 protease,37 which limits MerTK expression and ac-

tivity in macrophages. Given the reported anti-inflammatory role of MerTK, decreased expression of MerTK in active CD and acute murine

colitis may be associated with high levels of inflammatory activity.

Maintaining the delicate balance between pro-inflammatory and anti-inflammatory responses is a key aspect of tissue homeostasis. We

observed an aberrant decrease in MerTK expression both in acute colitis model mice (3%DSS) and intestinal specimens from active CD pa-

tients. As a crucial anti-inflammatory signal, proper functioning ofMerTK signaling is indispensable for inflammation resolution. The abnormal

reduction in MerTK signaling may significantly contribute to exacerbation of inflammation in CD. Therefore, precise regulation of MerTK

signaling holds paramount importance throughout the chronic progression of CD. While moderate activation of MerTK signaling proves

beneficial during inflammation resolution, sustained activation becomes a pivotal driver of fibrosis during the reparative phase following

inflammation resolution. Further studies are needed to explore the exact mechanisms by which intestinal inflammation suppresses the func-

tion of MerTK+ macrophages.

In addition, we have identified for the first time that intracellular OPN can enhance the activation of MerTK signaling pathway and

contribute to the development of IF. Based on recent reports of the potential connection between OPN and MerTK in some fibrotic tissues,

such as single-cell sequence analysis in IPF27 and tissue repair after myocardial infarction,25 we supposed that OPNmay have some effect on

MerTK. We conducted a series of knockdown experiments to investigate the possible association: OPN upregulated ERK1/2 phosphoryla-

tion, mainly affecting ERK1 without affecting MerTK, and ultimately increased TGF-b1 secretion, resulting in fibrosis. There are exocrine

and intracellular (iOPN) forms of OPN. We did not explore which form participated in this regulatory function, and studies on iOPN are insuf-

ficient to determine its specific biological functions and molecular mechanisms. Further research on iOPN is thus needed. However, we sus-

pect that the intracellular OPN regulates the MerTK/TGF pathway, considering the intracellular location of ERK. Meanwhile, which form of

OPN plays a profibrotic role in IF requires investigation. In this study, we found that MerTK activation resulted in increased OPN expression

in macrophages, with no feedback upregulation when OPN was overexpressed.

We demonstrated that blocking MerTK signaling with UNC2025 abolished fibrogenic gene and protein expression in response to

apoptotic cells and cytokines under chronic inflammation. The decreased deposition of collagen is the best illustration, and changes in

intestinal wall thickness observed under light microscopy also proved its curative effect. UNC2025 is a small molecule-targeted inhibitor

that does not inhibit AXL. The antifibrotic efficacy of UNC2025 in this study was independent of the AXL pathway. We found that early

inhibition of the MerTK pathway by UNC2025 showed a better antifibrotic effect than later intervention, probably because MerTK signaling

in intestinal macrophages mainly induces collagen fiber production but does not affect the fibrin degradation process. During long-term

fibrogenesis progression, a combination of drugs that inhibit collagen production and promote collagen degradation is the most desirable

choice.

This study provides a promising direction for themedical therapy of IF in CD. Although nintedanib and pirfenidone have been approved as

antifibrotics in pulmonary fibrosis, no antifibrotic drugs exist for use in the intestines or any organ other than the lungs. At present, the main

thrust of drug therapy for IF is still anti-inflammatory medication, and anti-TNF antibodies are currently the most effective drugs available in

specific cases of stricturing CD since the advent of biologics. However, even in combination therapy (immunosuppressant or adalimumab),

intestinal resection remains nonavoidable, with the median surgery time being 3.8 years, according to the results of a French multicenter,

prospective, observational cohort (CREOLE) study.38 To avoid intestinal resection or even endoscopic dilation, medical therapy, especially

a specific intestinal antifibrotic agent, remains a major challenge. Drug therapy targeting the TAM family has made much progress in recent

years, mainly in the field of tumor monoclonal antibody therapy or in resolving inflammation. Because MerTK plays an immunosuppressive

role in the immune response, inhibiting or blocking it by UNC2025 may cause more severe bowel inflammation, especially if the drug is taken

during the active phase of the disease. The DSSmodel utilized in this study was 2% less concentrated than the acute colitis model, which may

have been one of the reasons why we did not notice evident inflammation over the 64-day modeling period. Except for intestinal wall thick-

ening and ECM deposition, H&E staining revealed no obvious difference between immune cell infiltration and intestinal mucosal integrity. A

