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Intestinal fibrosis is a late-stage phenotype of inflammatory bowel disease (IBD), which underlies most of the long-term complications and sur-
gical interventions in patients, particularly those with Crohn’s disease. Despite these issues, antifibrotic therapies are still scarce, mainly due 
to the current lack of understanding concerning the pathogenetic mechanisms that mediate fibrogenesis in patients with chronic intestinal in-
flammation. In the current review, we summarize recent evidence regarding the cellular and molecular factors of innate and adaptive immunity 
that are considered critical for the initiation and amplification of extracellular matrix deposition and stricture formation. We focus on the role of 
cytokines by dissecting the pro- vs antifibrotic components of the immune response, while taking into consideration their temporal association 
to the progressive stages of the natural history of IBD. We critically present evidence from animal models of intestinal fibrosis and analyze 
inflammation-fibrosis interactions that occur under such experimental scenarios. In addition, we comment on recent findings from large-scale, 
single-cell profiling of fibrosis-relevant populations in IBD patients. Based on such evidence, we propose future potential targets for antifibrotic 
therapies to treat patients with IBD.

Lay Summary 
In this review, authors describe the cellular and molecular immunological mechanism(s) of intestinal fibrosis in IBD, with a particular focus on 
animal models of intestinal fibrosis.
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Abbreviations: AIEC, adherent-invasive Escherichia coli; CD, Crohn’s disease; COL, collagen; CSF-1R, colony stimulating factor 1 receptor; CTGF, connective 
tissue growth factor; DAMP, damage-associated molecular patterns; DcR3, decoy receptor 3; DR3, death-domain receptor 3; DSS, dextran sodium sulfate; 
ECM, extracellular matrix; EMT, epithelial-to-mesenchymal transition; Endo-MT, endothelial-to-mesenchymal transition; FAP, fibrosis associated protein; HBV, 
hepatitis B virus; HSP, heat shock protein; IBD, inflammatory bowel disease; IFN, interferon; ILCs, innate lymphoid cells; IPF, idiopathic pulmonary fibrosis; 
KIR, killer-cell immunoglobulin-like receptors; MAP, mitogen-activated protein kinase; MCP-1, macrophage chemoattractant protein; MLK1, megakaryoblastic 
leukemia 1; MMPs, matrix metalloproteinases; MYLK, myosin light chain kinase; NAFLD, nonalcoholic fatty liver disease; NF-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; PAMP, pathogen-associated molecular pattern; PG-PS, peptidoglycan-polysaccharide; PRRs, pattern recognition 
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necrosis factor; UC, ulcerative colitis.

Introduction
Fibrosis represents an unfavorable outcome of the funda-
mental biologic process of tissue response to injury and 
wound repair. Typically, when a harmful event takes place, 
the inflicted damage initiates a prompt and vigorous, but 
eventually, self-limiting response that is executed through the 
reversible activation of repair pathways.1 In this scenario, any 
destruction induced by the offending factor(s) is quickly re-
paired, followed by complete restoration of damaged tissues 
and restitution of structural integrity and function. Fibrosis 
corresponds to the opposite end of the repair spectrum, which 
occurs when such damage-initiated biological sequelae es-
capes homeostatic control and becomes dysregulated. Loss of 
regulatory mechanisms manifests as a relentless and unpro-
ductive repair effort, with perpetual activation of profibrotic 

responses and sustained accumulation of extracellular matrix. 
Eventually, deposition of extensive connective tissue may re-
place normal local structures, leading to loss of normal organ 
architecture and function.

Fibrosis is a common outcome in the natural history of 
inflammatory bowel disease (IBD) and underlies most of its 
long-term complications, particularly in patients with Crohn’s 
disease (CD), of whom almost 30% suffer from fibrosis-
related morbidity.2 To a much lesser extent, some degree of 
fibrosis is also present in patients with ulcerative colitis (UC).3 
Fibrotic complications almost universally develop at intestinal 
segments that are affected by inflammation, thus supporting 
an inflammation-fibrosis sequelae. Nonetheless, a currently 
unknown and unmet need in IBD patient care is the ability 
to predict, among CD patients, who will eventually develop 
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strictures. More importantly, despite the recent advances in 
anti-inflammatory therapies that are available for IBD pa-
tients, a clear reduction in the rates of fibrosis-related com-
plications and eventual surgeries has not been demonstrated. 
Finally, because several patients will present at diagnosis with 
an already established intestinal scar, there is the demand not 
only for early prevention of fibrosis but also its successful re-
versal after the fibrotic lesions become fully established. To 
address these issues, the pathogenetic mechanisms leading to 
intestinal fibrosis need to be better characterized and the re-
sponsible cellular and molecular participants clearly defined, 
as eventually these mechanisms will provide the foundation 
for targeted and more effective therapeutic approaches.4 In 
the following sections, we will focus on the role of immuno-
logical factors, primarily of cytokines, in the pathogenesis of 
tissue fibrosis in patients with IBD, mainly those suffering 
from CD.

Evolution of the Fibrotic Process
Tissue repair or fibrosis entails 3 fundamental elements: an 
offensive factor that initiates the pathway (the trigger), the 
effector cell of the host (the “activated” myofibroblast), and 
the end product that is deposited in the extracellular space (ie, 
extracellular matrix [ECM]).5 A fourth essential participant is 
the intricate network of cellular and molecular inflammatory 

mediators that are locally recruited and/or amplified in re-
sponse to tissue damage and that tightly regulate the fibrotic 
process (Figure 1).

A plethora of underlying external and/or inherent trig-
gering factors can inflict damage, including infectious agents, 
toxins, medications, smoke, ischemic disease, and metabolic 
status. Tissue injury results in the local abundance of ex-
ogenous pathogen-associated molecular pattern (PAMP) or 
endogenous damage-associated molecular patterns (DAMP) 
ligands that engage their respective pattern recognition recep-
tors (PRRs). The latter are expressed on a wide range of cell 
types, including both immune and structural cells, which are 
capable of responding to the former signals. Pattern recogni-
tion receptors also allow local cells of the host to cross-talk 
with constituents of the intestinal microbiota, which has de-
finitively been shown to affect fibrotic pathways by delivering 
homeostatic signals—or in the event of “dysbiosis,” profibrotic 
signals. In line with this concept, a recent study reported that 
mice with selective deletion of the universal adapter protein 
myeloid differentiation primary response 88 (Myd88) in 
α-smooth muscle actin (SMA) positive cells were protected 
from inflammation-induced fibrosis after oral administration 
of dextran sodium sulfate (DSS).6 Furthermore, a recent in 
silico analysis showed distinct microbiome signatures in com-
plicated CD that significantly differed from those with pure 
inflammatory phenotypes, again highlighting the impact of 
commensal bacteria in the development of intestinal fibrosis.7

