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SUMMARY

This review elucidates the effect of different intestinal
stromal cells on intestinal inflammatory fibrosis. Unveiling

the complex interplay among stromal cells, immune re-
sponses, and gut microbiota offers valuable insights for
understanding inflammatory bowel disease-related fibrosis.

Intestinal inflammatory fibrosis is a severe consequence of
inflammatory bowel diseases (IBDs). There is currently no
cure for the treatment of intestinal fibrosis in IBD.
Although inflammation is necessary for triggering fibrosis,
the anti-inflammatory agents used to treat IBD are inef-
fective in preventing the progression of intestinal fibrosis
and stricture formation once initiated, suggesting that in-
flammatory signals are not the sole drivers of fibrosis
progression once it is established. Among multiple mech-
anisms involved in the initiation and progression of in-
testinal fibrosis in IBD, stromal cells play critical roles in
mediating the process. In this review, we summarize recent
progress on how stromal cells regulate intestinal fibrosis
in IBD and how they are regulated by focusing on immune
regulation and gut microbiota. We also outline the chal-
lenges moving forward in the field. (Cell Mol Gastroenterol
Hepatol 2024;17:703-711; https://doi.org/10.1016/
j.jcmgh.2024.01.007)
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I ntestinal inflammatory fibrosis refers to a pathologic
condition in which the excessive extracellular matrix
(ECM) components deposit in the intestinal wall, which
develops in response to chronic inflammation within the
gastrointestinal tract, mainly seen in inflammatory bowel
diseases (IBDs)." Crohn’s disease (CD) and ulcerative colitis
(UC) are 2 major types of IBD that are characterized by
chronic and recurrent gut inflammation and occur in
genetically susceptible individuals caused by an abnormal
immune response to gut microbiota.” Chronic recurrent in-
testinal inflammation and the resulting tissue injury in IBD,
accompanied by defective resolution and repair processes,
results in the exaggerated synthesis and deposition of ECM
components.> ° This leads to intestinal fibrosis in up to 50%
of CD patients.” The development of intestinal fibrosis is
associated with fistula development and the need for sur-
gery, and many patients with CD needing surgery

experience stricture recurrence.” Although underappreci-
ated in patients with UC, fibrosis also leads to bowel wall
stiffening with accompanying reductions in compliance and
impaired quality of life.® The features of intestinal fibrosis in
CD and UC are not identical. Similar to inflammation,
fibrosis also is transmural in CD, characterized by increased
thickness of all intestinal layers, including lamina propria,
muscularis mucosa, submucosa, and muscularis propria.g'10
Intestinal fibrosis in UC is relatively superficial and confined
mostly to mucosal and submucosal layers of the colon, but it
might affect deeper layers if ulceration is profound.'’'?
Current anti-inflammatory biologics and small-molecule
therapies for IBD patients are ineffective in treating
fibrosis onset and progression.'* Despite the availability of
these novel treatments, the incidence of intestinal fibrosis
has not changed, and the development of different thera-
peutic strategies is required. Emerging evidence suggests
that the inflammation-independent mechanisms also might
be involved in sustaining and perpetuating intestinal
fibrosis in IBD.*

Fibrosis is a physiological process responsible for tissue
repair that is triggered by inflammation and injury and in-
volves the deposition of ECM proteins. During the normal
tissue repair response, inflammation and injury initiate a
cascade of events, including the activation of stromal cells,
mainly intestinal myofibroblast (MF), which triggers the
secretion of proteases and ECM components.®® This pro-
cess usually is controlled and resolves appropriately by
limiting intestinal MF proliferation, migration, and ECM
production, and is followed by the resolution of inflamma-
tion and fibrotic signaling."* Pathogenic tissue remodeling is
observed when an imbalance between production and
degradation of ECM proteins occurs, which leads to
increased tissue stiffness and altered organ function.'” In