more accurate evaluation of the inflammation level is necessary, whichwas one of the limitations of this study. Becausewemust carefullymain-

tain a delicate balance between healing and fibrosis, arbitrarily blocking all healing mechanisms is inappropriate. In the meantime, focusing

only on inflammatory mechanisms is completely inadequate for fibrosis treatment. However, targeting the TAM family appears to be a good

choice, given its paradoxical function in inflammation and fibrosis. Combination with anti-inflammatory therapy should be considered in

different phases of the disease. In addition, while employing the inhibitor in clinical practice, careful consideration should be given to

both the dosage and duration of administration. The use of 3 mg/kg UNC2025 in this study was based on previously published in vivo

research,30 which showed the inhibition of MerTK phosphorylation and downstream pathways.

In this context, we reported our observation of the dynamic changes in MerTK expression during CD development. Mer RTK is decreased

in the active inflammatory bowel and increased in the stenotic bowel. We showed that apoptotic enterocytes activated the MerTK-ERK1/2-

TGF-b1 pathway in macrophages, promoting IF development. MerTK activation resulted in increased OPN expression in macrophages.

OPN upregulated ERK1/2 phosphorylation, which in turn affected TGF-b1 secretion, but no feedback effect on MerTK from OPN was
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observed. Increased TGF-b secretion further activated fibroblasts, leading to more ECM deposition. UNC2025, an orally bioavailable MerTK

dual inhibitor, alleviated IF induced by chronic colitis in DSS-treated mice. These findings provide a potential target, MerTK, for IF treatment

in CD.

Limitations of the study

The number of available human samples was insufficient in our work, and the heterogeneity of the patients is a limitation. Whether other

downstream pathways of MerTK also influence fibrosis needs to be analyzed in future studies. We also hope to remedy related limitations

in the following work and further characterize the relationship between acute inflammation and MerTK. In the in vitro experiments investi-

gating the interaction between fibroblasts and macrophages, we used L929 cell line as a substitute for primary fibroblasts. Prolonged

passaging of cells inevitably leads to genomic alterations within the cell line, which will not adequately mimic the disease state. The indispens-

ability of primary cells represents one of the current limitations inherent in this study. We anticipate that future investigations will explore the

anti-fibrotic efficacy of targeted inhibition of MerTK using a larger cohort encompassing patient samples.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-MerTK antibody Abcam Cat#ab52968

anti-MerTK antibody for LC-MS Abcam Cat#ab300136

anti-Phospho-MerTK antibody Fab Gennix Cat#PMKT-140AP

anti-COL1A1 antibody Servicebio Cat#GB11022-3

anti-CLO3A1 antibody Servicebio Cat#GB111629

anti-CD206 antibody Servicebio Cat#GB113497

anti-OPN antibody R&D systems Cat#AF808-SP

anti-OPN antibody Servicebio Cat#GB11500

anti-cleaved caspase 3 antibody Abcolonal Cat#a19654

anti-caspase 3 antibody Abcam Cat#ab32150

anti-tgf-beta1 antibody Abcolonal Cat#a2124

anti-Phospho-p44/42 MAPK (Erk1/2) antibody Cell Signaling Technology Cat#4370T

anti-ERK1/2 antibody Abcam Cat#ab184699

anti-tubulin antibody Proteintech Cat#11224-1-AP

anti-GAPDH antibody Cell Signaling Technology Cat#5174s

anti-mouse IgG, HRP-linked antibody Cell Signaling Technology Cat#7076

anti-rabbit IgG, horseradish peroxidase (HRP)-linked antibody Cell Signaling Technology Cat#7074

HRP-conjugated donkey anti-goat IgG (H+L) Servicebio Cat#GB23404

Biological samples

PBMCs Human peripheral blood N/A

Human colon tissue Human participants N/A

BMDMs Mice bone marrow N/A

Chemicals, peptides, and recombinant proteins

Mouse GAS6 protein R&D systems Cat#AF-986

Human Gas6 protein R&D systems Cat#986-GS-025

Deposited data

LC-MS raw data This paper Iprox: IPX0008922000

Experimental models: Cell lines

NCM460 Jiangsu KeyGEN BioTECH Cat#KGG3113-1

RAW264.7 Jiangsu KeyGEN BioTECH Cat#KGG2201-1

L929 Jiangsu KeyGEN BioTECH Cat#KGG1306-1

CT26 Jiangsu KeyGEN BioTECH Cat#KGG2229-1

Experimental models: Organisms/strains

Mice Cyagen Biosciences C57BL/6

Oligonucleotides

See Table S2 for primers sequence. This paper N/A

Software and algorithms

GraphPad Prism version 9.0 GraphPad Software Prism 9: Taking your analyses and graphs

to higher dimensions (graphpad.com)