Figure 1. Immunopathogenesis of intestinal response to injury. The intestinal mucosa is continuously exposed to a variety of potential harmful 
factors both of external (eg, infections, drugs, environmental toxins) and internal (eg, genetic, inflammatory, autoimmune) origin. The initial injury 
inflicted by such triggers create a breach in mucosal integrity, which allows entry of bacterial elements in deeper intestinal layers, releases various 
products of damaged host cells, and activates the coagulation pathway. The end product is a strong local and systemic inflammatory response that 
is executed via a rich network of cellular and molecular mediators, including cytokines, chemokines, and various constituents of the innate and 
adaptive arms of immunity. This original inflammatory response induces the enrichment of the local environment with the central cellular effector 
of fibrogenesis, the activated myofibroblast. Although the origin of myofibroblasts in intestinal fibrosis is still unrevealed, there are several potential 
sources, such as local fibroblasts and pericytes, circulating fibrocytes, as well as input by epithelial-to-mesenchymal and endothelial-to mesenchymal 
transition. Once activated, myofibroblasts become potent producers of ECM, which consists of collagens, fibronectin, and several other substances 
that occupy the intercellular space. This is a tightly regulated dynamic process encompassing a delicate balance between ECM degrading matrix 
metalloproteinases and their inhibitors. The final outcome is dictated by the type of the initial trigger and the ensuing response and, most importantly, 
by the transient or persistent nature of myofibroblast-activating stimuli. During homeostatic conditions, repair mechanisms lead to complete tissue 
regeneration and reestablish the structural integrity of the intestinal wall. In contrast, the chronic persistent inflammation that takes place in IBD 
constantly fuels profibrotic mechanisms, leading to tissue scarring and resulting in anatomical and functional compromise of the affected areas of the 
GI tract. Abbreviations: DAMP, damage-associated molecular patterns; ECM, extracellular matrix; IBD, inflammatory bowel disease; MMPs, matrix 
metalloproteinases; PAMP, pathogen-associated molecular pattern; TIMPs, tissue inhibitors of metalloproteinases.
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The second essential event during tissue repair is the local 
appearance of activated myofibroblasts. This cell type rep-
resents the pivotal effector unit that is appropriately pro-
grammed to secrete components of the extracellular material 
in an effort to heal the wound produced by the offensive 
agent.8 Myofibroblasts are generally spindle-shaped and bear 
an intermediate phenotype between fibroblasts and smooth 
muscle cells.9 The origin of myofibroblasts that are respon-
sible for intestinal fibrosis still remains a matter of debate, 
as it appears that several local but also systemic sources may 
supply their pool. Intestinal stromal (including subepithelial) 
fibroblasts and pericytes that surround the endothelium are 
local residents that may become myofibroblasts,10 whereas 
circulating, bone marrow–derived fibrocytes can also be at-
tracted to the inflamed area and give rise to ECM-producers.11 
Finally, nonmesenchymal cells may also contribute to fi-
brosis via epithelial-to-mesenchymal transition (EMT) or 
endothelial-to-mesenchymal transition (Endo-MT).12

In the final step, extracellular matrix accumulates within 
the intercellular space in order to replace the damaged and/or 
missing tissues and restore continuity of the affected organ(s). 
The extracellular matrix contains both structural (collagen 
and elastin) and functional (eg, fibronectin, proteoglycans) 
proteins and has been recently recognized as a dynamic and 
active participant in maintaining tissue homeostasis—and not 
solely a mere scaffold for resident cells.13 The balanced quan-
titative and qualitative composition of ECM is regulated by 
the opposing functions of tissue matrix metalloproteinases 
(MMPs) that constantly degrade collagen and their in-
hibitors, tissue inhibitors of metalloproteinases (TIMPs).14 
Furthermore, ECM can interact with its surrounding cells 
and act as a reservoir for signaling molecules. It should be 
noted that the composition of ECM can, by itself, serve as 
an indicator of either a homeostatic or a fibrotic response to 
tissue injury. In particular, certain subtypes of collagen (COL 
1-3) have been associated with the normal repair process, 
whereas others (COL 4, 6) may signify a pathologic condi-
tion, leading to overt fibrosis.15 This is further supported by 
studies showing redistribution of collagen subtypes in CD to-
wards overexpression of collagens 4-6, which substantially 
differs from the healthy bowel, which mainly expresses colla-
gens 1 and 3.16

Independent of the causal factor, following the primary 
tissue damage, an acute inflammatory process is uniformly 
initiated with coordinated on-site delivery of blood compo-
nents, both soluble factors and leukocytes. The purpose of 
such acute inflammation is the elimination of the offensive 
trigger(s) and orchestration of effective processes to restore 
local homeostasis. Typically, this is referred to as tissue re-
generation and is considered a beneficial type of inflamma-
tion that is largely mediated by extravasated neutrophils 
and tissue macrophages and also involves lipid mediators.4 
However, pathologic fibrosis, occasionally denoted as fibro-
plasia, takes place when the aforementioned repair process 
becomes dysregulated. This may affect one or more steps 
of the pathway: the triggering factor may not be removed 
or the effector cells may be over-reactive due to genetic 
preconditioning or epigenetic modifications; alternatively, 
ECM synthesis may overcome degradation. The net result of 
such pathologic events is the establishment and maintenance 
of chronic inflammatory activity within the injured tissue, 
which is dominated by the presence of lymphocytes and their 
products. Depending on the particular immunophenotype, 

this state of continuous inflammatory input may eventually 
lead to perpetual activation of fibrotic pathways, resulting 
in tissue scarring and permanent damage. At present, almost 
all clinical and experimental models of intestinal fibrosis are 
associated with a preceding stage of chronic inflammation. 
This overlap poses an overwhelming barrier to accurately 
dissect immunological pathways that mediate inflammation 
or fibrosis, independent of each other. This obstacle is clearly 
evident in Crohn’s disease patients with obstructive mani-
festations, as the latter typically cannot be solely attributed 
to tissue scarring or ongoing inflammation with wall thick-
ening and luminal narrowing.17 It is obvious that these patho-
physiological uncertainties reflect strongly upon therapeutic 
decisions, as solving the dilemma of pharmacological vs sur-
gical intervention may prove to be a very daunting task in 
such cases. This predicament becomes more apparent when 
one considers chronic infection with hepatitis B or C viruses, 
which offer a typical example of a well-identified triggering 
factor that leads to unrelenting chronic inflammation and 
liver fibrosis/cirrhosis if the viruses are not eliminated.18,19 
Interestingly, hepatitis B virus (HBV)-related liver fibrosis is 
almost an exception in the fact that it may be reversible after 
successful eradication of the virus via treatment with nucleo-
side analogues. Conceptually, this emphasizes that removing 
the trigger may be a more effective means of disrupting the 
progression to fibrosis than targeting chronic inflammation.

Experimental Models for the Study sf 
Intestinal Fibrosis
In Vitro Systems
Myofibroblast culture. 
In vitro models of intestinal fibrosis have been developed 
mainly for the study of myofibroblasts, the principal effector 
cell during fibrogenesis. Myofibroblasts can be isolated from 
surgical or endoscopic specimens and are unique among all 
other intestinal cell types, inasmuch they can be sustained 
in primary cell cultures without the need of supportive 
specialized media, hormones, or other trophic, differentiating, 
or polarizing factors. This minimizes the risk for phenotypic 
alterations; hence, their in vitro properties reliably repro-
duce in vivo function. Cultured myofibroblasts maintain 
their αSMA+/Vimentin+/Desmin weakly+ phenotype and can 
divide more than 10 times, possibly limited by the shortening 
of chromosome telomeres. Myofibroblasts in culture attach 
to extracellular matrix proteins such as collagen, polymers 
mimicking the tertiary structure of collagen such as poly-L- 
or D-lysine, or positively charged rough surfaces such as 
cell culture plastics. Such in vitro cultures have proved to be 
significant tools to study the responses of myofibroblasts to 
various stimuli. The addition of factors secreted by other cells 
can also provide indirect information regarding the involve-
ment of myofibroblasts in cell-cell interactions. As a typical 
example, conditioned medium from cultures of epithelial 
cells that were prestimulated with pro-inflammatory cyto-
kines enhance subepithelial myofibroblast (SEMF) migration 
and production of collagen, MMPs, and inflammatory me-
diators, supporting the role of a cross-talk between SEMFs 
and overlying epithelial cells in fibrogenesis during intestinal 
inflammation.20,21 Differences between myofibroblasts de-
rived from healthy or stenotic tissue from IBD patients can 
also be studied. Sabatino et al studied primary myofibroblasts 
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from mucosa overlying strictured or nonstrictured areas 
from individual patients with CD and found higher expres-
sion of various profibrotic elements in the former.22 In other 
studies, myofibroblasts from patients with CD showed higher 
basal collagen production and pro-inflammatory cytokine 
expression.20,21