Abbreviations used in this paper: Areg, amphiregulin; CD, Crohn’s
disease; Cxcl, C-X-C motif chemokine ligand; ECM, extracellular ma-
trix; EMT, epithelial-to-mesenchymal transition; IBD, inflammatory
bowel disease; IFNy, interferon vy; IL, interleukin; MF, myofibroblast;
MMP, matrix metalloproteinase; SMAD, mothers against decap-
entaplegic; SMC, smooth muscle cell; TGF-3, transforming growth
factor-G; Th, T helper; TLR, Toll-like receptor; TL1A, TNF-like ligand
1A; TNF, tumor necrosis factor; Treg, regulatory T; UC, ulcerative
colitis; a-SMA, a-smooth muscle actin.

E Most current article

© 2024 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X
https://doi.org/10.1016/j.jcmgh.2024.01.007


Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jcmgh.2024.01.007
https://doi.org/10.1016/j.jcmgh.2024.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2024.01.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcmgh.2024.01.007

704 Yang et al

patients with CD, MFs are thought to be the major source of
increased collagen production and collagen deposition in
the muscularis.'”'® Activated MFs can migrate and prolif-
erate to facilitate the synthesis and deposition of collagen-
rich ECM to aid in the reparative processes within
damaged tissues. The increase in intestinal MF numbers is
driven primarily by enhanced proliferation and aberrant
survival cues/responses. With the increasing attention to
intestinal fibrosis complications in IBD patients, under-
standing its mechanisms is essential for identifying potential
molecular targets and developing treatments to prevent and
treat fibrosis in the intestine. In this review, we focus on the
role of different stromal cells in regulating intestinal in-
flammatory fibrosis and how they are regulated by the im-
mune responses and gut microbiota (Figure 1).

Role of Stromal Cells in Intestinal
Inflammatory Fibrosis

Stromal cells are a group of nonhematopoietic cells with
phenotypic and functional heterogeneity found in the con-
nective tissues, including the intestine.'”'® They provide
essential support for tissue structure and tissue homeosta-
sis in the healthy intestine."” Upon injury or inflammation,
stromal cells are involved in complex tasks, including
wound healing, tissue regeneration, and immune regula-
tion.'® In addition, stromal cells have been found to play an
important role in the development and progression of in-
testinal fibrosis in the context of IBD.

Stromal cells, also called mesenchymal cells, contribute to
the pathogenesis of intestinal fibrosis, mainly including myofi-
broblasts, fibroblasts, and smooth muscle cells (SMCS).14 These
cells can be identified by the expression of 3 markers: alpha-
smooth muscle actin (a-SMA), vimentin, and desmin."” Fibro-
blasts express vimentin but not «-SMA and desmin, whereas
SMCs are positive for «-SMA and desmin without the expression
of vimentin. Myofibroblasts are a-SMA™ vimentin™, but desmin®
stromal cells. Myofibroblasts have an intermediate phenotype
between fibroblasts and SMCs. These cells are the major cells
producing ECM in the intestine and can differentiate from each
other under different contexts.”” Expansion and activation of
stromal cells and increased deposition of ECM are the hallmarks
of intestinal inflammatory fibrosis. In addition, nonstromal cells,
including intestinal epithelial and endothelial cells, contribute to
intestinal fibrogenesis via epithelial-to-mesenchymal transition
(EMT) and endothelial-to-mesenchymal transition.'**%*?
Furthermore, bone marrow-derived circulating fibrocytes are
also the source of myofibroblasts.

