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Abstract

Objective: Creeping fat, the wrapping of mesenteric fat around the bowel wall, is a typical 

feature of Crohn’s disease, and is associated with stricture formation and bowel obstruction. How 

creeping fat forms is unknown, and we interrogated potential mechanisms using novel intestinal 

tissue and cell interaction systems.

Correspondence: Florian Rieder M.D., Department of Gastroenterology, Hepatology & Nutrition, Digestive Diseases and Surgery 
Institute, 9500 Euclid Avenue – A3, Cleveland, OH, 44195, USA; Phone: +1 (216) 445 4916, Fax: +1 (216) 636 0104; 
riederf@ccf.org.
Authors contribution:
Study design: RM, CF, FR; Execution/data collection: RM, GD, IG, JL, SL, JW, TL, ME, SK, SZ, DD, JC, GW; Data compilation and 
analysis: RM, GD, IG, JL, SL, JW, TL, ME, SK, SZ, DD, JC, GW; Oversight/advisory: RM, BS, MO, PM, DW, CF, FR; Wrote and 
edited manuscript: RM, MHC, CF, FR; Acquired funding, regulatory approvals: MHC, FR

Competing interests:
F.R. is consultant to Agomab, Allergan, AbbVie, Boehringer-Ingelheim, Celgene, Cowen, Genentech, Gilead, Gossamer, Guidepoint, 
Helmsley, Index Pharma, Jannsen, Koutif, Metacrine, Morphic, Pfizer, Pliant, Prometheus Biosciences, Receptos, RedX, Roche, 
Samsung, Takeda, Techlab, Thetis, UCB and receives funding from the Crohn’s and Colitis Foundation of America, the Helmsley 
Charitable Trust, Kenneth Rainin Foundation and the National Institute of Health.
C.F. received speaker fees from UCB, Genentech, Sandoz, Janssen and he is consultant for Athos Therapeutics, Inc.

Writing Assistance: None

HHS Public Access
Author manuscript
Gut. Author manuscript; available in PMC 2023 January 01.A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript



Design: Tissues from normal, ulcerative colitis, non-strictured and strictured Crohn’s disease 

intestinal specimens were obtained. The muscularis propria matrisome was determined via 

proteomics. Mesenteric fat explants, primary human pre-adipocytes and adipocytes were used 

in multiple ex vivo and in vitro cell migration systems on muscularis propria muscle cell derived 

or native extracellular matrix. Functional experiments included integrin characterization via flow 

cytometry and their inhibition with specific blocking antibodies and chemicals.

Results: Crohn’s disease muscularis propria cells produced an extracellular matrix scaffold 

which is in direct spatial and functional contact with the immediately overlaid creeping fat. The 

scaffold contained multiple proteins, but only fibronectin production was singularly upregulated 

by TGF-β1. The muscle cell-derived matrix triggered migration of pre-adipocytes out of 

mesenteric fat, fibronectin being the dominant factor responsible for their migration. Blockade 

of α5β1 on the pre-adipocyte surface inhibited their migration out of mesenteric fat and on 3D 

decellularized intestinal tissue extracellular matrix.

Conclusion: Crohn’s disease creeping fat appears to result from the migration of pre-adipocytes 

out of mesenteric fat and differentiation into adipocytes in response to an increased production 

of fibronectin by activated muscularis propria cells. These new mechanistic insights may lead to 

novel approaches for prevention of creeping fat-associated stricture formation.
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INTRODUCTION

More than half of Crohn’s disease (CD) patients develop fibrotic stricture-induced intestinal 

obstruction, and surgical intervention is necessary in approximately 80% of them[1, 2]. 

Despite increasingly potent anti-inflammatory therapy[1], incidence of strictures in CD has 

decreased only minimally and there are still no specific anti-fibrotic therapies.

While once recognized only as energy storage, fat tissue is now considered an endocrine 

organ with multiple functions[3]. Creeping fat (CF) is a distinctive body-weight independent 

accumulation of mesenteric fat wrapped around intestinal segments affected by CD[4, 5]. 

CF comprises dystrophic adipocytes, pre-adipocytes and inflammatory cells, is characterized 

by a distinct gene expression profile[4, 6], and appears almost exclusively at sites where 

there is muscularis propria (MP) hyperplasia and a fibrotic stricture[5, 7]. At these sites 

the pro-fibrotic transforming growth factor (TGF)-β1 is upregulated, which activates MP 

cells to produce excessive amounts of extracellular matrix (ECM)[8], and promotes the MP 

hyperplasia, now considered the main contributor to bowel wall thickening and luminal 

narrowing[9].

While CF was originally described almost a century ago[10] information on its mechanisms 

are surprisingly scant, because of lack of an animal model of CF and limited access 

to primary human intestinal cells. A recent very elegant investigation suggested that 

translocation of gut microbiota into the mesentery may drive formation of CF[6]. It seems 

reasonable to assume that CF and the adjacent MP are co-involved in the formation of 
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strictures [5], making their cellular components directly pertinent to the mechanisms of 

stricture formation. If these mechanisms are identified, CF development could be prevented 

and exploited for the treatment of stenosis-suffering CD patients.

In the absence of CF animal models, we carefully studied the CF-MP interface using unique 

primary human intestinal cells and tissues as well as novel cell-cell interaction systems. 

The results suggest a sequential series of events where activated MP cells secrete large 

amounts of fibronectin (FN), which triggers migration of pre-adipocytes out of mesenteric 

fat through integrin α5β1 signaling and promotes their differentiation into the mature 

adipocytes responsible for CF formation in CD.