The effects of mechanical factors on myofibroblast prop-
erties can also be traced in culture by adjusting the stiffness 
of the supporting matrix.23 The pathophysiological concept is 
that accumulation of ECM components increases tissue stiff-
ness, which further activates ECM-producing myofibroblasts, 
leading to perpetuation of fibrogenic mechanisms and cul-
minating to scar formation. By increasing the matrix stiff-
ness in myofibroblast cultures, the microenvironment of 
stricturing CD can be recapitulated and studied in vitro. 
Using this approach, Johnson et al showed that when grown 
on stiff matrices, human colonic fibroblast Ccd-18Co cells in-
creased their proliferation rate and acquired an accelerated 
profibrotic phenotype with upregulated expression of αSMA, 
fibrogenic and proinflammatory genes, and decreased MMP 
production.24 Furthermore, de Bryn et al recently showed that 
normal myofibroblasts exert a compensatory activation of 
MMPs when embedded in a high pressure substrate, a mech-
anism that was reversed in myofibroblasts from intestinal 
areas with CD-associated strictures.25

The functional characteristics of myofibroblasts in mono-
layer cultures and their modifications via various stimuli can 
also be demonstrated via the wound healing and migration 
assay.26 This technique employs the creation of a physical 
gap within the myofibroblast monolayer and the sequential 
observation of the gap closure through the cell migration, 
which gives a readout of myofibroblast’s fibrotic properties. 
By applying different stimulatory conditions, the effects of ex-
ogenous factors in this process can also be studied.

Human intestinal organoids
The main drawback of primary cultures is that myofibroblasts 
are expanded in monolayers and, thus, lack neighbor cells 
and cell-cell interactions that usually take place in vivo and 
regulate the total functionality of intestinal tissue. This gap is 
partially filled by the use of intestinal organoids. Organoids 
are 3D structures that are cultured in vitro and composed of 
functional, live cells that can self-renew and spatially organize, 
thus, recapitulating the assembly of the corresponding tissue. 
Such structures can either be reconstituted from human tissue 
cultures or induced from embryonal or pluripotent stem cells 
by use of specific culture conditions that prompt the differen-
tiation into specific cell types.27 Therefore, intestinal (ie, from 
small intestine) or colonic (ie, from large intestine) organoids 
contain both epithelium and mesenchyme.28 The translational 
relevance of organoids can be further enhanced by the use of 
scaffold systems that reproduce the in vivo condition even 
more closely.29 Recently developed organoid-on-a-chip plat-
forms multiply the research potential by allowing the study 
of more complex features of the human intestine, including 
nutrient support, signaling gradients, and host-bacterial 
interaction.30 Taken together, these developing techniques fa-
cilitate the study of intestinal myofibroblasts within the per-
spective of their natural microenvironment and constitute a 
great advance relative to monolayer cultures. For example, 
Giuffrida et al have introduced a 3D decellularized human 
intestinal scaffold system that was obtained from surgical 

specimens.31 The scaffold that contained a preserved compos-
ition of ECM proteins was subsequently engineered with pri-
mary human intestinal myofibroblasts. The authors showed 
that engrafted myofibroblasts demonstrated diverge genotype 
and dissimilar responses to profibrotic factors in comparison 
with myofibroblasts in standard 2D cultures on plastic dishes.

Animal models of fibrosis
A major obstacle for understanding the pathogenetic mechan-
isms of intestinal fibrosis in IBD is that its early stages cannot 
be tracked and patients usually present when a fully estab-
lished, purely fibrotic stenosis is present. This also precludes 
early intervention and prevention of the process in its earliest 
stages. Animal models of intestinal fibrosis attempt to bridge 
this gap because they allow scientists to dissect the various 
mechanisms that link initial tissue injury to permanent fibrous 
formation. A detailed presentation of these models is beyond 
the scope of this review and can be found elsewhere32; only 
a brief overview will be included herein (Table 1). It should 
be noted that, with rare exceptions, all established murine 
models that display a fibrosis phenotype were primarily de-
veloped as a means to study intestinal inflammation, with fi-
brosis being a secondary outcome.

The chemically induced models are mainly represented by 
the DSS and trinitrobenzene sulfonic acid (TNBS) models of 
colitis.33,34 In both models, the triggering factor is known, 
and this facilitates the study of the initial events that are im-
plicated in postinjury repair, which is typically mediated by 
innate immunity. In the classical protocols, however, full re-
covery of the intestine takes place; hence, the development of 
fibrosis requires modification of the protocols. In particular, 
short-term treatment with a high concentration of DSS gen-
erally causes acute inflammation, but administering either a 
longer course of low-dose DSS or cyclical re-administration 
of relatively high doses can reproduce a more chronic col-
itis with development of fibrosis.35 Similarly, a single dose of 
TNBS via intrarectal instillation generates an acute inflam-
matory response that then primes an antigen-specific T-cell 
response but does not lead to fibrosis unless repeated ad-
ministration of the chemical is applied, leading to a change 
in immunophenotype from T helper 1 (Th1)- to Th2/Th17-
dominance, and with subsequent collagen deposition and fi-
brosis.36 Despite their widespread use, chemical models also 
have major drawbacks, which include their questionable rele-
vance to human disease, as well as incomplete penetrance and 
mild severity of fibrosis.

The conceptual justification of microbial models arises 
from converging lines of evidence showing that the presence 
of intestinal microbiota is a prerequisite for the development 
of chronic inflammation and possibly fibrosis in the intes-
tines. Inflammation does not occur in germ-free animals and 
responds to treatment with antibiotics, whereas genome-wide 
association studies have repeatedly highlighted the relevance 
of immune-bacterial interactions and intestinal dysbiosis 
in the pathogenesis of IBD. A number of animal models of 
IBD, therefore, use specific microbes or microbial compo-
nents to generate inflammation and subsequent fibrosis. 
One such model involves the subserosal injection of puri-
fied, sterile, bacterial-derived peptidoglycan-polysaccharide 
(PG-PS) polymers into the cecal or small bowel wall of rats 
during laparotomy. This induces transmural enterocolitis 
that initiates acute inflammatory infiltration, followed by 
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chronic granulomatous inflammation, with significant fi-
brosis. Interestingly, mesenchymal cells that bear the char-
acteristics of myofibroblasts accumulate in the periphery of 
granulomas.37,38

A similar model is the intramural injection of filtered 
fecal suspension in rats, which creates severe focal col-
itis alongside prominent transmural fibrosis with colonic 
strictures.39 Although both models produce impressive in-
testinal fibrosis, major difficulties are often encountered, 
including the demanding technique of administration and 
nonapplicability to mice. On the other hand, chronic infec-
tion with Salmonella typhimurium generates inflammation 
and fibrosis in infected mice.40 Early—but not late—eradica-
tion of the microorganism with antibiotics prevents fibrosis 
in this model, once again pointing out that the timely re-
moval of the trigger may be the most efficient antifibrotic 
measure.41 The major drawback of this model is that 
Salmonella infection is not associated with fibrogenesis in 
humans.