Myofibroblasts

Myofibroblasts, which express vimentin and «-SMA, are
effector cells for intestinal fibrosis that produce the end
products deposited in the extracellular space.”*> MFs are
characterized by specific cellular markers that give them an
intermediate phenotype between fibroblasts and smooth
muscle cells and their ability to produce large quantities of
ECM components when activated. MFs are considered the
key players in intestinal inflammatory fibrosis."* In the
context of recurrent and chronic inflammation,
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myofibroblasts can be multiplied and remain activated by
continuous stimulus from cytokines and chemokines in the
surrounding microenvironment. Activated myofibroblasts
migrate to the inflammatory sites and synthesize excess
production of ECM, including collagen, fibronectin, pro-
teoglycans, and other components. ECM replaces the
damaged tissues and restores the continuity of the affected
areas by accumulating within the intercellular space. The
secretion of profibrotic factors by myofibroblasts is a critical
step in the development of intestinal fibrosis. Several key
molecules produced by myofibroblasts that contribute to
fibrosis have been identified. For example, transforming
growth factor-8 (TGF-B), a potent profibrotic cytokine,
stimulates myofibroblasts to produce collagen and fibro-
nectin.’* In addition, myofibroblasts produce matrix met-
alloproteinases (MMPs) that can degrade the extracellular
matrix, promoting tissue remodeling. The dysregulated
balance between profibrotic and antifibrotic factors leads to
the accumulation of fibrotic tissue in the intestine. In
experimental models of intestinal fibrosis, the role of myo-
fibroblasts has been demonstrated. It has been shown that
the ablation or inhibition of myofibroblasts can ameliorate
fibrosis. In an experimental colitis-induced model of intes-
tinal fibrosis, deletion of a-SMA™ myofibroblasts resulted in
less fibrosis, indicating their importance in the pathogenesis
of intestinal fibrosis.”

Although the origin of MFs in intestinal fibrosis still is
unknown, there are several potential sources, including fi-
broblasts, SMCs, and epithelial cells, through EMT.!*

Fibroblasts

In response to inflammation, fibroblasts can transform
into myofibroblasts.?® The activation of fibroblasts in in-
testinal fibrosis is driven by a complex interplay of various
signaling pathways and cytokines.'” TGF-g is a central
mediator in this process, which stimulates fibroblasts to
differentiate into myofibroblasts, acquiring contractile
properties and synthesizing large amounts of ECM pro-
teins.?” Fibroblasts in intestinal fibrosis produce collagen
and secrete other ECM proteins such as fibronectin,
contributing to tissue stiffness and scarring. Moreover, fi-
broblasts actively participate in tissue remodeling by
mediating the degradation of the extracellular matrix
through the production of MMPs, which break down the
ECM components.28 In fibrotic tissues, there is often an
imbalance between the production of MMPs and their in-
hibitors, favoring the accumulation of extracellular matrix
and fibrosis.”” This imbalance results from the altered
function of fibroblasts in fibrotic conditions.

In addition to their role in extracellular matrix regula-
tion, fibroblasts also can influence the immune response in
intestinal fibrosis. They produce chemokines and cytokines
that recruit and activate immune cells, further contributing
to inflammation and fibrosis in the affected tissues.””*" It
has been shown that activated fibroblasts can induce the
recruitment of lymphocytes via C-X-C motif chemokine
ligand 12 (Cxcl12), the recruitment of monocytes and
macrophages via C-C motif chemokine ligand 2 (Ccl2) and
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colony stimulating factor 1 (Csfl), and the recruitment of
neutrophils via Cxcl1 and Cxcl8.3273* These immune cells, in
turn, release cytokines that perpetuate the fibrotic response.

Figure 1.Scheme of im-
mune cell regulation of
stromal cells in intestinal
inflammatory fibrosis.