ImageJ software ImageJ RRID: SCR_003070

Microsoft Office 2021 Microsoft Windows N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be Dr. Jianan Ren (jiananr@nju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: The data presented in this study are available in the article and supplemental information.
� Code: LC-MS raw data in this paper could be accessed in iprox (accession code: IPX0008922000).
� Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical approval for human and animal studies

This study was performed in accordance with the Declaration of Helsinki. All human and animal tissue samples used in this study were pur-

chased from a licensed tissue bank. Letter of approval is available on request. Collection of tissue samples for this study was approved as part

of the study protocol. This study was approved by the Institutional Review Board at Jinling Hospital. All adult participants provided written

informed consent to participate in this study.

Ethnical approval number for human and animal participants: human: 2023DZSKT-180; Animal:2021DZGKJDWLS-00104.

Human sample collection and analysis

The collection of human specimens taken during bowel resection surgery from CD patients, as well as the collection of non-inflamed, non-

stenotic controls, was approved by the Institutional Review Board at Jinling Hospital. Each participant provided written informed consent.

More details on patients can be found in Table S1. Preoperative gastrointestinal radiography determined the obstruction symptoms and re-

gions, and longitudinal ulcers andmarkedly thickened intestinal wall were confirmed through intraoperative biopsy specimen observation by

the surgeon. Representative Masson-trichrome staining confirmed the increased deposition of collagen in the stenotic intestine. Histology in

HE staining showing tissue destruction and presence of massive inflammatory cells would be used to justify the selection of inflammatory tis-

sue. Inflamed samples were provided by inflamed CD patients (Montreal B1), while fibrotic samples were provided by stricturing CD patients

(Montreal B2). The assessment of disease phenotype (The Montreal classification) is based on a comprehensive analysis of clinical manifes-

tations and surgical pathology specimens.

Peripheral blood (4ml) was collected fromCDpatients. Peripheral bloodmononuclear cells (PBMCs)were isolatedby a human lymphocyte

separation medium (KGA830; KeyGEN BioTECH), centrifuged at 1500pm for 20-30min, and washed twice with PBS. Next, monocytes were

resuspended (106/ml) in complete RPMI1640 medium (KGM31800N-500; KeyGEN BioTECH), seeded into a 6-well plate, and cultured for

7 days in a 5% CO2 incubator at 37
�C. On Day 0 and 4, macrophages were stimulated with 10 ng/ml granuocyte–macrophage colony-stim-

ulating factor (GM-CSF, HY-P7016A; MedChemExpress).

Mice

Male C57BL6/J mice were purchased from the Model Animal Research Center of Nanjing University and obtained from Cyagen Biosciences.

All mice were housed in individually ventilated cages and age-matched 6–8-week-oldmalemice (4-6 weeks oldmice were needed for extract-

ing bone-marrow-derived macrophages) were used in all experiments. Animal care and use were approved by Jinling Hospital Animal Care

Committee.

Experimental models of chronic colitis

Chronic inflammation was induced by 3 cycles of 7 days of 2% (w/vol) dextran sodium salt (DSS, MW 36,000–50,000; MP Biomedicals) in drink-

ing water followed by 2 weeks of tap water. Fibrotic mouse model would be evaluated by histologic fibrosis score. The model of acute colitis

was induced with 7 days of 3% DSS in drinking water. Colitis model would be evaluated by Mayo DAI (Disease Activity Index) score. The mice

were killed on day 8 in the acute model and day 64 in the chronic model. Mice were randomized into groups. In selected experiments, mice

were treated daily from day 0/21/42 by oral gavage with water or UNC2025 (Selleck Chemicals) at 3 mg/kg. The flow chart is shown in

Figure S2A.