The presence of fibrosis has been consistently sought after 
in several of the genetically manipulated models of colitis; 
nonetheless, it represents a rare phenotype. As transforming 

growth factor (TGF)β1 signaling is considered critical 
during fibrogenesis, the effect of local colonic overexpression 
of TGFβ by enema delivery of an adenoviral vector was 
studied.42 Aided by ethanol-induced disruption of epithelial 
integrity, this model includes an initial diffuse, ulcerative, 
innate-type of inflammation that is followed by a more lo-
calized chronic, transmural inflammation. The latter is ac-
companied by ECM matrix deposition, thickening of both 
muscle layers, and increased presence of myofibroblast-type 
cells. Eventually, the majority of mice develop colonic stric-
tures with prestenotic dilatation. The chemokine macro-
phage chemoattractant protein (MCP-1) has been shown to 
play an important role in the development of fibrosis in the 
lung, kidney, liver, and pancreas.43 Intramural injection of an 
adenoviral vector carrying MCP-1 in the rectum of B6 mice 
leads to early upregulation of TGFβ1 and collagen depos-
ition, along with a shift in the collagen type 3:1 ratio, which 
is reminiscent of stricturing CD. This fibrotic response is 
mediated by lymphocytes, as it is missing in recombination-
activating gene (RAG)2–/– mice. Finally, the development 
of fibrosis has been reported in mice that overexpress 
tumor necrosis factor (TNF)-like cytokine 1A (TL1A)/

Table 1. Commonly used animal models of intestinal fibrosis.

Designation Descriptor Technical Characteristics Strengths and Drawbacks 

DSS Chemical Repeated intermittent administra-
tion of DSS in the drinking water 
leads to inflammation and fibrosis
Colonic localization

Simple and easily reproducible
Model of epithelial injury and repair but not chronic inflamma-
tion
Questionable relevance to IBD

TNBS Chemical Repeated intrarectal administration 
of TNBS/ethanol
Colitis induction and severity may 
be unpredictable, depending on 
chemical batch and the animal 
strain
Colonic localization

T-cell dependent mucosal injury at the colon
Early/Th1 vs late/Th2-Th17 immunophenotype, which is com-
patible with the current paradigm for inflammation-induced 
fibrosis
Pathological lesions include transmural inflammation
Chemical injury/hapten utilization unrelated to IBD pathogen-
esis

PG-PS Microbial Subserosal injection of bacterial-
derived PG-PS polymers in rats
Cecal or small intestinal localization

Chronic granulomatous inflammation with significant fibrosis
technically demanding
artificial model

Fecal injec-
tion

Microbial Intramural injection of filtered fecal 
suspension in rats
Colonic localization

Focal colitis
Transmural fibrosis with stricture formation
Bacterial invasion may be relevant in IBD
technically demanding

 Salmonella 
Infection

Microbial Pre-treatment with antibiotics, fol-
lowed by ingestion of Salmonella
Colonic localization

Infection with Salmonella in humans leads neither to chronic 
inflammation nor fibrosis

tgf-b1-Tg Genetic Overexpression of TGFβ via rectal 
instillation of an adenoviral vector, 
following ethanol-induced disrup-
tion of epithelial lining
Colonic localization

Focal distribution of fibrosis
Stricture formation
TGFβ possibly relevant in IBD-associated fibrosis

tl1a-Tg Genetic Myeloid- or lymphoid-specific 
overexpression of TL1A
Colonic and small intestinal local-
ization

TL1A/DR3 is an important mucosal cytokine system
Neutralization of TL1A exerts antifibrotic effect
Fibrosis is affected by signals from the microbiota
Mild inflammatory and fibrotic changes

mcp-1 Genetic Intramural injection of an adeno-
viral vector carrying MCP-1
Colonic localization

TGFβ1 and collagen deposition
Increase in collagen type 3:I ratio (similar to CD)
Fibrosis is absent in RAG–/– mice
Only MCP-1-dependent fibrogenesis is examined

SAMP1/Yit Spontan-
eous

No chemical, immunological or gen-
etic manipulation
Small intestinal (terminal ileum) 
localization

Unbiased, spontaneous nature
Pathology closely mimics Crohn’s disease
Inflammation to fibrosis evolution traceable
Precise immunopathogenetic mechanisms still unknown
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TNF superfamily15 (TNFSF15). The rationale for this ap-
proach have been human studies reporting that TL1A and 
its functional receptor, death-domain receptor 3 (DR3), are 
upregulated in both active CD and UC, whereas IBD-specific, 
protective, and at-risk polymorphisms have been reported 
for TNFSF15 (TL1A) and TNFRSF6B (which encodes for 
the TL1A-binding, decoy receptor 3 [DcR3]) genes.44,45 In 
mouse studies, it has been reported that either global or se-
lective (myeloid or lymphoid) overexpression of TL1A (eg, 
TL1A-Tg mice) result in increased collagen deposition with 
mild fibrosis in both the small intestine and colon, which is 
further intensified following challenge with DSS and is as-
sociated with elevations in interleukin (IL)-17 expression.46 
Interestingly, fibrosis can be reversed upon treatment with a 
neutralizing TL1A antibody.47 Given the significance of the 
TL1A/DR3 system in experimental inflammation and IBD, 
the TL1A-Tg model should be considered one of the most 
relevant models of fibrosis, at present.

Currently, the SAMP1/YitFc (SAMP) strain is the only 
spontaneous model of experimental ileitis and subse-
quent fibrosis.48 A clear advantage of this mouse is that 
it offers the opportunity to investigate the natural course 
of disease over time: prior to the onset of gut inflamma-
tion, throughout acute and chronic mucosal inflamma-
tory events, and during the formation and progression of 
intestinal fibrotic lesions. At the same time, however, the 
spontaneous nature of SAMP ileitis also indicates that the 
underlying pathogenetic mechanisms of inflammation and 
fibrosis are, similarly to IBD, largely unknown. The SAMP 
mice represent a model of Th1/Th2-driven chronic enteritis, 
with Th1 events occurring early and further increasing as 
disease severity progresses. In contrast, Th2 responses be-
come dominant later on and coincide with hypertrophy of 
the ileal muscularis propria, extensive collagen deposition, 
and frank stricture formation with prestenotic dilatation.49 
The mRNA expression of Col1a1, Col3a1, insulin-like 
grown factor-1, and connective tissue growth factor are 
dramatically increased in the ilea of SAMP vs the parental 
control strain.50

High Dimensionality Analysis
In recent years, significant progress has been accomplished 
regarding our ability to analyze the mRNA and protein com-
position at the single-cell level, even when the starting point 
is a complex cellular community, such as the intestinal mu-
cosa.51 This is facilitated with bioinformatics analysis, which 
currently allows for the identification of detailed molecular 
signatures and comparison between single cells that—until 
now—could only be analyzed as a total population based on 
the expression some universal markers. Such methodology 
may prove very important for the accurate characterization 
of the stromal cell component at the intestinal wall, given the 
highly diverse origins of ECM-producing myofibroblasts. In 
one of the earliest studies in this filed, Higuchi et al showed 
that the transcriptional profile of fibroblasts is dependent 
on the organ and anatomical site of origin; hence, intestinal 
fibroblasts are characterized by unique gene expression signa-
tures that encompass genes involved in transcriptional regula-
tion, signaling ligands, and extracellular matrix remodeling.52