Smooth Muscle Cells

Multiple mechanisms are involved in the contributions of
SMCs to fibrosis. SMCs produce large amounts of ECM, such
as collagen, fibronectin, and vitronectin.*>*® Similar to fi-
broblasts and myofibroblasts, SMCs produce more collagen
in intestinal fibrosis than in control tissue.?” Interleukin (IL)
6 and TGF-( are primary cytokines that stimulate SMC
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production of collagen.”® MSCs also can produce cytokines
and growth factors to regulate myofibroblasts and fibro-
blasts. In addition, some autocrine factors produced by
SMCs have profibrotic effects on myofibroblasts.** Under
inflammatory stimulation, SMCs can transform into myofi-
broblasts to further promote intestinal fibrosis.'* Although
fibrosis, featured as stromal cell proliferation with ECM
deposition in stroma, has been considered the essential
factor for the development of fibrostenosis in IBD patients, 1
study challenged the conventional view by highlighting the
complexity of histologic changes contributing to stricturing
in CD patients.”® Smooth muscle hyperplasia/hypertrophy
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plays a more crucial role in contributing to the stricturing
phenotype in CD-associated fibrostenosis, suggesting that
the inflammation-smooth muscle hyperplasia axis may be an
important factor in the pathogenesis of strictures in CD."°

Epithelial-Mesenchymal Transition

EMT is an important hallmark of fibrogenesis through
which epithelial cells lose their epithelial phenotype and
transform into mesenchymal cells.*’ The EMT process is
critical for cellular conversion from epithelial cells to
mesenchymal phenotypes. Under various stimulations,
epithelial cells gradually lose their epithelial markers, such
as E-cadherin and cytokeratin, and de novo express some
mesenchymal markers, typically vimentin and fibroblast-
specific protein 1. Fibroblasts in fibrotic areas of IBD pa-
tients with fibrosis show strong nuclear (-catenin stain-
ing.** Concomitantly, a number of subepithelial cells in and
around fibrotic areas also show expression of E-cadherin,
and large numbers of «-SMA-positive cells are present in
the fibrotic area, indicating the presence of EMT in IBD
patients with fibrosis. EMT plays a crucial role in fibrosis
and fistula formation in IBD.** Several factors have been
identified to mediate the EMT process, including both pro-
fibrotic molecules and antifibrotic molecular mechanisms.
Activation of the Wingless-related integration site (Wnt)-(-
catenin pathway has been shown to promote EMT, and
blockade of the Wnt/g-catenin pathway inhibits intestinal
fibrosis.** Hedgehog and Notch signaling promote EMT,
myofibroblast activation, and ECM production.*”*°
Emerging evidence has indicated that epigenetic regulation
plays a crucial role in EMT. Several EMT-related genes are
modified epigenetically in IBD patients, including hyper-
methylation of the promoters of cadherin 1 (CDH1), cad-
herin 13 (CDH13), neurogenin 1 (NEUROG1), and caudal
type homeobox 1 (CDX1). Sirtuin 1 (Sirtl), an epigenetic
regulator that deacetylates several transcription factors,
inhibits EMT through deacetylating mothers against decap-
entaplegic homolog 4 (SMAD4) to block TGF-g signaling."’

Circulating Fibrocytes

Circulating fibrocytes are derived from bone morrow and
possess characteristics of both immune cells and fibroblasts.
They express immune cell marker CD45 and fibroblast
marker collagen I. Upon inflammatory or injury, fibrocytes
migrate into the inflammatory or injured sites and contribute
to tissue healing, repair, and fibrosis by producing collagens,
fibrogenic cytokines, and growth factors.*® TGF-81 drives
circulating fibrocyte-to-myofibroblast differentiation, which
also participates in the fibrotic process.*” It has been re-
ported that circulating fibrocytes correlate with the fibros-
tenotic phenotype in CD patients.”” chemokine receptor type
2 (CCR2)™ fibrocytes were reported to promote colon fibrosis
by inhibiting collagen degradation.