METHODS

Isolation and culture of primary human intestinal cells

Procurement and histopathology of intestinal tissues and Immunostaining can be found 

in Supplementary Information. Primary human intestinal muscularis propria muscle cells 

(HIMC), and mesenteric pre-adipocytes were isolated from surgically resected intestinal 

specimen as previously described[11, 12] and kindly supported by Dr. Pothoulakis. To 

generate pre-adipocyte derived mesenteric adipocytes a previously described protocol[13] 

was used. A detailed description can be found in Supplementary Information, including 

Supplementary Figure 12.

Matrisome analysis of human intestinal muscularis propria muscle cell conditioned 
medium

Cell culture and induction of matrix production and generation of the HIMC supernatants, 
size fractionation and immunoprecipitation were conducted as described in Supplementary 

Information. For liquid chromatography mass spectrometry (LC-MS), HIMC conditioned 

medium in the presence of absence of TGF-β1 was used. Technical details can be found in 

Supplementary Information.

Wound healing assay of pre-adipocytes on human intestinal muscularis propria derived 
extracellular matrix

Two dimensional (2D) HIMC derived ECM scaffolds were generated and pre-adipocyes 

reseeded as described in detail in Supplementary Information, including Supplementary 

Figure 1.

Ex vivo model of human mesenteric fat outgrowth

An ex vivo human mesenteric fat tissue outgrowth model was prepared as previously 

described[14]. Briefly, fresh mesenteric fat tissue pieces were extensively washed with 

sterile HBSS with 2.5% PSF (Lonza) over 3 hours. Fat tissue was cut into 200mg wet weight 

pieces by sharp dissection and attached onto the HIMC derived ECM coated wells. Culture 

medium was added and the plate incubated at 37°C in 5 % CO2 atmosphere. Medium was 

changed every 3 days. Cell outgrowth from the fat tissue was observed starting day 3 and 

migration traced using a Leica DMI6000 inverted microscope (Leica, Wetzlar, Germany).
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Migration of pre-adipocytes on decellularized human intestine ex vivo

We first established decellularization of the human intestine as described previously[15]. 

Briefly, fresh full-thickness intestinal tissues were collected. Fat was removed from the 

tissue by sharp dissection before extensively rinsing it with PBS. Samples were cut into 5cm 

× 2cm pieces and incubated in sterile 1% sodium dodecyl sulfate (SDS; Fisher Scientific) 

in deionized water for 4–6 hours at room temperature with gentle shaking. Sterile 1% 

Triton-X100 (Sigma) in deionized water was applied to rinse the tissues for 1 hour and the 

acellular matrix was then washed in sterile PBS containing 2.5% PSF (Lonza) at 37°C for 

5 days. The decellularized human intestinal matrix was stored at −80°C for up to 6 months. 

Molecular characterization was performed using H&E and Masson’s Trichrome staining or 

immunofluorescence using specific antibodies to Col I (Rockland), Col III (Rockland), FN 

(Abcam) or DAPI (Invitrogen) (Supplementary Figure 2). Decellularized human intestinal 

tissue blocks were properly oriented and at the side of the MP, which was directly adjacent 

to the mesenteric fat, slices of 10μm thickness were generated, and placed on the plastic 

surface of wells of a 12-well cluster plate. Pre-adipocytes were stained with cell membrane 

lipophilic dye (PKH26, Sigma) and seeded onto the human intestinal decellularized matrix 

at a concentration of 200.000 cells/ml. After culture overnight, stained pre-adipocytes 

adherent to the decellularized MP ECM and cells were tracked using time-lapse microscopy 

as described. Quantitative analysis, including cell migration distance, displacement, velocity 

and directionality indices are described in Supplementary Information.

Immunofluorescence, Transfection of cell lines, Migration assay, Immunoblotting, Enzyme-
linked immunosorbent assay, Flow cytometry analysis, Additionally used reagents and 
blocking antibodies, Statistics and Ethical statement can be found in Supplementary 

Information.

RESULTS

An inflammatory ECM scaffold is interposed between creeping fat and the muscularis 
propria in Crohn’s disease

To explore whether the interaction between muscle cells and mesenteric fat leads to CF 

formation we investigated the spatial relationship of MP cells and CF by histopathology. 

CF was observed exclusively in CD-involved segments, but not NL, UC and uninvolved CD 

(Figure 1A)[16]. The CF leading edge was located underneath the serosa (Figure 1B), and 

an inflammatory ECM scaffold was positioned between CF and the MP (Figure 1C). The 

ECM scaffold contained abundant immune cells seemingly emanating from the transmural 

infiltrates of the MP cells (Figure 1C). Next, the thickness and area of the ECM scaffold 

in NL, UC, CDNS and CDS was assessed by sirius red staining of the mesenteric and 

anti-mesenteric side of the bowel (Figure 1D). Its thickness and area was markedly increased 

in CDS compared to NL, UC and CDNS bowel (Figure 1D&E), while on the anti-mesenteric 

side it was similar in all groups (Figure 1D), suggesting that only the CF adipocytes are 

exposed to the inflammatory ECM scaffold in CDS.
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Human intestinal muscularis propria muscle cells secrete a distinct matrisome

Since adipocytes are not considered a significant source of ECM proteins, MP cells emerge 

as a more likely source of ECM proteins forming the inflammatory scaffold in CDS. To 

investigate the ECM protein secretory capacity of MP cells (HIMC) (instead of measuring 

preformed intracellular proteins or whole tissue lysates), we isolated HIMC from NL, 

UC, CDNS and CDS MP tissue (Supplemental Figures 3&4) incubated with and without 

the profibrotic factor TGF-β1[8, 17]. Supernatants of HIMC cultures were subjected to 

LC-MS[18], and results analyzed using standard proteomic analysis workflows (described 

in Methods). Proteins that passed quality control were interrogated for their presence in the 

matrisome[19], an omic inventory of ECM components and functions.