A more recent study fingerprinted mesenchymal cells from 
healthy controls and patients with IBD by use of unbiased 
single-cell profiling of over 16,500 colonic mesenchymal 
cells.53 The authors reported the existence of 4 distinct 

subtypes of fibroblasts based on their transcriptomic and 
functional signatures that were different from pericytes and 
myofibroblasts. Importantly, they identified a subepithelial 
population that was dysregulated in patients with colitis. A 
novel colitis-associated activated mesenchymal cell was dem-
onstrated, which correlated to disease severity and expressed 
TNF superfamily member 14 (TNFSF14), fibroblastic re-
ticular cell-associated genes, IL-33, and Lysyl oxidases.53 The 
possibility of communication between this colitis-specific 
stromal cell and the epithelium was also raised. Additional 
studies, using high dimensionality approaches have brought 
about important roles for the bioactive vitamin D metabolite 
1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), and the Wnt/β-
catenin pathway factor, Wnt3A, as critical regulators of co-
lonic fibroblasts.54

Immunoregulation of Intestinal Fibrosis
The chronic inflammatory response that takes place in IBD 
is orchestrated by a plethora of overlapping and redun-
dant molecular modules, among which cytokines are the 
most extensively studied. The traditional dogma of IBD 
immunopathogenesis proposed a simplified “CD/Th1 vs 
UC/Th2” paradigm, which was strongly challenged by the 
discovery of additional effector pathways (Th17, Th9) and 
the increasingly recognized role of various populations of 
regulatory T-cells (Tregs). The complexity is further inten-
sified by the contribution of innate immunity during acute 
flares of the disease and the continuously expanding uni-
verse of mucosal cells, mostly represented currently by in-
nate lymphoid cells (ILCs). These cell subsets and their 
respective cytokines not only organize the inflammatory 
network within the mucosa but also affect the long-term 
development of intestinal fibrosis. Myofibroblasts actively 
participate in this process and are indicated by the fact that 
these cells bear several cytokines receptors55 and toll-like 
receptors (TLRs),56 thus being capable of scavenging their 
surroundings and adopting their function, accordingly. The 
role of such IBD-related, inflammation-associated molecular 
factors will be examined in the context of their effects in 
regulating the expansion, activation, and removal of intes-
tinal myofibroblasts, as well as controlling the MMP/TIMP 
balance and ECM remodeling.

TGFβ/Smad: the “Core” Fibrotic Pathway
The pleomorphic cytokine, TGFβ, especially its TGFβ1 
isoform, is the most recognized regulator of fibrosis in both 
intestinal and extraintestinal organs. When TGFβ1 binds to 
its receptors, TGFβR1 and 2, it initiates intracellular signals 
that are further propagated by phosphorylated proteins Smad 
2, 3, and 4 and counter-regulated by Smad 7.57 All isoforms 
of TGFβ and their receptors are increased in the lamina pro-
pria, lymphocytes, epithelial cells, and fibroblasts of patients 
with CD.58 The TGFβ1 mRNA localizes to lamina propria 
cells, especially those that lay closest to the luminal surface.59 
More importantly, this upregulation appears to be more ex-
aggerated in biopsy specimens and myofibroblasts that are 
obtained from strictured compared with nonstrictured areas 
of the intestines.22 This includes higher baseline and/or TGFβ-
induced levels for TGFβ, phosphorylated Smad2/3, and 
TIMP-1 proteins and collagen, along with reduced expression 
of Smad7, and MMP-3 and -12.
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Transforming growth factor β1 exerts its profibrotic function 
via several mechanisms. Activated TGFβ1 is the most potent in-
ductor of α-SMA, facilitating the differentiation of human fibro-
blasts to myofibroblasts. It also contributes to the expansion 
of the myofibroblast pool by promoting EMT and Endo-MT 
and by augmenting the proliferation of myofibroblasts and ren-
dering them resistant to apoptosis. In addition, TGFβ1 affects 
remodeling of the ECM by enhancing tissue expression of TIMP, 
thus decreasing the MMP:TIMP ratio, which diminishes local 
degradation of ECM and sustains fibrosis. Transforming growth 
factor β also was shown to augment the migration of intestinal 
myofibroblasts and their collagen-producing capacity.20,60,61 The 
profibrotic effects of TGFβ were also demonstrated in a human 
intestinal organoid fibrosis model, whereby stimulation with 
TGFβ resulted in upregulation of collagen type 1, fibronectin, 
α-SMA, actin contractile gene Myosin Light Chain Kinase 
(MYLK), and fibrogenic transcription factor megakaryoblastic 
leukemia 1 (MLK1).62 Proof-of-concept for a profibrotic role 
of TG-β is also provided by observations in animal models, re-
porting amelioration of fibrosis by TGFβ blockade63 and intes-
tinal stricture formation in mice with forced overexpression of 
this cytokine.42

Overall, the TGFβ/Smad pathway has been viewed as a 
“core” pathway upon which IL-13 is added as an important 
upstream mediator (see later on) and connective tissue growth 
factor (CTGF) is considered a principal downstream module. 
This central core can be modified via the subsequent action of 
several pro-and antifibrotic factors. Connective tissue growth 
factor is uniformly co-expressed with TGFβ, including at in-
testinal strictures of CD patients.64 It then acts downstream 
by enhancing myofibroblast proliferation and ECM synthesis, 
thus critically contributing to tissue fibrosis.65 By acting down-
stream, CTGF offers the opportunity for therapeutic manipu-
lation of the profibrotic effects of TGFβ without interfering 
with its regulatory homeostatic function.

IL-13: Profibrotic Effects of Th2 Immunity
Interleukin-13, the central effector cytokine of Th2-type 
immunity, has demonstrated profibrotic activity in several 
chronic extraintestinal organs, such as the liver and lung.66,67 
These effects are mediated by the ability of IL-13 to induce 
upregulation of downstream TGFβ, promote myofibroblast 
differentiation, and augment collagen production. Of note, 
elevated mucosal IL-13 expression has been most reported 
in patients with UC and not CD, which is in opposition to 
the fact that fibrosis is mainly a characteristic of the latter. 
Data from animal models of inflammation, however, provide 
insight into this discrepancy by underscoring the importance 
of temporal associations in disease progression. This was 
explicitly observed in the SAMP mouse model with chronic 
ileitis, which recapitulates ileal-specific CD for several char-
acteristics, including the development of fibrostenosis with 
prestenotic dilatation.50 The initial development of ileitis in 
SAMP mice is dominated by Th1/interferon (IFN)-γ responses. 
This is, however, followed by a second stage that occurs later 
on and is characterized immunologically by prominent in-
creases of IL-13 (and IL-5).49 This second phase also coincides 
with the development of overt ileal strictures with prestenotic 
dilatation, typified by local upregulation of collagen 1 and 3 
and downstream fibrotic factors, including insulin-like grown 
factor-1 and CTGF. A similar inflammation-to-fibrosis tran-
sition has also been reported in the TNBS model of colitis in 

mice.36,68,69 Colitis starts as a typical Th1 response, dependent 
on IL-12 expression, only to be reverted in later stages to 
an IL-13-dominant mucosal phenotype, which again coin-
cides with the development of fibrosis that follows repeti-
tive instillation of TNBS. Fibrosis can be abrogated by TGFβ 
blockade, confirming the presence of upstream IL-13 in the 
“core” fibrosis pathway. This effect is mediated via binding 
to the IL-13Rα2, as its deletion or neutralization ameliorated 
TGFβ-mediated fibrosis.