The Heterogeneity of the Stromal Compartment

in Response to Inflammation
Through single-cell transcriptomic analysis, the hetero-
geneity of colonic stromal cells was investigated in both
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mice and human beings in health and colitis.”" In addition to
established cells, including myofibroblasts and pericytes, 4
additional distinct fibroblast-like populations were identi-
fied. Of note, a colonic niche stromal population, which is
located in proximity to epithelial crypts, expresses WNT
genes crucial for stem cell self-renewal. This population is
dysregulated in colitis, potentially contributing to an
impaired intestinal barrier in IBD. An activated mesen-
chymal population, which gains lymph node fibroblastic
reticular cell-like features, is increased in colitis. This study
highlights that the functionally divergent stromal remodel-
ing in response to inflammation is in a subset-specific
manner.”’ In addition, inflammatory activated stromal
cells with other specific immune cells are associated with
resistance to anti-tumor necrosis factor (TNF) therapy in
ileal CD patients.** The heterogeneity of stromal cells in
response to inflammation is complicated and delicate, and
needs to be investigated further.

Immune Regulation of Stromal Cells in Intestinal
Inflammatory Fibrosis

Intestinal fibrosis is associated commonly with IBD.
Because the immune response plays a significant role in the
development of IBD, it also is crucial in regulating intestinal
fibrosis, mainly through affecting stromal cells. Immune
regulation of stromal cells in intestinal fibrosis is a complex
and dynamic process involving interactions between im-
mune cells, stromal cells (including fibroblasts), various
cytokines, and signaling pathways. The initial trigger for
intestinal fibrosis often is chronic inflammation in the in-
testine, typically associated with conditions such as CD.
Immune cells, particularly those involved in the adaptive
and innate immune responses, produce cytokines and che-
mokines in response to ongoing inflammation, which
directly or indirectly can stimulate stromal cell activation
and transformation of fibroblasts/smooth muscle cells
(MSCs) into myofibroblasts. Because of the space limit in
this review, we focus only on the following 2 types of im-
mune cells: T cells and macrophages, as well as cytokines.

T Cells

Among adaptive immune cells, T cells play a pivotal role
in the intricate regulation of stromal cells in intestinal
fibrosis. There are several subsets of T cells, including
interferon v (IFN+y)-producing Th1l cells, [L4 and IL13 pro-
ducing Th2 cells, IL17 producing T helper (Th)17 cells, and
TGF-B producing regulatory T (Treg) cells. All subsets of T
cells have been shown to regulate stromal cells in intestinal
fibrosis at different levels.”” Although Th17 and Th1 cells
are involved in intestinal inflammation, Th17 cells promote
intestinal fibrosis by producing IL17 and amphiregulin
(Areg).”® Th1 cells can be pro-intestinal or anti-intestinal
fibrosis, depending on different contexts through the pro-
duction of IFNy. Th2 cells promote intestinal fibrosis
through the production of IL13.°* Although Treg cells inhibit
intestinal inflammation, they promote intestinal fibrosis,
both mediated by TGF-3.°° The roles of B cells in intestinal
fibrosis are unclear. A recent report showed an expansion of
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an IFN-induced B-cell subset during experimental mucosal
healing, which was located in damaged areas and associated
with colitis severity but inhibited interactions between
stromal and epithelial cells.”® Investigating whether such
expanded B cells also inhibit intestinal fibrosis development
after intestinal inflammation will be interesting.

Macrophages

Macrophages, an innate cell population, regulate tissue
repair, inflammation, and fibrosis, including intestinal
fibrosis.”” They can adopt different activation states with
M1-like proinflammatory and M2-like anti-inflammatory
macrophages.”® As classically activated macrophages, M1-
like macrophages produce proinflammatory cytokines such
as TNF-q, IL1b, and various fibrogenic mediators such as
TGF-$ and platelet-derived growth factor, which can stim-
ulate the proliferation of fibroblasts and collagen produc-
tion.”” M1-like macrophages also can recruit fibroblasts to
the site of inflammation through the secretion of chemo-
kines.®>°* M2-like macrophages inhibit intestinal fibrosis in
general, mainly through efferocytosis to clear apoptotic cells
to prevent secondary necrosis and inflammation, as well as
through promoting fibrosis resolution by producing en-
zymes such as MMPs, which help degrade excess ECM
proteins.®> A recent study identified a broadly CD9™ trig-
gering receptor expressed on myeloid cells 2 (TREM)2*
fibrogenic macrophage subset that expresses
secreted phosphoprotein 1 (SPP1), glycoprotein non-meta-
static protein B (GPNMB), fatty acid binding protein 5
(FABP5), and CD63 in lung and liver fibrosis induced by
type 3 inflammation.®®®* It will be very interesting to
determine whether those fibrogenic macrophages also are
present in intestinal fibrosis and their roles in intestinal
fibrosis.