Principal component analysis (PCA) revealed no clustering differences in overall protein 

production among NL, UC, CDNS and CDS (data not shown). After TGF-β1 treatment an 

overlap between the matrisome produced by NL, UC and CDNS HIMC was noted in treated 

versus untreated cells, and a clear separation was observed in CDS (Figure 2A), suggesting 

a distinct cellular response of CDS HIMC to TGF-β1. In fact, both the number and type 

of HIMC-derived ECM proteins were differentially expressed in NL, UC, CDNS and CDS 

after exposure to TGF-β1 as displayed in Venn diagrams, with TGF-β1 stimulated CD and 

CDS HIMC producing unique ECM proteins (Figure 2B&C). The most significantly up or 

downregulated proteins were expressed in the CDS compared to the CDNS HIMC (Figure 

2B&C).

A differential response of NL, UC, CDNS and CDS HIMC was noted in heatmap analysis, 

with clear up and downregulation of most ECM proteins depending on prior exposure or 

not to TGF-β1 (Figure 2D). Interestingly, diversity of the ECM proteins was not different 

between the groups in treated or untreated HIMC as determined by the Shannon index 

(Supplemental Figure 5). Based on the results of the heatmap analysis, we next focused on 

the top 25 most abundant ECM proteins in the HIMC supernatants.

Col IA1 and A2, decorin (DCN) and fibronectin (FN) were the top 4 most abundant proteins 

produced by NL, UC, CDNS and CDS HIMC (Figure 2E) but, after analyzing differences 

in protein abundance before and after TGF-β1 treatment (Supplemental Figure 6), only 

FN and DCN changed significantly but in opposite directions with FN being significantly 

upregulated and DCN significantly downregulated (Figure 2F).

Next, we looked for proteins that may be positively or negatively correlated to identify 

potential co-modulating protein pairs/groups. In untreated CDs HIMC, FN was significantly 

and positively correlated with LTBP2 and negatively correlated with COL18A1 and 

COL4A2 (Figure 2G). In contrast, in TGF-β1-treated CDs cells FN was positively correlated 

with COL6A2 and COLA3, and negatively correlated with COMP and COL4A2 (Figure 

2G). Given that FN and DCN exhibit opposite functional properties[20] and concomitantly 

changed in opposite directions in response to TGF-β1 in our study, we focused on these two 

ECM molecules as key potential candidates for CF formation.

We performed immunofluorescence staining for FN, DCN, Col I and Col III in NL, UC, 

CDNS and CDS specifically focusing on the inflammatory ECM scaffold. In CDS the 
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expression of FN was strikingly high, with that of DCN being barely visible, while the 

expression of FN and DCN in NL, UC and CDNS tissues was variably low or moderate-

to-high, respectively (Figure 2H). Of note, which the fat tissue itself only produced 

small amounts of FN, the thickened serosal layer was strongly positive, but without any 

communication with the ECM scaffold. In the same tissues, expression of Col I and III 

also varied from low to moderate with an increase in IBD tissues (Figure 2H). Next, we 

investigated expression of the same ECM proteins in HIMC monolayers in the absence 

or presence of TGF-β1. HIMC spontaneously expressed very low levels of FN, Col I, 

Col III, with a robust increase after exposure to TGF-β1 (Figure 2I), while DCN had a 

higher spontaneous expression in HIMC that, consistent with the proteomics findings, was 

markedly reduced after exposure to TGF-β1.

Preadipocytes migrate out of mesenteric fat onto muscle cell-derived ECM

To evaluate whether the inflammatory ECM scaffold participates in CF formation, we 

cultured NL HIMC to generate ECM in vitro to mimic the generation of the ECM scaffold in 
vivo (Figure 3A). While only occasional spindle-shaped cells migrated out of the mesenteric 

fat explants onto the uncoated plate at day 4 (Figure 3B, left panel), numerous cells migrated 

out of the fat explants onto the ECM-coated plate (Figure 3B, right panel). Not only the 

numbers of migrated cells was higher, but also the proportion of fat explants that generated 

migrating cells was higher in ECM-coated plates (Figure 3 B,C; Supplementary Material 

Video 1). Flow cytometric characterization of those migrated cells revealed them to be 

adipose mesenchymal stem cells (aMSC)[21] expressing preadipocyte factor 1 (Pref-1), 

which could be differentiated into mature adipocytes (Figure 3D to F; Detailed information 

in Supplementary Material).

HIMC derived ECM induces migration of mesenteric preadipocytes

The above results suggested that migration of pre-adipocytes out of mesenteric fat and 

their subsequent differentiation into adipocytes are events relevant to CF formation. To 

test this assumption, we investigated which HIMC-derived ECM components could induce 

pre-adipocytes migration, by using a Boyden chamber assay to verify migration towards 

HIMC-generated conditioned medium.

All pre-adipocytes derived from NL, UC, CDNS and CDS tissues migrated towards the same 

tissue-derived HIMC medium, a response robustly upregulated by TGF-β1 (Figure 4A). 

Similar results were obtained regardless of the origin of the pre-adipocytes and the HIMC 

medium. Interestingly pro-inflammatory factors like IL-1β or TNF-α, the growth factor 

b-FGF, or ligands specific for toll like receptors (TLR)2/6, TLR4, TLR5 and nucleotide-

binding oligomerization domain (NOD)-1 failed to significantly increase pre-adipocyte 

migration (Figure 4A). When pre-adipocyte-derived adipocytes were tested in the same 

assays comparable results were obtained (Supplemental Figure 7A).