Therefore, IL-13Rα2 offers a novel therapeutic oppor-
tunity in human diseases that are associated with fibrosis and 
induced by the IL-13/TGF-β axis. On the one hand, IL-13 
signaling may be the precipitating factor for fibrostenotic 
complications in long-standing ulcerative colitis. On the 
other hand, the apparent low expression of IL-13 in patients 
with CD may be due to selection of patients with active in-
flammation but not complicated fibrosis-related pheno-
types. In a recent study, muscle extracts from fibrotic areas 
of CD patients highly expressed IL-13, whereas local fibro-
blasts expressed the receptor IL-13Rα1 and responded to 
IL-13 by downregulating MMP-2 and TNF-induced MMP-1 
and MMP-9 synthesis.70 The responsible profibrotic, IL-13-
secreting cell, was identified as a population of IL-13Rα1, 
which are killer-cell immunoglobulin-like receptors (KIR)+ 
innate lymphoid cells (ILCs). Similar to IL-13, the inductive 
Th2 cytokine IL-4 has also been associated with fibrosis in 
several experimental and clinical models. Reports of such ef-
fects in IBD are currently lacking, wherein its expression is 
not elevated in either CD or UC. Furthermore, when com-
parisons were performed, it appears that IL-13 has a more 
pronounced antifibrotic role than IL-4.

Interleukin-33 is another cytokine that has been associated 
with Th2 immune responses71 and has also demonstrated 
profibrotic function.72 Sponheim et al examined biopsy spe-
cimens from IBD patients and found significant upregulation 
of IL-33 mRNA levels in untreated ulcerative colitis, along 
with localization in ulceration-associated myofibroblasts.73 
Interestingly, IL-33-positive myofibroblasts were al-
most absent near the deep fissures seen in Crohn’s disease. 
Interleukin-33 may also drive intestinal fibrosis via its associ-
ation to local eosinophils, which are known to also promote 
fibrogenesis. In a recent study, IL-33 was shown to augment 
eosinophil peroxidase and IL-13 secretion.74 Furthermore, 
epithelial IL-33 was increased in pediatric Crohn’s ileitis and 
strongly associated with ileal eosinophilia and complicated 
fibrostenotic disease. Fibroblasts that were exposed to eosino-
phils that were prestimulated with IL-33 increased their pro-
duction of pro-inflammatory and profibrotic factors, whereas 
eosinophil-targeted treatment resulted in significant improve-
ments in inflammation and tissue remodeling in a chronic ile-
itis model.74 Finally, IL-33 may also mediate profibrotic signals 
that originate from microbial factors. This was shown for the 
CD-associated pathobiont adherent-invasive Escherichia coli 
(AIEC), which persistently colonizes the inflamed gut; it also 
potentiated the mucosal production of the IL-33 receptor ST2 
in the intestinal epithelium and led to substantial fibrosis.75 
This effect was mediated by flagellin, as bacteria deficient for 
flagellin failed to induce ST2.

IFN-γ: Antifibrotic Effects of Th1 Immunity
Several lines of evidence support an antifibrotic role for 
the hallmark Th1 cytokine, interferon-γ, and also IL-12. 
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In particular, it was shown that IFN-γ inhibits the expres-
sion of TGFβ and also blocks its downstream effects, such 
as phosphorylation of Smad3, the association of Smad3 
with Smad4, and the induction of TGFβ-responsive genes, 
including lower expression of CTGF. It further increases the 
expression of the counter-regulatory Smad 7 protein.76 In ac-
cordance, mice were protected from experimental interstitial 
nephritis by treatment with a pegylated IFN-γ preparation 
that significantly reduced collagen 1, fibronectin, and α-SMA 
mRNA and protein expression.77 Similarly, the antifibrotic ef-
fects of IL-12 were shown in mice with either schistosome 
infection or with bleomycin-induced lung fibrosis. Although 
these results clearly demonstrate an antifibrotic role for Th1 
responses, and despite the fact that both IL-12 and IFN-γ 
are upregulated at the mucosa of patients with CD, there is 
a paucity of studies regarding the role of Th1 immunity in 
intestinal fibrosis. Furthermore, therapeutic administration of 
IFN-γ in extraintestinal fibrotic diseases has failed to generate 
substantial clinical benefit.

IL-17: The Evolving Role of Th17 Responses in 
Intestinal Fibrosis
The Th17 lineage is the third major effector population of 
T-lymphocytes and the latest to be described. Its hallmark 
cytokine is IL-17A, although several other products of Th17 
cells have also been described, which include IL-17F, IL-21, 
and IL-22; however, significant input is delivered by IL-23, 
IL-6, and TGFβ. Although a pro-inflammatory role for Th17 
cells has been well-recognized, these cells also play important 
roles in the preservation of tissue homeostasis. In addition, 
their involvement in tissue repair and fibrosis has been elu-
cidated. In fact, a role for IL-17 in extraintestinal fibrosis 
has been described,78,79 with recent studies also supporting 
its role in the intestine. In expression studies, increase in 
IL-17A was detected in areas of stenosis from patients with 
CD.80 Furthermore, intestinal myofibroblasts from strictured 
regions responded to IL-17A stimulation by upregulating 
the production of collagen, MMP-3, MMP-12, and TIMP, 
showing reduced migratory ability compared with controls.80 
Further studies showed that colonic myofibroblasts express 
IL-17R and respond to stimulation from IL-17A (alone or 
in combination with IL-1β, TNF, or IL-4). This leads to ele-
vated nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-kB) and mitogen-activated protein (MAP) kinase-
dependent production of IL-6, IL-8, MCP-1, leukemia inhibi-
tory factor (LIF), and MMP-1, and MMP-3.81-83 In another 
study, the stimulatory effects of IL-17 on human intestinal 
myofibroblasts was shown to depend on an intermediate step 
of elevated expression of heat shock protein (HSP) 47.84 The 
potential role of IL-17 in fibrosis was recently explored by 
observing the effects of anti-IL-17 neutralization in the TNBS 
model of colitis.85 Following anti-IL-17 treatment, both in-
flammation and fibrosis were ameliorated, accompanied by 
reductions in collagen 3, IL-17, tumor necrosis factor, TIMP-
1, and MMP-2. In addition, in another study using the same 
model, it was proposed that the mechanism for colitis ameli-
oration via anti-IL-17A treatment involved inhibition of 
EMT.86 Overall, these studies support a profibrotic role of 
IL-17 in the intestine. It should be noted, however, that Th17 
cells are characterized by high plasticity and frequently ac-
quire alternative phenotypes reminiscent of Th1 or even Treg 
lineages. Moreover, IL-17A also exerts protective roles at the 

intestinal mucosa, as exemplified by the worsening of CD pa-
tients who were treated with antibodies against IL-17A87 or 
its receptor88 in recent clinical trials. Thus, their net effect in 
intestinal immunity towards tissue repair or inflammation 
and fibrosis should be further investigated.