Cytokines

Various cytokines produced by T cells, innate cells, and
stromal cells have been implicated in regulating fibrosis. We
focus on a few of them, which are relatively well studied.

Proinflammatory Cytokines

TNF-like ligand 1A. TNF-like ligand 1A (TL1A) is a
member of the TNF superfamily. TL1A interacts with death
receptor-3 to create the TL1A/death receptor-3 cos-
timulatory system.®® CD patients with increased serum
TL1A levels have been shown to have an increased sus-
ceptibility to developing intestinal strictures.”® Genetic
predisposition TL1A genotype rs6478108 is a potential risk
factor for the development of intestinal fibrosis in CD pa-
tients.®” Treatment with anti-TL1A antibodies not only at-
tenuates but also reverses the established fibrosis in animal
models,®®? providing a new therapeutic target for intesti-
nal fibrotic diseases.

IL13. 1L13, often associated with Th2-type immune re-
sponses, can stimulate fibroblasts to produce collagen and
other ECM components, contributing to tissue remodeling.”’
These effects are driven primarily by the capacity of IL13 to
induce the up-regulation of downstream TGF-83, promote

Stromal Cell in Intestinal Fibrosis 707

myofibroblast differentiation, and enhance collagen pro-
duction within the intestinal stroma.”’ IL13 also promotes
EMT.”?

IL17A. 1L17A, mainly produced by Th17 cells and innate
lymphoid cell 3 (ILC3), dynamically regulates stromal cells
through complex signaling pathways, impacting intestinal
fibrotic development.”*’* IL17A induces the expression of
MMPs and tissue inhibitors of metalloproteinases by stro-
mal cells, thus influencing ECM degradation and synthesis.”*
IL36. 1L36, a member of the IL1 superfamily, is a cytokine
that has diverse functions. It consists of 5 distinct iso-
forms: IL36q, IL366, IL36y, IL36Ra, and IL38.”° In the
context of inflammatory conditions, it has been shown that
both IL36« and IL36% are increased in the mucosa of IBD
patients.”®”’% In addition, IL36« is especially prominent in
the tissues of CD-associated fibrostenosis.”’ IL36« and
IL36+ induce fibroblast activation and epithelial cell pro-
liferation,®® which, in turn, is associated with increased
collagen production, leading to the development of intes-
tinal fibrosis.”’

Anti-Inflammatory Cytokines

TGF-B. TGF-8, produced by many types of cells, including
Treg cells and macrophages, is one of the most potent cy-
tokines against intestinal inflammation and driving intesti-
nal fibrosis.t? Through activating SMAD2, SMAD3, and
SMAD4, TGF-B activates fibroblasts and promotes their
differentiation into myofibroblasts.?* TGF-8 stimulates
stromal cell production of ECM proteins such as collagen,
contributing to tissue fibrosis.”* In addition, TGF-g is the
primary cytokine to promote EMT.??

Areg. Areg, an epidermal growth factor-like molecule,
promotes human intestinal myofibroblast proliferation and
motility by activating mammalian target of rapamycin
(mTOR) and mitogen-activated protein Kkinase Kkinase
(MEK).”® Areg expression is increased in CD patients with
fibrosis compared with CD patients without fibrosis.”?
Interestingly, Th17 cells produce high levels of Areg.53
Areg”” Th17 cells induce more severe intestinal inflamma-
tion but less severe intestinal fibrosis,”” indicating a crucial
role of Areg in the induction of intestinal fibrosis indepen-
dent of intestinal inflammation.

