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Abstract. - Intestinal fibrosis is a common
complication of in inflammatory bowel disease
(IBD) and can occur in both ulcerative colitis
(UC) and Crohn’s disease (CD), but is much more
prevalent in CD. Fibrosis is a consequence of lo-
cal chronic inflammation and is characterized by
abnormal deposition of extracellular matrix
(ECM) proteins producted by activated myofi-
broblasts. Current anti-inflammatory therapies
used in IBD do not prevent nor they reverse es-
tablished fibrosis and strictures. Despite the ther-
apeutic advance in the treatment of IBD in the
last two decades, the incidence of intestinal stric-
tures in CD has not significantly changed. This
implies that control of intestinal inflammation
does not necessarily affect the associated fibrot-
ic process. The conventional view that intestinal
fibrosis is an inevitable and irreversible process
in patients with IBD is progressively changing in
light of improved understanding of the cellular
and molecular mechanisms that underline the
pathogenesis of fibrosis. Comprehension of the
mechanisms of intestinal fibrosis may pave the
way for the developments of anti-fibrotic agents
and of new possible therapeutic approches in
IBD. Nevertheless, there are important clinical is-
sues that need further investigations, in particu-
lar the identification of factors relevant for the de-
velopment of the intestinal fibrosis in IBD and the
need of accurate and effective monitoring of the
fibrotic progression and of effectiveness of the
new proposed treatments.
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Abbreviations

IBD = Inflammatory bowel disease; UC = Ulcerative coli-
tis; CD = Crohn’s disease; ECM = Extracellular matrix;
PAMPs = Pathogen-associated molecular patterns; PRRs =
Pattern recognition receptors; TLRs = Toll-like receptors;
DAMPs = Damage-associated molecular patterns; NOD =
Nucleotide oligomerization domain; CARD = Caspase re-
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cruitment domain; ILs = Interleukins; INF-o = Interfer-
on-a; INF-y = Interferon-y; TGF-a = Transforming
Growth Factor-o;; TGF-f3 = Transforming Growth Factor-
B; TNF-a = Tumor necrosis factor-a; CTGF = Connec-
tive Tissue Growth Factor; PDGF = Platelet-Derived
Growth Factor; bFGF = Basic fibroblast growth factor;
IGFs = Insulin-like Growth Factors; EGF = Epidermal
Growth factor; RAS = Renin Angiotensin System; NO =
Nitric oxide; ROS = Reactive Oxygen Species; PPAR-y =
Peroxisome Proliferator Activated Receptor-y; RXR =
Retinoid X receptor; mTOR = Mammalian Target Of Ra-
pamycin; VEGF = Vascular endothelial growt factor;
MMPs = Matrix metalloproteinases; TIMPs = Tissue in-
hibitors of metalloproteinases; IGFBP = Insulin-like
growth factor binding protein; MCP-1 = Monocyte
chemotactic protein-1; MIP-1 = Macrophage inflammato-
ry protein-1; ICC = Interstitial cells of Cajal; SEMFs = In-
testinal subepithelial myofibroblasts; SMCs = Smooth
muscle cells; a-SMA = a-Smooth-muscle actin; EMT =
Epithelial-to-mesenchymal transition; EndoMT = En-
dothelial-to-mesenchimal transition; ETs = Endothelins;
ACE = Angiotensin converting enzyme; ANG II = An-
giotenin II; HSCs = Hematopoietic stem cells; MSCs =
Mesenchymal stem cells; SAP = Serum Amyloid P;
SCF = Stem cell factor; HGF = Hepatic growth factor;
BMP-7 = Bone morphogenetic protein-7; MAPK = Mi-
togen-activated protein kinase; ERK = Extracellular sig-
nal-regulated kinase; JNK = c-Jun N terminal kinase;
PIKK = Phosphatidylinositol 3-kinase-related kinase

Introduction

Inflammatory bowel disease (IBD), including ul-
cerative colitis (UC) and Crohn’s disease (CD), are
chronic, progressive and relapsing inflammatory dis-
orders of unknown etiology that may cause disabili-
ty over time. Genetic, environmental and intestinal
microbial factors have been reported to play a role in
the etiology, pathogenesis and outcomes of IBD!?,
IBD represents a life-long disorder that may occur at
any time from early childhood to late adulthood, al-
though over 80% of cases are currently diagnosed in
the second or third decade of life. UC is character-
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ized by inflammation in the large bowel mucosa,
whereas CD is a trans-mural inflammation that may
involve various sites of gastrointestinal (GI) tract, in
40-70% the terminal ileum®. Approximately 50% of
the patients with IBD present a slightly evolutive
disease with a low prevalence of relapses, hospital-
izations, and complications®. Other patients have a
more severe course and may develop complications
that require surgery.