To identify the specific factors within HIMC-conditioned medium responsible for pre-

adipocyte and adipocyte migration, HIMC conditioned medium was fractioned based on 

size. As shown in Figure 4B and Supplemental Figure 7B, migration was drastically reduced 
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after filtration through 30, 100 and 300 kDa pores, indicating that the molecular weight of 

the migration-inducing factors is large, compatible with the size of ECM components.

Fibronectin is the dominant migration-inducing factor in HIMC-conditioned medium

Given that the proteomic screen of HIMC-supernatants and HIMC IHC revealed FN, DCN 

and Col I and III to be the major components of the ECM scaffold, we individually tested 

these components for their capacity to promote pre-adipocytes and adipocyte migration, 

as well as growth factors (bFGF, TGF-β1), pro-inflammatory cytokines (TNF, IL-1β) 

and lipids (stearate, palmitate, oleate) (Figure 4C). Interestingly, only FN, Col I and Col 

III promoted migration, with FN inducing a dramatic dose-dependent 57-fold increase 

migration (Figure 4C). This is highly relevant because HIMC spontaneously secreted FN 

and its secretion is upregulated by TGF-β1 (Supplementary Figure 8A). To confirm that 

HIMC supernatant fractionation removed FN, no FN was detected in the filtered ECM 

supernatants (Supplemental Figure 8B). Since adipocytes and pre-adipocytes consistently 

showed similar behavior in all assays, and pre-adipocytes were the only cell type migrating 

out of fat explants, all subsequent experiments were performed with pre-adipocytes with 

some noted exceptions.

We next used immunoprecipitation to deplete HIMC supernatants of FN, which reduced 

migration by approximately 50% (Figure 4D, Supplementary Figure 8C), a decrease rescued 

by adding FN to FN-depleted supernatants (Figure 4D). Further evidence that FN is the 

dominant migration-inducing factor, its mRNA was knocked down with siRNA in HIMC 

(Supplementary Figure 8D) and supernatants were then generated from the same cells. Pre-

adipocytes migrated significantly less towards these supernatants compared to supernatants 

from control HIMC (Figure 4E).

Given the differential expression of DCN in the matrisome analysis and its potentially 

overlapping signaling pathway with FN[22], we assessed pre-adipocyte migration in 

response to FN in the presence or absence of DCN, but found no changes in the presence 

or absence of this protein (Supplementary Figure 9). DCN also failed to influence migration 

of pre-adipocytes out of mesenteric fat when the assay was performed in FN-coated or 

uncoated plates (Supplementary Figure 10).

Fibronectin signaling mediates pre-adipocytes and adipocyte migration

After establishing that HIMC-produced FN is a major inducer of pre-adipocyte 

migration, we explored the signaling pathways involved. Integrins are critical sensors 

that mesenchymal cells use to communicate with the surrounding ECM milieu and are 

essential to mediate their migration[23]. Therefore, using HIMC supernatants, we pre-

treated pre-adipocytes with GRGD to block the FN tripeptide Arg-Gly-Asp sequence 

which engages cell surface integrins. This strongly inhibited pre-adipocytes (Figure 4F) 

and adipocyte (Supplemental Figure 11) migration compared to the scrambled control 

GRAD (data not shown). Additionally, chemical blockade of focal adhesion kinase (FAK), 

a mediator downstream of integrins, also inhibited HIMC supernatant induced migration of 

pre-adipocytes and adipocytes (Figure 4F; Supplemental Figure 11).
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Mesenteric preadipocytes express fibronectin binding integrins involved in migration

To identify which specific integrins were involved, we characterized the integrin expression 

on pre-adipocytes via flow cytometry by staining for integrin α1, 3, 5, V, IIb, 8 and β1, 3, 

5, 6, 8[23]. Pre-adipocytes expressed integrins α3, α5, αv and β1, but not α1, αIIb, α8, β3, 

β5, β6 and β8. Intriguingly, the mean fluorescence intensity (MFI) of αv was significantly 

higher in CDS compared to all other groups (Figure 5A&B).

To assess the functional relevance of the detected integrins we initially focused on integrin 

β1 because it is the central binding partner to the several other identified α subunits[23]. 

Antibody blockade of β1 resulted in a significantly decreased migration of pre-adipocytes 

towards NL, UC, CDNS and CDS in HIMC-conditioned medium regardless of previous 

HIMC exposure to TGF- β1 (Figure 6A). The apparent key role of integrin β1 in mediating 

migration was functionally confirmed in a wound healing assays (Figure 6B), where 

migration was substantially reduced by GRGD, FAK inhibition and integrin β1 blockade 

(Figure 6B&C).

To visualize and quantify migration of pre-adipocytes out of mesenteric fat we placed NL 

mesenteric fat explants onto HIMC-derived ECM and, using time lapse microscopy, we 

observed reduced distance, displacement, speed and persistence of pre-adipocytes when 

GRGD, integrin β1 antibody or a FAK inhibitor were added to the cultures (Figure 6D&E; 

Supplementary Material, Video 2). We also individually blocked the integrins α3 and α5 

with antibodies and antagonists (GLPG0187 and CWHM-12) and noted that blockade of 

integrin α5 and αv, but not blockade of α3, reduced pre-adipocytes migration (Figure 7A).