Novel Fibrogenic Cytokines: TL1A, IL-34, IL-36
The TL1A (TNFSF15) and its functional receptor DR3 
(TNFRSF25) are members of the TNF/TNFR superfamilies 
with well-established and significant roles in chronic intestinal 
inflammation as universal costimulators of effector responses 
and regulators of Treg function.89 Recently, their involvement 
in intestinal fibrosis has also been suggested.90 The TL1A/
DR3 amplify multiple immunological pathways that, when 
sustained, may lead to fibrosis, including Th2/IL-13- and 
Th17/IL-17A-dependent mechanisms. Moreover, expression 
of TL1A is detected in human intestinal myofibroblasts; it is 
upregulated in patients with CD and receives stimulatory sig-
nals from CD-associated pro-inflammatory cytokines (IFN-
γ, TNF, and IL-1α), supernatants of intestinal tissue cultures 
from IBD patients, or supernatants of prestimulated epithe-
lial cells.21 Interestingly, the latter express the receptor DR3, 
raising the possibility for epithelial-myofibroblast interactions 
via TL1A-DR3 binding. Thus, a mucosal amplification loop 
may be initiated by the local pro-inflammatory milieu, which 
then perpetuates itself through reciprocal stimulation of epi-
thelial cells and intestinal myofibroblasts. Whether such inter-
action leads to increased collagen accumulation and fibrosis 
remains to be seen. Notably, significant elevations of both 
TL1A and DR3 expression have been reported in the ileitis- 
and fibrosis-prone SAMP mouse strain.91 Further support for 
a profibrogenic role of TL1A is derived by studies with TL1A 
transgenic mice that develop IL-13-dependent inflammation 
of the small bowel, which is associated with wall thickening 
and hypertrophy of the muscularis propria.92,93 Other studies 
reported increased intestinal accumulation of collagen in 
TL1A-Tg mice, along with the development of overt intes-
tinal strictures at the small and proximal large bowel and in-
creased local expression of TGFβ and IGF under colitogenic 
conditions within the context of DSS administration or T-cell 
adoptive transfer.47,94 Interestingly, treatment with antibodies 
against TL1A resulted in amelioration of inflammation and 
reversal of fibrosis in both colitogenic models, even when 
treatment was administrated late in the course of disease.47 
Intestinal myofibroblasts were shown to express DR3 (albeit 
only a fraction of them) and respond to TL1A with increased 
expression of COL1A2 and IL-31Ra, whereas neutraliza-
tion of TL1A reduced expression of α-SMA and vimentin 
and colonic expression of TGFβ1 and SMAD3 in the T-cell 
transfer model.95 These effects were further explored by Jacob 
et al who showed that the profibrotic effects of TL1A were 
regulated by the gut microbiome.96 In particular, germ-free 
TL1A-Tg mice were protected from spontaneous ileitis and 
showed diminished cecal collagen deposition. Furthermore, 
myofibroblasts from germ-free mice demonstrated decreased 
migration/proliferation and collagen production than those 
derived from specific pathogen-free mice. The authors were 
also able to identify possible bacterial genera and species that 
differentially promote fibrosis in the respective localizations 
in the context of TL1A overexpression.96 Although these re-
sults are intriguing, a true separation between anti-inflamma-
tory and antifibrotic effects of TL1A over expression has not 
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been clearly demonstrated. Nevertheless, these studies dem-
onstrated for the first time that anti-inflammatory therapy, in 
this case TL1A neutralization, can not only prevent but also 
potentially reverse established intestinal fibrosis.

Interleukin-34 is a novel cytokine that signals through the 
colony-stimulating factor 1 receptor (CSF-1R). This cyto-
kine acts on monocytes/macrophages and regulates their 
differentiation, survival, and function.97 Interleukin-34 and 
CSF-1R are upregulated in patients with Crohn’s disease and 
ulcerative colitis, specifically localizing to areas with active 
inflammation; they respond to pro-inflammatory stimuli and 
are decreased following successful treatment with anti-TNF 
antibodies.98 The potential involvement of IL-34 in IBD-
associated fibrosis was recently demonstrated. Biopsies from 
fibrostenotic areas of patients with CD showed elevated ex-
pression of both IL-34 and CSFR-1 mRNA and protein.99 
Furthermore, immunolocalization of both markers was de-
tected in stromal cells and enhanced expression in fibro-
blasts isolated from patients with CD. Interleukin-34 showed 
profibrotic properties in vitro, as it induced increased pro-
duction of collagens COL1A1 and COL3A1 by healthy 
fibroblasts via p38 MAP kinase-dependent mechanism and 
augmented wound healing. These effects were abrogated in 
fibroblasts that were rendered deficient for IL-34.

Interleukin-36 represents a group of cytokines that be-
long to the IL-1 family. Although they have been associated 
mostly with inflammatory effects, it was recently shown that 
signaling via the IL-36 receptor (IL-36R) has antifibrotic ef-
fects in murine models of chronic intestinal inflammation.100 
Specifically, mice that were either deficient in IL-1Rrp2 
(IL-36R) or were treated with neutralizing anti-36R mAbs 
were protected from developing fibrosis that was induced by 
either DSS-administration of TNBS treatment. More import-
antly, treatment with anti-IL-36R antibodies reversed estab-
lished fibrosis in mice. The translational value of these findings 
was further highlighted by the finding that patients with 
fibrostenotic CD had significantly higher levels of intestinal 
IL-36A; this correlated to elevated numbers of activatedα-
SMA positive fibroblasts. Recent studies have also implicated 
IL-36:IL-36R signaling in fibrogenesis in various organs, 
including the pancreas, lung, kidney, and heart, making this 
cytokine an attractive novel target for antifibrotic therapies.101

Therapeutic Implications of Pathogenetic 
Mechanisms
Do Anti-inflammatory Therapies Prevent Fibrotic 
Complications in Patients with IBD?
Given that the current pathogenetic model for IBD highlights 
an “inflammation to fibrosis” sequence, there is reasonable 
hope that effective anti-inflammatory therapies may prevent 
the development of fibrosis in patients with CD and UC. 
Optimism was further heightened after the development and 
clinical utilization of biological agents that have shown high 
efficacy in eliminating chronic IBD-related intestinal inflam-
mation. Although more than 20 years has passed since the ap-
proval of infliximab for the therapy of CD, a clear answer is 
still awaiting. This may be due to several factors. There is cur-
rently lack of reliable biomarkers for fibrosis; thus, the initial 
development of fibrosis and its evolution over time cannot be 
definitively identified, including the effects of any therapy. This 
may be about to change, however, as international groups are 