Progression of intestinal lesions may range
from weeks to decades; however, it can be slowed
down, stopped, or reversed spontaneously or by
means of medical therapy**. Superficial mucosal
lesions are most prone to heal, whereas deep ul-
cers or transmural fissures may heal with more
difficulty and may be followed by the develop-
ment of fibrotic strictures. IBD becomes sympto-
matic when lesions are extensive or distal, associ-
ated with a systemic inflammatory response, or
when associated with local complications such as
dilatation (toxic megacolon), massive hemorrhage,
strictures, perforation (abscesses and fistulas) and
cancer. Fibrosis and stricture formation is the re-
sult of an uncontrolled and an excessive process of
intestinal healing, while perforation and fistulas a
defective process of the tissue repair*S. In CD, in-
testinal strictures, internal or perianal fistulas or
abscesses are frequent, being reported in approxi-
mately one-third of patients. Colorectal lesions
usually present more and early symptoms, where-
as small bowel lesions may remain latent for sev-
eral years®*. The disease course is generally char-
acterized by a sequence of flares and remission of
varying duration, while approximately one fifth of
these patients undergo a chronic, active, continu-
ous disease course. Abdominal pain, abnormal
bowel functions and rectal bleeding are the pa-
tients’ main complaints that significantly alter
their quality of life.

Acute intestinal inflammation is usually fol-
lowed by physiologic healing of the damaged tis-
sue and restoration of the normal structure and
function of the intestine’. If this does not occur,
chronic inflammation can develop and character-
ized by continuous events of injury and repair
that may lead to the development of fibrosis®. In
IBD, it is still unclear which factor triggers the
road to chronicity. In addition, once intestinal in-
flammation is chronic, it is not yet understood
what sets the stage for the later development of
intestinal strictures.

Several lines of evidence suggest that inflam-
mation is necessary to trigger the onset of the fi-
brotic process, but subsequently plays a minor

role in progression of the disease®. Anti-inflam-
matory treatment in IBD and in other chronic in-
flammation-associated fibrotic conditions in vari-
ous organs (lung, liver, kidney) does not prevent
evolution of fibrosis once the process of exces-
sive extracellular matrix (ECM) deposition has
started. Mechanisms that regulate fibrosis, there-
fore, appear to be distinct from those regulating
inflammation.

Fibrosis represents a common complication of
IBD and follows the distribution and location of
inflammation”. In UC, the deposition of ECM is
restricted to the mucosal and submucosal layers
of the large bowel and can induce structural
changes (haustral loss, colonic shortening), and
motility disorders of the colon. In CD, fibrosis
can involve the entire bowel wall of the GI tract
including the mucosa, submucosa, muscularis
mucosa, muscularis propria and serosa layers and
can result in critical narrowing of the lumen and
strictures or stenosis, commonly leading to ob-
struction that requires surgery. The higher preva-
lence of fibrosis in CD is probably a conse-
quence of transmural bowel inflammation which
exposes all the mesenchimal cells producing
ECM to inflammatory mediators released by the
activated immune and non-immune cells’. Of
note, course and extent of intestinal fibrosis in
IBD display significant variability among indi-
vidual patients. This suggests that the susceptibil-
ity to intestinal fibrosis may have a genetic com-
ponent. Host genetic factors are likely to play
key roles in the modulation of intestinal fibrosis
and to contribute to the overall variability in dis-
ease progression. In recent years, different genet-
ic polymorphisms that may influence the pro-
gression of intestinal fibrosis have been identi-
fied in animal models and human case-control
studies. These findings indicate that variants of
genes encoding immunoregulatory proteins,
pro- and anti-inflammatory cytokines, and fi-
brogenic factors may determine the develop-
ment of intestinal fibrosis in patients with IBD.
In particular, patients with CD associated with
mutation of NOD2/CARDIS5 genes, either alone
or in combination with mutation of toll-like re-
ceptors (TLRs) (especially TLR4) or ATG16L1
(an autophagy gene) have an increased risk of fi-
brostenosis of the small bowel'*'!. Furthermore,
an association between T280M and V2491 poly-
morphisms of CX3CR1 gene and fibrostenosing
CD was reported. In addition, CD patients with a
stronger immune response to microbial peptides
are more likely to develop earlier fibrostenotic
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disease'>!3. Genetic association studies have a
great potential for identification of fibrogenic
genes, but large-scale, well-designed studies are
required to clarify their actual relevance in IBD
and to provide a solid framework for future ther-
apeutic strategies.

Current anti-inflammatory therapies used in
IBD do not prevent nor they reverse established
strictures, which may present years after remis-
sion of active inflammation. Despite the thera-
peutic advance in the treatment of IBD in the last
two decades, the incidence of intestinal strictures
in CD has not significantly changed'*"". This im-
plies that control of intestinal inflammation does
not necessarily affect the associated fibrotic
process. In IBD, in contrast to the intensive in-
vestigation of the immunological mechanisms of
intestinal inflammation, the pathophysiology of
fibrosis is remained largely unexplored. The lack
of efficient and well-tolerated anti-fibrotic drugs
is partly due to the fact that the main and specific
cellular and molecular pathways leading to fibro-
sis remain to be identified'®. An other major ob-
stacle in the development of anti-fibrotic drugs is
the slow evolution of the intestinal fibrosis in
IBD. A clinical benefit may only be observed af-
ter a prolonged period of treatment: clinical trials
could be long and expensive. Therefore, there is
a urgent need of noninvasive methods, such as

serum markers (growth factors, ECM turnover
products) or imaging techniques (magnetization
transfer MRI, MR elastography, US elastogra-
phy, PET-MRI, PET-CT), to quickly quantify
changes in the natural history of a disease and in
particular in the response to specific medical
treatments.