To more closely examine the actual pre-adipocytes migration and physical interaction with 

ECM components we decellularized human intestinal tissue and developed a 3D ECM 

system (Figure 7B)[24], with preserved architecture and content as confirmed by H&E, 

MT, immunostaining, DNA analysis, absence of DAPI and RNA housekeeping genes, and 

retained protein expression compared to the original tissue (Supplementary Figure 2). We 

then obtained perpendicular frozen sections of the MP layer, placed the sections onto a 

culture dish, seeded them with fluorescently labelled pre-adipocytes, and performed live cell 

imaging in the presence or absence of integrins β1, α5 and αv inhibitors (Figure 7C&D; 

Supplementary Material,Video 3). In this 3D ECM system, a migration of pre-adipocytes 

along the ECM fibers was observed, and blockade of integrin β1 and α5, but not αv, 

reduced migration distance, displacement, speed and persistence (Figure 7D).

DISCUSSION

Increasing evidence suggests a previously unrecognized role of visceral fat in CD 

pathobiology and clinical manifestations. Increased visceral fat volume is an independent 

risk factor for disease recurrence after surgery[25], and rate of surgical recurrence decreases 

if mesenteric fat is removed [26]. CF is an exclusive feature of CD associated with 

complications and increased need of surgery[5]. These facts suggest that preventing 

or eliminating CF formation could represent a novel strategy to improve CD outcome 

and unravelling its mechanisms could lead to new forms of therapy. Therefore, we 

comprehensively investigated the potential mechanisms underlying CF formation by using 
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unique systems consisting of human intestinal muscle cells, pre-adipocytes, adipocytes, 

mesenteric fat explants and decellularized intestinal tissue. We identified MP cells, FN, 

integrin α5β1, and mesenteric fat pre-adipocytes as key players in the formation of CF in 

CD.

The direct anatomical apposition of CF with the MP implies functional communication 

between them[27]. So far, the interface between CF and the MP has not been investigated[5], 

but our results reveal an inter-positioned ECM scaffold between CF and the MP. ECM is 

acellular, however, it is not simply a physical structure, but a source of biochemical and 

biomechanical cues essential to tissue homeostasis[28]. We show that intestinal MP cells can 

produce a scaffold rich in multiple ECM molecules and capable of inducing the migration of 

pre-adipocytes out of mesenteric fat with subsequent capability to differentiate into mature 

adipocytes. The exact ECM secretory profile of HIMC has not been previously investigated, 

and we herein report the first comprehensive ECM matrisome from NL, UC, CDNS and 

CDS HIMC. Cells of all groups spontaneously secrete large amounts of ECM molecules 

with Col I, DCN and FN being the most abundant. This was not different between untreated 
strictured compared to non-strictured bowel HIMC. ECM however markedly increased 

after exposure to TGF-β1 in all groups, which is notable because TGF-β1 is elevated 

predominantly in strictured MP[29]. Qualitatively the FN secretion is not specific to CDs. 

However, its quantity is significantly increased in CDs due to the presence of a TGF-β1-rich 

microenvironment and as confirmed by our IF analysis in human tissues and hence can 

contribute to CF formation. These results represent a compelling reason to functionally 

explore ECM proteins in fibrostenotic CD. TGF-β1 downregulated DCN, a member of the 

proteoglycan family with anti-fibrotic properties [22]. This is relevant to CDS since the 

balance of this dual but opposite effect obviously favors fibrogenesis at the expense of 

fibrosis resolution.

Directly relevant to the aims of this study is which ECM component most effectively 

induces migration of mesenteric adipocytes or pre-adipocytes involved in CF formation. We 

convincingly demonstrate that FN is that component[30], a finding consistent across cells 

from NL, UC, CDNS and CDS origin. The migration-inducing effect of FN is probably 

strengthened by the downregulation of DCN we found in CDS tissue. In fact, DCN 

competes with FN for binding of integrin α5β1[22], but this is less likely here given low 

DCN expression, leaving FN free to bind α5β1 integrin on pre-adipocytes and promote 

their migration. In addition, DCN alone or in combination with FN neither induced nor 

suppressed pre-adipocyte migration.

While FN was more effective than Col I or Col III, no pro-inflammatory cytokine, growth 

factor or fatty acid was able to promote pre-adipocytes or adipocyte migration. This 

observation is important considering the presence of immune cells inside the CF ECM 

scaffold[28]. This is particularly intriguing in the case of TGF-β1. TGF-β1 activated MP 

muscle cell supernatants, which include all products these cells generate in response to 

TGF-β1, strongly induced pre-adipocyte migration. It is striking, however, that as shown in 

Figure 4C, TGF-β1 alone did not have any effect on pre-adipocyte or adipocyte migration. 

This indicates that TGF-β1 needs muscle cells to exert its indirect effect on pre-adipocytes. 

This also implies that inflammation and CF formation are mechanistically separate although 
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mutually dependent processes. At the same time, this by no means excludes potential 

crucial functional impacts of MP residing immune cells on the mesenteric or CF. In 

fact, the source of TGF-β1 comprises multiple different cell types[31], and immune cell 

released TGF-β1 may be a major driver of muscle cell activation. Integrins are essential 

for cell migration[23], but while little is known about their expression and function by 

adipocytes[32], no information exist about integrins in visceral fat pre-adipocytes. Given 

that FN induced pre-adipocyte migration, detailed integrin characterization and antibody 

blocking experiments concluded that integrin α5β1 is the major mediator of this function.

While informative, ex vivo systems have inherent limitations due to their two-dimensional 

nature and may or may not reflect ECM properties in vivo[15]. We hence recapitulated 

the mesenteric fat with MP interface by establishing and validating a decellularization 

protocol that created perpendicular sections of the outer MP, the area which is exposed to 

mesenteric fat. When placing pre-adipocytes onto this FN-rich ECM scaffold, we confirmed 

the importance of integrin α5β1 in pre-adipocyte migration. These experiments corroborate 

the integrin selectivity and function under circumstances that can be encountered in vivo.