Microbiota-Stromal Cell Interactions in

Intestinal Inflammatory Fibrosis

The gut microbiota plays a critical role in maintaining
intestinal homeostasis, and dysregulation of microbiota is
implicated in the pathogenesis of IBD and its complications,
including intestinal fibrosis.®*** The dysfunction of bacterial
sensing by nucleotide-binding oligomerization domain-
containing protein 2 (NOD2) is suggested to trigger intes-
tinal fibrosis because CD patients carrying single or 2 NOD2
mutations are at an increased risk for developing strictures
and fistulae.”® Increased serum antibodies to flagellin (anti-
CBir1) in CD patients suggest aberrant adaptive immunity to
commensal bacteria.?” Furthermore, serum anti-CBirl is
associated independently with fibrostenosing disease
feature in CD patients.®®
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Several studies have shown that mice fail to develop in-
testinal fibrosis in germ-free conditions or after antibiotics
pretreatment,gg’93 which indicate that commensal bacteria
participate in the development of intestinal fibrosis.
Furthermore, certain pathogens could induce intestinal
fibrosis, such as adherent-invasive Escherichia coli’*°° and
Salmonella enterica serovar Typhimurium.”® Aberrant im-
mune responses to microbial stimuli regulate stromal cells
as discussed earlier, contributing to tissue damage and in-
testinal fibrosis. Antibiotic treatment decreases profibrotic
cytokine TGF-81 production in the intestine,”® which is crit-
ical in stromal cell activation and collagen deposition. Several
other cytokines also are involved in microbiota-immune
cell-stromal cell interactions. For instance, various gut
microbiota differentially induce the differentiation of T-cell
subsets.”” These T cells then regulate stromal cells by pro-
ducing their feature cytokines. In addition, microbiota could
affect the activation, differentiation, and functions of stromal
cells directly, leading to intestinal fibrosis. Stromal cells ex-
press Toll-like receptors (TLRs) and Nod-like receptors
(NLRs) to recognize bacteria-derived pathogen-associated
molecular patterns. Lipopolysaccharide, the ligand for TLR4,
activates myofibroblasts’® and increases collogen contrac-
tion in intestinal fibroblasts.”” Flagellin, which is present in
flagellated bacteria and activates TLR5 signaling, promotes
fibronectin and collagen production in human intestinal
myofibroblasts.'’” Mice deficient in the pregnane X receptor,
the receptor for microbiota-derived indole-3-propionic acid,
showed exacerbated intestinal fibrosis, and myofibroblast
lacking the pregnane X receptor were hyperresponsive to
stimulation to produce proinflammatory cytokines,'’" sug-
gesting that microbiota-derived metabolites also may
mediate microbiota-stromal interaction.

The Challenges and Future Directions
Many challenges remain in the research on the roles of
stromal cells in IBD-associated intestinal fibrosis. Because
intestinal fibrosis often is associated with severe intestinal
inflammation, inflammation has been considered a crucial
factor in driving intestinal fibrosis. However, current anti-
inflammatory biologics and small-molecule therapies for
IBD patients are ineffective in treating fibrosis, suggesting
that additional inflammation-independent mechanisms also
contribute to fibrosis in IBD, which need to be understood for
targeting to develop new therapeutic strategies to target and
reverse these fibrotic complications. It will be interesting to
investigate such inflammation-independent pathways in
mediating intestinal fibrosis. Furthermore, although many
immune responses regulate intestinal inflammation in IBD,
the mechanisms remain largely unclear. Understanding such
mechanisms will provide novel insights into developing new
therapies targeting immune responses affecting fibrosis
pathways, potentially offering more effective treatments.
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