Cellular and Molecular Mediators of
Intestinal Fibrosis

The conventional view that intestinal fibrosis
is inevitable and irreversible process in patients
with IBD is progressively changing in light of
improved understanding of the cellular and mole-
cular mechanisms that underline the pathogene-
sis of fibrosis®* 8.

Fibrosis is a chronic and progressive process
acting through complex cell/matrix/cytokine and
growth factors interactions but it may be a re-
versible event®?.

Intestinal fibrosis results from an abnormal re-
sponse to a chronic local injury and is character-
ized by abnormal production and deposition of
ECM proteins by activated myofibroblasts, which
are also called ECM-producing cells®*!#2! (Figure
1). Multiple ECM component contribute to the ex-
cessive net deposition ECM that typify intestinal
fibrosis in IBD. These include type I, II and IV
collagen, fibronectins and laminins. ECM-produc-
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Figure 1. Sequence of events occurring from tissue injury to fibrosis. ROS = Reactive Oxygen Species; ECM = Extracellular

Matrix.
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ing cells are derived not only from resident mes-
enchymal cells (fibroblasts, sub-epithelial myofi-
broblasts and smooth muscle cells) but also from
epithelial and endothelial cells (by a process
known as epithelial/endothelial-mesenchymal
transition), stellate cells, pericytes, and intestinal
or bone marrow stem cells®*!® (Figure 2).
Fibroblasts, located in the interstitium of nor-
mal tissue, play a central role in maintaining struc-
tural integrity and taking part in healing and re-
generative processes. The increase in the resident
fibroblast population is a pivotal mechanism for
the development of intestinal fibrosis®®. Several
growth factors found in the inflammed gut, such
as insulin-like growth factors (IGF-I), basic fi-
broblast growth factor (bFGF), epidermal growth
factor (EGF), connective tissue growth factor (CT-
GF), platelet derived growth factor (PDGF), and
pro-inflammatory cytokines, such as interleukins
(IL-1pB, IL-6) and tumor necrosis factor-o. (TNF-
a), increase their proliferation rate®”.
Myofibroblasts represent a highly contractile
cell type that exhibit a “hybrid” phenotype be-
tween fibroblasts and smooth muscle cells and,
when activated, synthesize high levels of ECM!$-%,
Besides their normal activities in growth and dif-
ferentiation of tissues, the myofibroblasts play a
central role both in wound healing and fibrosis.
Two types of myofibroblasts are present in the in-

testine: the intestinal sub-epithelial myofibrob-
lasts (SEMFs) and the interstitial cells of Cajal
(ICC)**2. SEMFs are mainly located at the base of
the intestinal crypts in the lamina propria and form
a three-dimensional network in connection with
epithelial cells. ICC are located in the submucosa
and muscularis propria in association with the
smooth-muscle layer of the gut**®. ICC are pace-
maker cells which regulate gastrointestinal smooth
muscle motility. It is unknown whether SEMFs
and ICC differentiate from a common precursor.
Mediators which promote myofibroblasts prolifera-
tion and ECM production are numerous including
PDGF, EGF, IGF-1 and 2, CTGEF, IL-1, IL-13,
stem cell factor (SCF), endothelins (ET-1, -2, -3),
angiotensin II (ANG II), transforming growt fac-
tor-a (TGF-a), transforming growth factor-f
(TGF-), bFGF and peroxisome proliferator acti-
vator receptor-y (PPAR-y)%21:26,

Smooth muscle cells (SMCs) are one of the
three cell phenotypes into which intestinal mes-
enchymal cells can differentiate and in the chron-
ic inflammation can trans-differentiate into my-
ofibroblasts®’. SMCs act in different way in IBD:
in UC lead to a considerable thickening of the
muscolaris mucosa and, in CD, to a remarkable
thickening of the bowel wall, with subsequent
stricture formation and obstruction. These cells
actively contribute to the development of fibrosis

Figure 2. Cellular mediators of
intestinal fibrogenesis. SEMFs =
subepithelial myofibroblasts;
ICC = interstitial cells of Cajal;
Epithelial-MT = epithelial-to-
mesenchymal transition; En-
dothelial-MT = endothelial-to-
mesenchymal transition; ECM =
Extracellual Matrix.
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in IBD by inducing collagen and matrix metallo-
proteinases (MMPs) production in response to
several inflammatory mediators, such as TGF-f3
and IL-1f. SMC are also able to release signifi-
cant amounts of IL-6 contribuiting to the inflam-
matory process?’.

Stellate cells has been detected in several or-
gans, such as the liver, pancreas, lung, uterus,
kidney and gut and their important contribution
to the development of fibrosis has been
shown?®?. These cells have been isolated and
cultured from the human intestinal mucosa®. In
IBD, intestinal stellate cells show a higher prolif-
eration rate, faster differentiation into myofibrob-
lasts, and an earlier and higher collagen produc-
tion than those from the normal mucosa®.

Pericytes, derived from non-differentiated
mesenchymal cells, surround the endothelial
cells of capillaries and small blood vessels®'. Per-
icytes control endothelial cell differentiation, en-
dothelial signalling and angiogenesis and ECM
deposition. They represent a useful reserve of fi-
broblasts during tissue repair and inflammation-
associated fibrosis®. Pericytes increase the de-
posit of ECM proteins in proximity to the blood
vessels during the initial phase of fibrosis.