currently working intensely to develop strict definitions for 
fibrosis-related outcomes for application in both clinical trials 
and everyday practice.102 At the moment, any antifibrotic 
outcome derived from anti-inflammatory therapies can only 
be judged indirectly by observing their effect on the rate of 
complications, especially surgical ones in patients with CD, 
as they are usually related to strictures. Although opposite 
views also occur, the overall trend points towards a measur-
able decrease in surgical rates following the introduction of 
biological therapies. Ma et al reported a 3.5% decrease in the 
overall rate of surgeries between 2002 and 2010, although 
this affected emergency cases only.103 Similarly, a significant 
difference in the 10-year risk of second surgery for CD was 
observed over time when studies conducted after 1980 were 
compared with those before this date.104 Finally, Dittrich et al 
found that surgical rates were decreased by 8.4% each year 
between 1993 and 2013, alongside a 36.2% annual increase 
in the use of anti-TNF therapy and a 2.2% annual decrease 
in the proportion of active smokers.105 As mentioned earlier, 
other studies contradict these results106; this is likely due to di-
vergences in the penetration rates of biological therapies and 
the time of their introduction into individual therapeutic re-
gimens. Indeed, anti-inflammatory therapies may be adminis-
tered too late in the natural history of IBD, thus being unable 
to demonstrate a major impact on fibrosis. This is an im-
portant issue to be considered; early intervention may be the 
decisive factor, as preclinical studies and clinical observations 
have shown. In 2 murine models of intestinal fibrosis, namely 
the PG-PS rat107 and the Salmonella typhimurium mouse41 
models, it was shown that neutralization of TNF was asso-
ciated with prevention of fibrosis, but this benefit was only 
seen when intervention was administered at an early stage. 
In contrast, late administration of anti-TNF had no effect on 
fibrosis. These results are aligned with the well-established 
clinical observation that anti-TNF therapies are much more 
effective when administered in patients with a short, as op-
posed to long, duration of CD.108,109 Taken together, those 
data indicate that a “point of no return” does exist in CD and 
that biological therapy prevents fibrotic complications—but 
only if administered before this point is reached, especially in 
patients with factors indicative of a poor prognosis.110

Do Inflammation-independent Fibrotic Pathways 
Exist?
The studies mentioned previously clearly show that elimin-
ation of active inflammation is not sufficient to prevent or, 
more significantly, reverse intestinal fibrosis. It is therefore 
assumed that inflammation-independent mechanisms of fi-
brosis also occur. In other words, although postinjury tissue 
inflammation provides the signals that initiate fibrogenic re-
sponses, eventually the latter may progress independently of 
concomitant inflammation. There are several lines of evidence 
that support this scenario. First, this was shown in mice defi-
cient in the transcription factor PU.1; this factor is required 
for the generation of myeloid and lymphoid progenitors 
from bone marrow stem cells. As such, PU.1-null mice are 
genetically incapable of mounting an adequate inflammatory 
response due to lack of functional macrophages and neutro-
phils; yet, they demonstrate an efficient and rapid repair of 
skin wounds.111 Second, embryos and neonatal organisms 
also show inflammation-independent would healing.112,113 
Third, myofibroblasts in culture can effectively close wounds 
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in migrations assays, again without the need for inflammatory 
input. Fourth, when fibrosis was induced in IL-10-/- mice via 
either DSS administration or heterotopic transplantation, no 
association was observed between expression of inflamma-
tory vs fibrogenic factors.114 Finally, in a chronic TNBS model 
of inflammation-induced colonic fibrosis, it was reported 
that inflammation-related genes showed an early rise that 
was followed by a rapid decline.115 In contrast, profibrogenic 
extracellular matrix genes appeared early but remained 
overexpressed, even after the disappearance of inflammation.

The exact nature of noninflammatory fibrotic pathways in 
IBD remains largely unknown, but several mechanisms may 
act in isolation or synergistically. One such mechanism is the 
evasion of apoptosis by myofibroblasts.116 During normal 
would healing, when tissue repair is completed, myofibroblasts 
go through an elimination process that may take the form of 
deactivation (ie, becoming senescent cells or apoptotic death). 
In fibrotic states, however, by integrating signals from the local 
environment, myofibroblasts acquire a survival advantage and 
continue to remodel tissue, eventually leading to pathological 
scarring. Mechanical properties of the surrounding tissue pro-
vide additional noninflammatory triggers for the activated 
myofibroblast. In other organs, it has been demonstrated that 
increasing tissue stiffness is an early stage in fibrosis progression 
and precedes ECM deposition.117 In relation to this, Stewart 
et al recently showed that inflamed tissue from patients with 
CD had increased stiffness in combination with elevated ex-
pression of type 1 collagen compared with unaffected areas.118 
Furthermore, myofibroblasts that were isolated from intestinal 
areas with stenosis demonstrated a “paradoxical” response in 
culture under high pressure conditions with downregulation 
of MMP3 expression, indicating further amplification of their 
profibrotic properties, which is in sharp contrast to the be-
havior of control myofibroblasts.25 The importance of tissue 
stiffness is also indicated by the postoperative natural history 
of CD, following right hemicolectomy for stenotic disease. 
It was shown that often fibrosis does not progress proximal 
to the anastomotic site, indicating that the decrease in intra-
mural pressure permanently disrupts the disease process.119,120 
A final factor to be considered is the effect of tissue- and cell-
specific epigenetic alterations that may be integrated within 
fibrotic myofibroblasts and permanently alter their status.121 
In fact, distinct methylation patterns of fibrotic CD-derived 
myofibroblasts have been reported.122 Recently, it was shown 
that subepithelial myofibroblasts derived from fibrostenotic 
areas of patients with Crohn’s disease displayed increased 
endoplasmic reticulum stress as a result of miR-199a-5p silen-
cing, which resulted in augmented expression of TGFβ1 and 
collagen 1α1.123 Such epigenetic alterations may transform 
myofibroblasts from “healing-type” to “scar-type” phenotypes 
and perpetuate profibrotic pathways within the intestinal 
tissue of patients with IBD.

Can Established Fibrosis Be Reversed?
Currently, there are no approved antifibrotic therapies 
for patients with CD and established intestinal strictures. 
Consequently, research in this area follows the progress in 
other fibrotic conditions that are better studied, including liver 
cirrhosis and idiopathic pulmonary fibrosis (IPF). Nevertheless, 
there is a pivotal difference between intestinal and liver fi-
brosis, which relates to the fact that in the latter the triggering 
factor is almost always known (viral hepatitis, alcohol, or 

nonalcoholic fatty liver disease [NAFLD]). Thus, therapeutic 
efforts are mostly directed towards removing the precipitating 
cause, which has led to impressive successful results in the 
case of HCV and HBV liver disease. Idiopathic pulmonary 
fibrosis (IPF), on the other hand, is a chronic progressive 
condition that leads to lung fibrosis and gradual respiratory 
compromise. Recently, the first 2 purely antifibrotic therapies 
were approved for use in patients with IPF. Pirfenidone is a 
drug with both anti-inflammatory and antifibrotic properties. 
Its use in IPF was associated with slowing down the decline 
of forced vital capacity and improvement in progression free 
survival.124 Nintedanib is a tyrosine kinase inhibitor, and its 
administration to IPF patients led to a significant drop in the 
rate of annual decline of forced vital capacity.125,126 Although 
these drugs have not been tested in patients with IBD, their 
efficacy in IPF provides evidence for the feasibility of halting 
the progression of, and even reversing, established organ fi-
brosis. At the same time, novel antifibrotic therapies are cur-
rently under development based on their preclinical success. 
In one such effort, Truffi et al studied the effects of treatment 
with an antibody against fibrosis-associated protein (FAP) 
of cultured intestinal biopsies from stenotic and nonstenotic 
ileal segments of patients with CD.127 They demonstrated that 
treatment of stenotic tissues with the anti-FAP antibody sig-
nificantly decreased the production of type 1 collagen and 
inhibited TIMP-1 expression, indicating that anti-FAP treat-
ments may reestablish ECM homeostasis in CD. In another 
study, it was shown that inhibition of Rho kinases (ROCK) 
was effective in reversing established fibrosis in 2 experimental 
models. Interestingly the severity of underlying inflammation 
was not affected, indicating a fibrosis-specific effect.
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