METHOD DETAILS

Histology, immunohistochemistry, and immunofluorescence

For histological evaluation, fresh human intestinal mucosal specimens and colon tissues from animals were fixed with 4% paraformaldehyde,

dehydrated in ethanol, embedded in paraffin, and stained with hematoxylin–eosin (H&E) under standard conditions. For Masson’s trichrome
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staining, the paraffin sections were stained with Weigert’s cassiocarpa semen and Masson dye. For immunohistochemical staining, the

paraffin sections were deparaffinized in xylene, rehydrated in a concentration gradient of ethanol, subjected to antigen retrieval, followed

by incubation with primary and secondary antibodies, and visualized with the DAB substrate kit. Finally, the sections were counterstained

with Mayer’s hematoxylin, rinsed with water, differentiated by alcohol, dehydrated, cleared, and mounted. Primary antibodies for staining

of human intestinal mucosa were against MerTK (ab52968; Abcam), COL1A1 (GB11022-3; Servicebio), COL3A1 (GB111629; Servicebio),

CD206 (GB113497; Servicebio), OPN (GB11500; Servicebio) and cleaved caspase 3 (GB11532; Servicebio). Primary antibodies for staining

of mouse colon tissues were against MerTK (ab184086; Abcam), COL1A1 (GB11022-3; Servicebio), and COL3A1 (GB111629; Servicebio).

For immunofluorescent staining, cultured cells were fixed with 4% paraformaldehyde, followed by incubation with 2% bovine serum albu-

min plus 1% newborn bovine serum in PBS for 60 min at room temperature to block the nonspecific background. Human tissues were incu-

bated at 4�C overnight with primary antibody to OPN (Cat# AF808-SP, R&D systems). A confocal scanning microscope (FV1000; Olympus

Corporation) was used for imaging analysis.

Cell culture and transfection

RAW 264.7 (Abelson murine leukemia virus-induced tumor cell line), CT26 (murine colon cancer cell line), L929 (murine fibrosarcoma L929 cell

line), andNCM460 (normal human colonmucosal epithelial cell line) were purchased from Jiangsu KeyGENBioTECH and cultured in Dulbec-

co’s modified Eagle’s medium (DMEM)-F12 (KGM12500N-500; KeyGEN BioTECH) or RPMI-1640 medium (KGM31800N-500; KeyGEN

BioTECH) with 10% fetal bovine serum (10100147C; Gibco) and 1% penicillin/streptomycin (15140163; Gibco). For siRNA or plasmid transient

transfection, cells were seeded in 6-well plates until they reached 40–60% confluence and then transfected with the expression vectors or spe-

cific siRNAs targeting OPN or MerTK using Lipofectamine 3000 Transfection Reagent (L3000150; Thermo Fisher Scientific). Sequence con-

struction was provided by General Biology. After 6 hours, the starved medium was changed with complete DMEM, and cell protein samples

were extracted after 60 hours, or RNA samples after 48 hours.

Generation of apoptotic cells

HumanNCM460 andmouseCT26 cells were exposed to UV irradiation at 254 nm for 15minutes, 30minutes, 1 hour, or 2 hours, and cultured in

a CO2 incubator for 2 hours before performing experiments. After 2 hours, we collected the supernatant and digested the cells, and counted

the cells after centrifugal resuspension. The apoptotic cells were resuspended in complete DMEM at 23106 cells/mL. Apoptotic cells were

cocultured with human macrophages (differentiated from PBMCs) or RAW264.7 cells for 45 minutes.

ELISA

Cell supernatant was collected and analyzed by the Mouse/Rat TGF-b1 ELISA Kit (PT878; Beyotime).

Quantitative real-time PCR

The mRNA levels were measured using quantitative real-time (q)PCR as previously described.39 After total RNA was extracted with TRIzol

reagent (Invitrogen), it was reverse-transcribed with HiScript� III RT SuperMix for qPCR (+gDNA wiper) (#R323; Vazyme). For real-time

PCR, use 1 mL template in a 10-mL reaction containing 1.0 mL each primer and 5 mL ChamQUniversal SYBR qPCRMaster Mix (#Q711; Vazyme).

Primers are shown in Table S2 (mentioned in Table S2). Results were normalized using b-actin gene expression and shown as the relative

expression value.

Western blotting

Primary antibodies were: MerTK (ab52968 for humans, ab184086 for mice; Abcam), Phospho-MerTK (PMKT-140AP; Fab Gennix), OPN

(ab214050 for humans; Abcam; AF808-SP for mice; R&D Systems), TGF-b1 (A2124; Abclonal), Phospho-p44/42 MAPK (Erk1/2) (4370T; Cell

Signaling Technology), ERK1/2 (ab184699; Abcam), caspase 3 (ab32150; Abcam), cleaved caspase 3 (a19654; Abcolonal), Tubulin (11224-1-

AP; Proteintech), GAPDH (#5174S; Cell Signaling Technology). Secondary antibodies were: anti-mouse IgG, HRP-linked antibody (#7076;

Cell Signaling Technology), anti-rabbit IgG, horseradish peroxidase (HRP)-linked antibody (#7074; Cell Signaling Technology), HRP-conju-

gated donkey anti-goat IgG (H+L) (GB23404; Servicebio). Western blotting was performed as previously described.39 Extracted protein sam-

ples were separated by 8% SDS-PAGE and transferred to a polyvinylidene fluoride membrane. After incubation with the primary antibodies

for 16 hours and washing themembrane, the samples were incubated with secondary antibodies. Immunoreactive bands were visualized on a

Tanon-5200 Chemiluminescent Imaging System (Tanon Science & Technology).