The main intestinal fibrogenic cells (fibrob-
lasts, myofibroblasts) may also derive from non-
mesenchymal cells, including epithelial and en-
dothelial cells via transformation. Epithelial-to-
mesenchymal transition (EMT) and endothelial-
to-mesenchymal transition (EndoMT) are charac-
terized by dramatic changes in cell phenotype
and function and play a key role in fibrosis®**.
By this process, epithelial or endothelial cells as-
sume a spindle-shape morphology, lose classical
cell markers and gain typical fibroblast or myofi-
broblast markers. It has been shown in animal
models and in human primary cells that EMT
and EndoMT can contribute to intestinal fibroge-
nesis*>¥,

Myofibroblasts may derive from stem cells, a
non-differentiated cell type capable of producing
all the specialized cell types of the tissue®*3.
Bone marrow contains hematopoietic and mes-
enchymal stem cells, which are able to migrate to
the majority of organs and differentiate into vari-
ous cell types. Hematopoietic stem cells (HSCs)
give rise to 3 classes of blood cells (leukocytes,
erythrocytes and thrombocytes), whereas mes-
enchymal stem cells (MSCs) can differentiate in-
to several cell types, including myofibroblasts. A
class of bone marrow-derived cells that become
progenitors for mesenchymal cells is represented

by fibrocytes that circulate in the peripheral
blood®*13¢, These cells appear to be involved in
the intestinal repair and fibrosis in IBD'*. Fi-
brocyte functions that lead to tissue fibrosis are
modulated by IL-1, TGF-f3 and Serum Amyloid
P (SAP). Fibrocytes themselves produce growth
factors (TGF-p, CTGF), inflammatory cytokines
and chemokines that in turn promote the prolifer-
ation of resident fibroblasts and their differentia-
tion into myofibroblasts'*-*.

Fibrogenesis is a “physiological process” trig-
gered by the onset of inflammation that may lead
either to tissue repair or fibrosis depending on
the balance between production of ECM proteins
and enzymatic degradation®® (Figure 1). In-
creased production of ECM in intestinal fibrosis
is related to the abnormal function of activated
intestinal myofibroblasts (proliferation, migra-
tion, contraction, ECM production, and resis-
tance to apoptosis). Myofibroblasts are activated
by a variety of mechanisms including paracrine
signals derived from immune and non-immune
cells, autocrine factors secreted by myofibrob-
lasts, and pathogen-associated molecular patterns
(PAMPs) derived from micro-organisms that in-
teract with pattern recognition receptors (PRRs)
such as TLRs”!®. Myofibroblsts can also be acti-
vated by products derived from injiured cells, the
so-called damage-associated molecular patterns
(DAMPs). These include several products such
as DNA, RNA, ATP, HMGB, microvesicles, frag-
ments of ECM molecules.

It is well known that an exquisite equilibrium
between cell proliferation and programmed cell
death (apoptosis) is required to maintain physio-
logical homeostasis in any tissue. The main regu-
lators of apoptosis include caspases, Bcl-2, Bax,
pS53 and focal adhesion kinase (FAK). Caspases
are a family of cysteine-dependent aspartate-di-
rected proteases that play an integral role in the
cascade that leads to apoptosis. Caspases are
grouped as either initiators or effectors of apopto-
sis, depending on where they enter the cell death
process. Bcl-2 is the prototype anti-apoptotic pro-
tein that localizes to the mitochondria and blocks
the recruitment and activation of pro-apoptotic
proteins, such as Bax, to the mitochondria. FAK
inhibited activity of p53 with the transcriptional
targets: p21, Bax and Mdm-2 through protein-
protein interactions. In the presence of tissue fi-
brosis, there uniformly are a greater number of
ECM-producing cells, which is secondary to an
increase in their proliferation and a decrease in
their apoptosis’®. It has been demonstrated that



G. Latella, R. Sferra, S. Speca, A. Vetuschi, E. Gaudio

apoptosis is responsible for mediating the reduc-
tion in myofibroblasts number during the resolu-
tion of fibrosis of various organs and, conversely,
that induction of myofibroblasts apoptosis has an
antifibrotic effect'*. NOD2/CARDI15 and
ATGI16L1 genes, also expressed by myofibrob-
lasts, enhances apoptosis through induction of
caspases expression'®. In CD, mutations of these
genes are associated with an increased risk of the
small bowel fibrostenosis'®!*. Whereas several
studies have emphasized the potential importance
of tissue inhibitor of metalloproteinases (TIMPs)
to fibrosis via the inhibition of matrix degrada-
tion, individual TIMPs may regulate cell division
and apoptosis independently of this activity'*.
TIMP-1, overexpressed in CD fibrostenosis, sup-
presses myofibroblasts apoptosis both in vitro
and in vivo, highlighting a potential role for my-
ofibroblasts survival in fibrosis. Hepatocyte
growth factor (HGF) reduces fibrosis by increas-
ing apoptosis. HGF is a potent inducer of ECM-
degrading enzymes such as the matrix metallo-
proteinases (MMPs), which are overexpressed
during myofibroblasts apoptosis'*. MMPs induce
apoptosis in myofibroblasts through the extracel-
lular degradation of fibronectin and that the an-
tifibrotic effects of HGF is due to upregulation of
MMPs and MMP-dependent myofibroblast apop-
tosis. Proliferation and apoptosis of ECM-pro-
ducing cells can represent key players in intesti-
nal fibrogenesis and new targets for therapeutic
intervention'*. Some therapies have demonstrated
potential antifibrogenic efficacy through the reg-
ulation of mesenchymal cell proliferation and
apoptosis.