Pre-adipocytes, the adipocyte precursor cells, display both migratory and proliferative 

activities, and during development they migrate into and form primitive fat organs as 

the initial step of physiological adipogenesis[33]. Thereafter, pre-adipocytes differentiate 

into mature adipocytes characterized by accumulation of lipid droplets[34]. These same 

events were observed in our experimental systems, where the cells that migrated out of 

mesenteric fat onto ECM were exclusively pre-adipocytes which subsequently differentiated 

into adipocytes upon encountering a FN-rich ECM. Pre-adipocytes also play a prominent 

role in pathological forms of adipogenesis, such as in obesity and diabetes, by contributing 

to the pool of adipocytes[35]. By combination of our results a scenario emerges in which 

pre-adipocytes are drawn out to mesenteric fat, migrate toward and attach to the HIMC-

derived ECM scaffold and initiate CF formation (Supplementary Figure 13).

A limitation to the study of CF pathogenesis is the lack of in vivo experimental models 

of CF[36]. Nevertheless, our alternative models of ex vivo mesenteric fat explants and 

decellularized intestine do mimic in vivo phenomena occurring in CD patients, and bring 

novel therapeutic perspectives for CF prevention and, implicitly, for stricture formation in 

CD. For instance, selective blockade of pre-adipocytes migration, attachment, proliferation 

or differentiation could all be potential therapeutic strategies. Antibodies and molecules that 

modulate pathways we discovered already exist[37, 38], and have been tested experimentally 

in fibrotic diseases therapeutic trials (NCT02612051, NCT03573505, NCT03949530, 

NCT04072315). Our reported findings do not exclude other mechanisms contributing to CF 

formation, such as lymph contents or lymphatic angiogenesis[39]. In addition, other factors 

than TGF-β1, which was the focus of this investigation, may be capable of activating HIMC 

towards a phenotype that is able to attract pre-adipocytes and this is part of an ongoing 

project.

This study solely focused on the interaction of the MP relationship with pre-adipocytes and 

adipocytes, and multiple other tissue compartments, in particular immune cells, may have an 

influence on the formation and function of creeping CF. Of note, immune cells themselves 
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can express ECM genes, including FN[40, 41, 42], which suggests that the activated MP 

muscle cells may not be the only source of ECM in mesenteric fat and CF. Ongoing studies 

are assessing the impact of MP and fat residing immune cells on fat differentiation and 

fat fibrosis. Follow-up studies will likely identify additional targets for intervention thus 

enlarging the therapeutic armamentarium for fibrostenotic CD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

aMSC adipose mesenchymal stem cell

BSA Bovine serum albumin

CD Crohn’s disease

CEBPα CCAAT/enhancer-binding protein

CF Creeping fat

Col Collagen

DMEM Dulbecco’s modified Eagle’s medium

DTT Dithiothreitol

E Epithelial

ECM Extracellular matrix

FABP4 Fatty acid-binding protein 4

FBS Fetal bovine serum

FFPE Formalin fixed paraffin embedded

FGF Fibroblast growth factor

FN Fibronectin

FAK focal adhesion kinase

HBSS Hank’s Balanced Salt Solution

H&E Hematoxylin & eosin
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HIMC Human intestinal muscularis propria muscle cells

IBD Inflammatory bowel disease

IF Immunofluorescence

IL Interleukin

IBMX 3-Isobutyl-1-methylxanthine

LPS Lipopolysaccharide

MEM Minimum essential medium

MP Muscularis propria

MT Masson trichrome

NL Normal

NOD Nucleotide oligomerization domain

PAMP Pathogen-associated molecular pattern

Pref-1 Preadipocyte factor 1

PSF Penicillin, streptomycin, fungizone

siRNA Small interfering RNA

SDS Sodium dodecyl sulfate

SMA Smooth muscle actin

TLR Toll-like receptor

TNF Tumor necrosis factor

UC Ulcerative colitis
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WHAT YOU NEED TO KNOW

What is already known about this subject?

Creeping fat is a distinctive feature of Crohn’s disease linked to strictures, luminal 

narrowing and bowel obstruction. Understanding its pathogenesis may lead to novel ways 

to prevent or eliminate stricture formation.

What are the new findings?

Activated muscularis propria muscle cells secrete a distinct matrisome, with increased 

amounts of the ECM component fibronectin which, through an integrin α5β1-mediated 

signaling, induces migration of pre-adipocytes out of mesenteric fat and de novo 
formation of creeping fat.

How might it impact on clinical practice in the foreseeable future?

This study comprehensively investigates the mechanisms of creeping fat formation in 

Crohn’s disease. Inhibiting creeping fat formation may prevent or treat Crohn’s disease 

associated complications in the future.
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Figure 1. Histopathology evaluation of human intestinal resections for creeping fat
(A) Gross pathology appearance of normal colon (NL) with mesenteric fat, ulcerative colitis 

(UC) with mesenteric fat (MF), Crohn’s disease (CD) with creeping fat (CF) on the right and 

normal MF on the left of the transition zone (dotted line). Pictures representative of n=7 in 

each group.

(B) CD tissue with MF and subserosal CF stained with H&E, MT and MOVAT. Pictures 

representative of n=5 in each group. Magnification 3X. Scale bar: 1mm.
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(C) Closeup of panel B showing CF inter-positioned between the serosa and the MP in CD 

and a matrix scaffold (arrows) between the outer circular layer of the MP and CF (20X). 

Scale bar: 200μm.

(D) Sirius red staining of the mesenteric and anti-mesenteric side of the colon showing a 

thicker ECM scaffold in CDS with CF compared to CDNS, UC and NL. Magnification 40X. 

Scale bar 100μm.