Wound healing assay

L929 cells were seeded in 6-well plates for 18 hours. Subsequently, cells were washed twice with PBS and incubated with a starvation medium

from the supernatant of RAW264.7 culture. We used a 200-mL sterile pipette tip to create a scratch under sterile conditions and migration of

cells into the gap generated was observed. Images of the gap were captured at 0, 6, 20, 24, and 48 hours under a confocal scanning micro-

scope. The quantification was performed with ImageJ software (version 1.8.0, National Institutes of Health).
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LC-MS analysis

Use liquid chromatography and mass spectrometry (LC-MS) to identify the proteins directly interacting with MerTK in RAW 264.7 cells. After

collecting all proteins bound to MerTK by immunoprecipitation, the samples were subjected to LC-MS analysis. The data were acquired with

an LC-MS system (LTQ Orbitrap Elite System, analyzed by APTBIO). The detailed protocal is as follows:

Filter-aided Sample preparation (FASP)

Mix 30mL protein with DTT to a final concentration of 100mM DTT. Incubate at 95�C for 5 min and cool to room temperature. Add 200mL UA

buffer (8MUrea, 150mMTris-HCl pH8.5), mix and transfer to a 10kDa centrifugal filter unit. Centrifuge at 14000g for 30minutes and discard the

flow-through. Add 200mL UA buffer (8M Urea, 150mM Tris-HCl pH8.5) to the filter unit and mix. Centrifuge at 14000g for 30 minutes and

discard the flow-through. Add 100mL IAA(100mM IAA in UA) to the filter unit and incubate at room temperature in dark for 30 minutes. Centri-

fuge at 14000g for 30 minutes and discard the flow-through. Add 100mL UA buffer (8M Urea, 150mM Tris-HCl pH8.5) to the filter unit and mix.

Centrifuge at 14000g for 30 minutes and discard the flow-through. Add 100mL 2mM NH4HCO3 to the filter unit and mix. Centrifuge and

discard the flow-through. Add 48mL Trypsin buffer to the filter unit and spin at 600rpm for 1 minute. Incubate at 37�C for 16-18 hours. Collect

the flow-though and determine the concentration of trypsin-digested peptides by UV spectrometry at 280 nm.

High Performance Liquid Chromatography (HPLC)

Separating peptides of each sample by using Easy nLC system (Thermo Scientific). The Peptides were loaded in 95% solvent A (0.1% formic

acid) on a two-column set-up consisting of a trap column (Thermo Scientific Acclaim PepMap100, 100mm*2cm, nanoViper C18) and an analyt-

ical column (Thermo scientific EASY column, 15cm, ID150mm, 3mm, C18). A gradient of solvent B (84% acetonitrile and 0.1% Formic acid) was

applied at a flow rate of 300 nL/min as follows: 0% to 60% B in 50 min; 60% to 90% B in 4 min; and 90% B in 6 min.

Mass spectrometry assay

Eluted peptides were analyzed using the Q-Exactive mass spectrometer (Thermo Scientific) for 60 min. The mass spectrometer was operated

in positive ion mode. Full scan MS spectra (m/z 300–1800) were acquired with a resolution of 70000 at 100 m/z. Automatic gain control (AGC)

target was set to 1e6; Maximum inject time was 50 ms, and dynamic exclusion was 30.0s. Up to 20 most intense ions were selected for higher-

energy collisional dissociation fragmentation depending on signal intensity. Isolation window was1.5m/z; MS/MS fragment spectra were ac-

quired with a resolution of 17500 at 100 m/z, AGC target was 1e5; Maximum inject time was 50ms; Normalized collision energy was 27eV and

underfill was 0.1%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism version 9.0. Statistical analysis to compare the mean values for multiple groups was

performed using GraphPad Prism by one- or two-way ANOVA with Bonferroni’s multiple-comparisons test. Student’s t-test or one-way

ANOVAwas used to determine significance. All of the statistical details of experiments, including the statistical tests used and the exact value

of sample sizes, can be found in the figure legends. All error bars represent SEM. A difference of P < 0.05 was considered statistically signif-

icant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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