ECM degradation is mediated by MMPs and
TIMPs. The fine balance between MMPs and
TIMPs appears to be disturbed in chronically im-
paired wound healing in IBD**, It is unclear
which specific MMPs and TIMPs are involved
and how they are regulated in this process. Accu-
mulating data indicate that an imbalance of tis-
sue-degrading enzymes and their inhibitors may
cause intestinal fibrosis. Nevertheless, effective
pharmacological modulation of the MMP/TIMP-
system could be helpful in the reversal of already
established tissue fibrosis.

ECM is not an inactive structure, but directly
regulates the inflammatory response and the
process of healing and fibrosis by focal adhe-
sions with immune and non-immune cells, such
as myofibroblasts®. Intestinal ECM can act as a
binding partner or reservoir for profibrotic tissue
factors. ECM can anchor, store and release cy-

tokines and chemokine’. TNF-a, TGF-f$ and
bFGF interact with various ECM moieties. ECM
fragments can bind to and activates TLR2 and
TLR4 and trigger an innate immune response, as
well as can modulate migration and proliferation
of immune ad non-immune cells, including my-
ofibroblasts.

All intestinal cell types that produce ECM pro-
teins act synergistically and are under the control
of various biological mediators, such as growth
factors, cytokines, chemokines, proteolytic en-
zymes, complement components, vasoactive
amines and peptides®®2!2¢ (Table I). The most
important of these molecules include, TGF-f3, ac-
tivins, CTGF, PDGF, IGF-1 & 2, EGF, ET-1, -2, -
3, various cytokines such as IL-1, -4, -6, -13, -17,
-21, -22, -23, TNF-a, components of the renin-
angiotensin system (RAS), angiogenic factors
(e.g., vascular endothelial growth factor —
VEGF), PPARs, mammalian target of rapamycin
(mTOR), and products of oxidative stress®2!-26,
Other molecules, such as MMPs and TIMPs, are
also involved in regulating ECM turnover. All
these molecules are being investigated as poten-
tial targets of anti-fibrotic drugs. Pharmacologi-
cal modulation of tissue ECM deposition by re-
ducing activated ECM-producing cells and their
profibrogenic effects (proliferation, motility, con-
traction, ECM production) could be useful in the
prevention and treatment of intestinal fibrosis®
92126 Soluble factors with anti-inflammatory
properties have been identified including Inter-
feron-o (INF-a), INF-y, IL-7, IL-10, IL-12,
Smad?7 protein, adiponectin, nitric oxide (NO), as
well as MMPs.

Timing, concentration and sources of the main
pro-fibrotic mediators might affect their individ-
ual contribution to tissue remodelling and fibro-
sis. Furthermore, a simultaneous action of some
pro-fibrotic mediators appear relevant in the de-
velopment of fibrosis.

Of all the pro-fibrotic molecules, TGF-f and
its extra- and intracellular pathways appear to
play a critical role in regulating the development,
proliferation, and differentiation, as well as in ac-
tivation of intestinal mesenchymal cells and in
stimulation of ECM proteins synthesis leading to
fibrosis®#1821, The canonical TGF-f intracellu-
lar signal transduction pathway is mediated by
Smad proteins**#!. The activation of TGF-f re-
ceptors phosphorylates Smad2 and Smad3 bind-
ing with the common mediated Smad4. The
Smad2/3-Smad4 complex translocates into the
nucleus where it regulates specific TGF-§ target
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Table I. Molecules involved in fibrogenesis and fibrosis.

Fibrogenic

Anti-fibrogenic

Transforming growt factor-p (TGF-f)
Smad?2/3 proteins

Activin A

Connective tissue growth factor (CTGF)
Platelet derived growth factor (PDGF)
Insulin-like growth factors (IGF-I and II)
Epidermal growth factor (EGF)

Basic fibroblast growth factor (bFGF)
Cytokines (IL-18, IL-4, IL-6, IL-13, IL-17, IL-21,
IL-22, IL-23, IL-33, TNF-a)

CC- and CXC-chemokines (CCL2, CCL3, CCL4, CCL20)
Reactive Oxygen Species (ROS)

Mammalian Target Of Rapamycin (mTOR)
TLR2&4 ligands

Vascular endothelial growth factor (VEGF)
Endothelins (ET-1)

Angiotensin Converting Enzyme (ACE)
Angiotensin-II (AT-1I)

Norepinephrine

Thrombospondin-1,2

Leptin

Tissue inhibitor of Metalloproteinases (TIMPs)

Peroxisome Proliferator Activator Receptor-y (PPAR-y)
Interferon-a (INF-a)

Interferon-y (INF-y)

IL-7,IL-10, IL-12

Smad?7 protein

PGE2

Hepatocyte growth factor (HGF)
Adiponectin

Nitric Oxide (NO)

Relaxin

Matrix Metalloproteinases (MMPs)

genes. TGF-f signaling is negatively regulated
by inhibitory Smad7. Besides Smads down-
stream patways, TGF-f can also modulate, in a
Smad/independent manner, other signal transduc-
tion pathways such ERK/cJUN/p38 MAP Kkinas-
es. Important Smad-dependent profibrotic effects
of TGF-P include activation of myofibroblasts,
stimulation of collagens, CTGF and TIMPs, as
well as the inhibition of MMPs.