(E) Thickness and area of the ECM scaffold are significantly increased in CDS compared to 

CDNS, UC and NL. One plot symbol represents one measurement in one patient. N=20–29 

subjects per group.

Abbreviations: CDNS, non-strictured CD; CDS, strictured CD; Mesenteric fat: MF; Creeping 

fat: CF; Muscularis propria: MP; H&E, hematoxylin & eosin; MT, Masson Trichrome: MT; 

MOVAT, Movat Pentachrome; ECM, extracellular matrix; HPF, high power field; ****= 

p<0.0001.
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Figure 2. Mass spectrometry analysis of extracellular matrix proteins in supernatants from 
HIMC cultures of different phenotypes
(A) Principal components analysis of the relative abundance of matrisome proteins produced 

by NL, UC, CDNS and CDs; Ellipses indicate 95% confidence intervals. Separation of the 

matrisome components was noted in CDS between untreated and TGF-β1 exposure group. 

NL, UC, CDNS did not exhibit matrisome changes.

(B and C) Significantly different ECM proteins produced by NL, UC, CDNS, and CDs 

HIMC exposed to TGF-β1. Proteins produced by treated and untreated HIMC were 
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quantified and compared, and Venn diagrams were created using only the proteins that were 

significantly different between the treated and untreated groups among the four phenotypes. 

(B) seven proteins were produced by all HIMC, but seven were produced exclusively by 

CD HIMC, six were shared between CD and UC, and 2 between CD and NL. (C): when 

protein production by CD HIMC was analyzed based on the cell origin from non-strictured 

or strictured tissue, three were produced by non-strictured and two by strictured HIMC.

(D) Unsupervised hierarchical clustering of ECM proteins (normalized relative abundance) 

produced by TGF-β-treated -untreated HIMC. Overall decreased and increased protein 

abundance was observed in most ECM proteins upon TGF-β exposure regardless of the NL, 

UC or CD phenotype of the cells. When the four most abundant ECM protein (Figure 2E) 

were individually analyzed (green rectangles), COL1A1 and COL1A2 remained essentially 

unchanged (⬌) regardless of cell phenotype, while FN1 clearly increased (⬆□) and DCN 

decreased (⬇□).

(E) Top 25 ECM proteins produced by HIMC ranked by level of abundance and degree 

of change according to TGF-β-treated or -untreated status. While in all HIMC phenotypes 

COL1A1 and COL1A2 abundance remained essentially unchanged, FN1 was the most 

upregulated (red asterisk) and DCN the most downregulated (blue asterisk) ECM protein.

(F) Box plots showing relative abundance of FN1 in TGF-β-treated and -untreated HIMC 

from the NL, UC, CDNS and CDs phenotypes. Levels of FN1 significantly increased in 

HIMC from all HIMC phenotypes, while levels of DCN were decreased (P ≤ .05 for all 

comparisons). (n=20)

(G) Correlograms showing statistically significant correlations between ECM proteins in 

TGF-β-treated and -untreated HIMC from CDs (Spearman correlation, P ≤ .05). In untreated 

cells, FN1 was positively correlated with BGN and LTBP2, and negatively correlated with 

COL18A1, while in TGF-β–treated cells, FN1 was positively correlated with COL6A2 and 

COL6A3, and negatively correlated with COMP and COL4A2. Blue dots indicate positive 

correlation and brown dots indicate negative correlation.

H) Representative immunofluorescence staining of fibronectin, collagen I, collagen III and 

decorin at the interface between muscularis propria and mesenteric fat in NL, UC and non-

strictured CD and creeping fat in strictured CD tissues. NL, normal; UC, ulcerative colitis; 

CDNS, non-strictured Crohn’s disease; CDS, strictured Crohn’s disease; MF, mesenteric fat; 

CF, creeping fat; MP, muscularis propria. Scale bar: 200μm. Slides are representative of n=3 

per group.

(I) Immunofluorescence staining of fibronectin, collagen I, collagen III and decorin (red) 

and DAPI (blue) in TGF-β-treated and -untreated NL HIMC Scale bar: 100μm. Slides are 

representative of n=4 per group.
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Figure 3. Human mesenteric fat ex vivo cell outgrowth model.
(A) Layout of human mesenteric fat ex vivo cell outgrowth on HIMC-derived ECM.

(B) Representative images of cell outgrowth (arrows) from normal mesenteric fat tissue 

plated on plastic (left) or HIMC-derived ECM (right) (phase contrast images at day 5 of 

culture) (n=3 independent experiments with 4–6 fat pieces each). A representative video can 

be found in Supplemental Material (Video 1).
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(C) Differential, time-dependent outgrowth of cells outgrown from human mesenteric 

fat tissue plated on plastic alone (Matrix -) or HIMC-derived ECM (Matrix+). *P<0.05, 

****P<0.001. (n=3 independent experiments with 4–6 fat pieces each).

(D) Phenotype of human mesenteric fat-outgrown cells showing >99% positivity for CD90, 

CD73 and CD105, and no expression of CD34, CD11b, CD19, CD45 or HLA-DR. Flow 

cytometry results representative of 3–5 experiments.

(E) Immunofluorescence staining for preadipocyte factor 1 (Pref-1), vimentin, CCAAT/

enhancer-binding protein (CEBPα), fatty acid-binding protein 4 (FABP4), E-cadherin, VE-

cadherin, desmin and α-SMA in cells outgrown from human mesenteric fat tissue. Figure 

representative of 3–5 experiments. Scalebar 100μm.