The TGF-p/Smad pathway plays a crucial role
in promoting intestinal fibrosis®?!. Both TGF-f3
and its receptors are over-expressed in intestinal
cell of patients with IBD, and in particular in fi-
brostenotic CD, as well as in in animal model of
experimental intestinal fibrosis*'**. Adenovirus-
mediated overexpression of TGF-f3 in the murine
colon leads to colonic fibrosis and obstruction**.
On the other hand, Smad3 loss confers resistance
to the development of TNBS experimental col-
orectal fibrosis as demonstrated in our previous
studies in which the colon from Smad3 wild-type
mice showed a marked increase in submucosa
and serosa layer thickness compared to Null
mice®4¢ (Figure 3). Several studies have demon-
strated that disruption of the TGF-f3/Smads sig-
nalling pathway, either by the loss of Smad3 or
the increase of Smad7 expression, confers resis-
tance to tissue fibrosis in several organs includ-
ing skin, kidney, lung, liver and intestine**3. The
findings of a decreased Smad7 and an increased

pSmad2/3 expression observed in intestinal stric-
tures in CD support the profibrogenic role of the
TGF-p/Smad pathway in this disease’.

Although TGF-f/Smad pathway represents the
driving force of fibrotic process (“core path-
way”’), several pro-fibrogenic molecules, such as
activins, CTGF, PDGF, bFGF, IGF-1, inter-
leukins (IL-1, IL-6, IL-13), TNF-a, angiotensin
converting enzyme, angiotensin II, avf36 integrin
and mTOR, as well as anti-fibrogenic molecules
(PPAR-y, Smad7, IL-7, IL-10, IL-12, INF-o. and
vy, HGF) seem to interact directly with
TGFp/Smad pathway (Figure 4).

Activins, members of the TGF-§ superfamily,
activate Smad transcription factors and the MAP
kinase signaling pathways. Important functions of
activins, in particular of activin A, in tissue inflam-
mation, repair and fibrosis of several organs, in-
cluding the intestine, have been reported®’®. Ac-
tivin levels are increased in IBD and in many other
inflammatory diseases, thus giving rise to the hy-
pothesis that it plays a significant role in the in-
flammatory response, as well as in fibrosis’.

CTGF acts as a downstream mediator of TGF-
[ action on connective tissue cells, where it stimu-
lates cell proliferation and ECM synthesis. CTGF
is co-expressed with TGF-f in principally every
fibrotic disorder and is considered a possible key
determinant of progressive fibrosis*. CTGF ex-
pression is controlled by TGF-f} in a Smad-de-
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Figure 4. Relationship among several pro-fibrotic and an-
ti-fibrotic mediators in the development of fibrosis. IL-13
= Interleukin-13; TGF-$ = transforming growt factor-f3;
CTGF = connective tissue growth factor; PDGF = platelet
derived growth factor; IGF-I = insulin-like growth factors
I, EGF = epidermal growth factor; bFGF = basic fibroblast
growth factor; ETs = endothelins; ACE = angiotensin con-
vertingenzyme; AT-II = angiotensin-II; mTOR = mam-
malian target of rapamycin; PPAR-y = peroxisome prolif-
erator activator receptor-y; INF-o and 3 = interferon-o and
B; HGF = hepatic growt factor.

Figure 3. Haematoxilyn-Eosin (H&E) and
Masson’s Trichrome (MT) staining (O.M.
4X). Following TNBS treatment, the colon
from Smad3 wild-type mice (B/D) showed a
marked increase in submucosa and serosa
layer thickness (mainly due to abnormal de-
position of connective tissue) compared to
Smad3 Null mice (A/C).

pendent manner. In addition to TGF-3, a number
of other regulators of CTGF expression have
been identified, including VEGF, TNF-a and re-
active oxygen species (ROS)®. Due to the multi-
ple biological actions of TGF-f, CTGF may
serve as a more specific target for selective inter-
vention in processes involving connective tissue
formation during fibrotic disorders®®. CTGF is an
interesting molecule for future anti-fibrotic thera-
pies as it is possible that inhibition of CTGF
might block the pro-fibrotic effects of TGF-f,
without affecting TGF-3’s immunosuppressive
and anti-inflammatory effects.

PDGEF expression is significantly increased in
the inflamed intestine of patients with IBD, espe-
cially in CD, and collagenous colitis®"¢%. Intesti-
nal fibroblasts, intestinal SEMFs and ICC are ac-
tivated and proliferate in response to the PDGF
family. PDGF also enhances migration of fibrob-
lasts, and its effects seem to be fibronectin-de-
pendent. Increased activity of PDGF is also re-
sponsible for an excessive deposition of ECM in
fibrotic processes of the intestine.

IGF-I and 1II and their respective receptors are
expressed in the intestine and interact principally
with fibroblasts and epithelial and endothelial
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cells. IGF-I plays a relevant role in the deposition
of collagen and fibrosis. It has been shown to be
up-regulated in the bowel of animals with experi-
mental intestinal fibrosis and of patients with
CD®%. IGF-I, through insulin-like growth factor
binding proteins (mainly IGFBP-5), appear to be
able to modulate proliferation of fibroblasts/my-
ofibroblasts and collagen synthesis®.

IL-1 contributes to the development of fibrosis
during chronic intestinal inflammation through
the induction of myofibroblast activation and in-
duction of chemokines and MMPs secretion®.
Furthermore, IL-1, in combination with TNF-o
and INF-y, is able to increase the TGF-f3-induced
epithelial-mesenchymal transition (EMT), an im-
portant cellular process of fibrogenesis®. Recent-
ly, it has been reported that IL-33, a novel mem-
ber of the IL-1 family, may lead to the develop-
ment of fibrosis®’.

IL-6 is markedly increased in CD where it ap-
pears to stimulate fibrogenetic mesenchymal
cells®. IL-6 modulates TGF-f3 and TGF-fR2 ex-
pression and stimulates fibroblasts prolifera-
tion®"°. IL-6 neutralization improve fibrosis.

IL-4 and IL-13 are overexpressed in fibrotic
processes and induce activation and differentia-
tion of fibroblasts to myofibroblasts and pro-
duction of collagens?!?6. TL-13 signalling
through the corresponding receptor IL-13Ra in-
duces production of TGF-f**7!. Intestinal fibro-
sis development in TNBS-induced chronic coli-
tis depends upon IL-13 binding to the IL-13 re-
ceptor to induce TGF-p#*7!. IL-13 signalling in-
hibition leads to a reduced production of TGF-
B and a lower amounts and fibrosis*>*’!. Soluble
IL-13Ra2-Fc is a highly effective decoy recep-
tor of IL-13, which can reduce the progression
of established fibrotic disease. IL-10 has also
been shown to inhibit fibrosis in numerous ex-
perimental models?!?®. The IL-13 decoy recep-
tor and IL-10, by suppressing collagen deposi-
tion, act as endogenous factors that slow the
progression of fibrosis.

TNF-a, abundantly expressed in the intestine of
patients with CD and UC, is an other central medi-
ator of the fibrotic process’. TNF-a is able to in-
duce intestinal fibrosis by stimulating myofibrob-
lasts proliferation and up-regulating collagen ac-
cumulation. TNFR2 is essential for TNF-a-
induced intestinal myofibroblasts proliferation and
collagen synthesis’. Furthermore, TNF-o induces
TIMP-1 expression and reduces MMP-2 activity
and collagen degradation. TNF-a also appears to
have additional effects on collagen synthesis when

combined with IGF-I*. IGF-I and TNF-a syner-
gistically stimulate intestinal myofibroblast prolif-
eration and collagen production®.

Chemokines are leukocyte chemoattractant
that cooperate with profibrotic cytokines in the
development of fibrosis by recruiting myofibrob-
lasts, macrophages and other key effector cells to
sites of tissue injury®!?%. Although a large number
of chemokine signaling pathways are involved in
the fibrogenesis, the CC- and CXC-chemokine
receptor families have exhibited important regu-
latory role. Specifically, CCL3 (macrofage in-
flammatory protein-1 — MIP1) and CCL2 (mono-
cyte chemoattractant protein-1 — MCP1) were
identified as profibrotic mediators. Interrupting
specific chemokine signaling pathway could have
a significant impact on the treatment of fibrosis.
Blockade of CC- and CXC chemokine receptors
decreases the progression of fibrosis in associa-
tion with decreased IL-4 and IL-13. Among these
chemokines, CCL2 (MCP-1), CCL3 (MIP-1a),
CCL4 (MIP-1b) and CCL20 (MIP-3a) are in-
creaded in IBD tissue’.

Local renin-angiotensin system (RAS) has
novel functions including the regulation of cell
growth, differentiation, proliferation and apopto-
sis, generation of ROS, expression of cytokines
(such as TGF-8, IL-6, INF-a), activation of en-
dothelial cells, as well as tissue inflammation,
ECM production and fibrosis’. It has been re-
ported that all components of the RAS exist in
the human large bowel’”>. Angiotensin II
(ANGII), the principal effector of RAS, partici-
pates in the pathogenesis of chronic fibrogenetic
diseases of several organs, including kidney,
hearth, blood vessels, lung, pancreas, liver and
intestine, through the regulation of both inflam-
matory and fibrotic processes’®’”. ANGII is in-
creased in the colonic mucosa of CD patients’.
Angiotensin-converting enzyme (ACE) inhibitors
and angiotensin types 1 (AT1) receptor antago-
nists have been shown to diminish inflammatory
markers and inflammatory cell infiltration™.
ANGII through AT1 receptor promotes ECM ac-
cumulation and fibrosis by increasing the local
production of profibrotic molecules such as TGF-
B, Smad2/3 and CTGF. Intestinal fibrosis is sig-
nificantly improved or even reversed by ACE in-
hibitors and AT1 receptor antagonists, findings
that are closely correlated to the reduction of
TGF-B, and CTGF expression®8!. These obser-
vations suggested that the neutralization of the fi-
brogenic ACE and ANGII could be a beneficial
therapeutic target in intestinal fibrosis.
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Other potent fibrogenetic molecules, such as
avf6 integrin, mTOR, and PPAR-y seem to inter-
act directly or indirectly with TGF-f/Smad path-
way.