(F) Acquisition of oil-red-O positivity by pre-adipocytes, but not human intestinal muscle 

cells (HIMC), upon differentiation into mature adipocytes after 14 days in culture. Figure 

representative of 3–5experiments. Scalebar 100μm.
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Figure 4. Fibronectin in HIMC conditioned medium is responsible for pre-adipocyte migration
(A) Migration of pre-adipocytes in the Boyden chamber is significantly increased by 

conditioned medium of NL, UC, CDNS and CDS HIMC exposed to TGF-β1 but not to pro-

inflammatory cytokines (IL-1β, TNF-α), growth factor (b-FGF) or PAMP ligands. *P<0.05. 

(n=4–6)

(B) Filtration of HIMC conditioned medium through a 30, 100 and 300 KDa pore size 

significantly reduces migration of pre-adipocytes in the Boyden chamber. ****P<0.0001. 

(n=4–6)
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(C) Left: Fibronectin has the strongest effect on inducing migration of pre-adipocytes 

compared with other ECM proteins (Collagen I, collagen III, decorin), cytokines ((IL-1β, 

TNF-α), growth factor (b-FGF) and fatty acids (palmitate, stearate, oleate). Right: 

Fibronectin-induced migration of pre-adipocytes and adipocytes in a dose-dependent 

manner. (n=3–5)

(D) Removal of fibronectin from HIMC-conditioned medium by immunoprecipitation 

significantly (**=P<0.01) reduces migration of pre-adipocytes in the Boyden chamber, while 

addition of soluble fibronectin to the fibronectin-depleted conditioned medium restores 

migration

(E) Removal of fibronectin from HIMC by siRNA knockdown reduces migration of pre-

adipocytes in the Boyden chamber (**=P<0.01)

(F) Inhibition of HIMC-conditioned medium-induced pre-adipocyte migration in the 

Boyden chamber by GRGD and a focal adhesion kinase (FAK) inhibitor. (n=4–6)

Abbreviations: Normal: NL; Ulcerative colitis: UC; Crohn’s disease: CD; CDNS: non-

strictured; CDS: strictured; Fibronectin: FN; Collagen: Col; Immunoprecipitation: IP; 

Human intestinal muscularis propria smooth muscle cells: HIMC; Transforming growth 

factor: TGF
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Figure 5. Integrin profiles of pre-adipocytes migrated out of mesenteric fat
(A) Flow cytometry analysis demonstrating that pre-adipocytes from CDS, CDNS, UC and 

NL expressed integrins α3, α5, αv and β1, but not α1, αIIb, α8, β3, β5, β6 and β8. (n=5)

(B) Mean fluorescence intensity showing a higher expression of αv in CDS compared to NL, 

UC and CDNS. (n=5)

NL, Normal; UC, ulcerative colitis; CD, Crohn’s disease; CDNS: non-strictured Crohn’s 

disease; CDS: strictured Crohn’s disease. MFI, mean fluorescence intensity. *P<0.05, 

**P<0.01.
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Figure 6. Integrin β1 regulates pre-adipocyte migration on HIMC-derived extracellular matrix
(A) Blockade of integrin β1 significantly reduces migration of NL, UC, CDNS and CDS 

pre-adipocytes towards HIMC-conditioned medium in the Boyden chamber irrespective of 

the presence of TGF-β1. **P<0.01. (n=4–5)

(B) Left: Layout of wound healing assay of pre-adipocyte migration on HIMC-derived 

ECM. Right: Representative phase contrast images of wound closure by pre-adipocyte 

migration at baseline, 24h and 48h, and effect of GRGD, FAK inhibition and integrin β1 

blockade on migration. (n=4–5).
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(C) Wound closure was inhibited by GRGD, integrin β1 blocking antibody and FAK 

inhibitor for NL, UC, CDNS and CDS preadipocytes. (n=4–5).

(D) Representative tracking of pre-adipocytes seeded on HIMC-derived ECM was 

performed for 24h in the absence (control) and presence of GRGD, integrin β1 blocking 

antibody and FAK inhibitor. (n=4–5). A representative video can be found in the supplement 

(Video 2).

(E) Distance, displacement, velocity and migration persistence of pre-adipocyte migration 

on HIMC-derived ECM in untreated and following addition of GRGD, blocking antibodies 

to integrin β1 and FAK inhibitor. (n=4–5 with tracking n>50 cells per condition).

NL, Normal; UC, ulcerative colitis; CD, Crohn’s disease; CDNS: non-strictured Crohn’s 

disease; CDS: strictured Crohn’s disease. Focal adhesion kinase: FAK; statistically 

significant data are indicated by *P<0.05, **P<0.01, ***P<0.001,****P<0.0001.
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Figure 7. Integrin α5β1 regulates pre-adipocyte migration on the decellularized muscularis 
propria layer of human intestine.
(A) Integrin α5 blocking antibody and GLPG0187 (integrin αv antagonist) but not α3 

blocking antibody reduced the migration of pre-adipocytes towards HIMC conditioned 

medium in the Boyden chamber. (n=5)

(B) Schema of experimental set-up for the decellularized human intestinal muscularis 

propria experiments.

(C) Representative tracking of pre-adipocytes seeded on decellularized human muscularis 

propria was performed for 24 h in the absence (control) and presence of integrin β1 blocking 
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antibody, α5 blocking antibody, and GLPG0187 (integrin αv antagonist). Representative 

video can be found in the supplement (Video 3).

(D) Distance, displacement, velocity and migration persistence of pre-adipocytes migration 

on decellularized human intestine with adding integrin β1 and α5 blocking antibody, and 

GLPG0187 (integrin αv antagonist). n=4 for decellularized muscularis propria. One symbol 

represents one tracked pre-adipocyte. Abbreviations: Antibody: Ab; Statistically significant 

data are indicated by *=P<0.05, **=P<0.01, ***=P<0.001.
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