Integrins are involved in regulating a variety of
cellular processes, including proliferation, differ-
entiation and apoptosis, as well as development
of fibrosis®’. The avf6 integrin is upregulated on
tissue with inflammatory-fibrotic pathology.
avp6 ligands include fibronectin, tenascin and
LAP (latency-associated peptides of TGF-f3,). In-
teraction with LAP activates latent TGF-f3 and
promotes fibrosis. avp6 is not expressed in nor-
mal condition but it is up-regulated in many hu-
man fibrosis diseases of various organs (kidney,
liver and lung)®.

mTOR, a phosphatidylinositol 3-kinase-related
kinase (PIKK), forms at least two distinct com-
plexes®. The mTOR complex 1 (mTORC1) which
is composed of mTOR, GBL and Raptor and con-
trols protein synthesis and cell growth and prolif-
eration, as well as autophagy, angiogenesis and fi-
brosis. The mTOR complex 2 (mTORC2) which
consists of mTOR, GBL and Rictor and is in-
volved in the cell proliferation and survival, meta-
bolic regulation and actin cytosckeleton organiza-
tion. mTOR signaling is activated by hormones,
growth factors, amino acid levels, stress and alter-
ations in cellular energy status®. mTOR inhibitors
(mTORIis) exerts direct antifibrotic activities both
by reducing the number of fibroblast and myofi-
broblasts and by down-regulating the production
of fibrogenic cytokines, such as IL-4, IL-6, IL-13,
IL-17, and TGF-3,, and the synthesis of type I and
III collagen®-#. Their antifibrotic effectivines have
been reported in fibrotic diseases of various organs
including skin, lung, kidney, liver and intestine.

PPARs are nuclear receptors, which regulate
gene transcription by binding to retinoid X recep-
tors (RXR)¥. PPAR-y isoform, identified mainly
in the colorectal mucosa, but also in adipocytes,
liver, vascular tissue and several inflammatory
cells (monocytes and macrophages, dendritic cells,
B and T cells) seems to be involved in several
physiological processes, such as differentiation of
adipocytes, glucose homeostasis, lipid metabo-
lism, inflammatory and immune processes, as well
as fibrosis®. PPAR-y activation seems to be
strongly related to the TGF-f/Smads pathway. The
stimulation of PPAR-y with specific ligands inter-
feres with the Smad3 pathway by directly antago-
nizing Smad3 or downregulating CTGF expres-
sion (a downstream effector of TGF-B/Smad3-
induced ECM proteins)”*%.

There are evidences, therefore, that the above
mentioned molecules form with TGFb/Smad3
pathway a complex signaling network with ex-
tensive crosstalk and strong effects on fibrosis
development.

In addition to the above factors know to be rel-
evant to intestinal fibrosis, new inducing and
modulators factor are emerging including
PAMPS, DAMPS, fragments of ECM, the Indian
Hedgehog (Ihh) and the Wnt/f3-catenin pathways,
epigenetic modifications, non coding RNAs of
which microRNAs are the most extensively stud-
ied, as well as gut microbiota'®. All these factors
must undergo intense scrutiny and investigation
in order to obtain new insights in the complex
and dynamic fibrogenic process.

Fibrotic responses are modulated by transcrip-
tional activators and cofactors, epigenetic modifi-
cations, and microRNAs that can amplify or in-
hibit cellular signalings regulating generation and
apoptosis of of myofibroblasts, as well as ECM
deposition. Epigenetics is the study of all herita-
ble and potentially reversible changes in genome
function that do not alter the nucleotide sequence
within the DNA, but might be considered in sim-
pler terms as the regulation of gene expres-
sion.Various epigenetic procedures, including
DNA methylation, histone modifications (histone
methylation, acetylation, phosphorylation,
sumoylation/ubiquination) and formation of par-
ticular chromatin structure, play crucial roles in
the gene transcriptional expression in ECM-pro-
ducing cells, regulating various phases of wound
healing and fibrogenic processes. Degradation of
extracellular matrix is also regulated through epi-
genetic modulation on matrix associated en-
zymes. Epigenetic marks may be the missing link
that connects both the internal microenvironmen-
tal and external macroenvironmental exposure in
genetically predisposed individuals to transcrip-
tome changes associated with the development of
intestinal fibrosis.

Evidence of the contribution of the gut micro-
biota to intestinal fibrogenesis can be found in vi-
vo in various animal models as well as in vitro
models®!#4, Products of the abundant and diversi-
fied gut microbiota can induce a profibrogenic re-
sponse by activating mesenchymal cells through
Toll-like and NOD-like receptors. Interestingly,
not all bacterial products are profibrogenic, and
some of them may protect against intestinal fibro-
sis'®. Thus, whether intestinal fibrosis develops or
not may depend not only on the type of local in-
flammatory process but also on the specific com-
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position of the luminal or mucosa adherent micro-
biota in the affected segment, a notion with poten-
tial therapeutic implications.

Whereas the microbiota is part of the internal
microenvironment of the gut, this organ is also
subject to the influence of the external macroen-
vironment. The concept that all elements present
in the environment can potentially influence dis-
ease development is established, and several en-
vironmental factors (diet, contaminants) can in-
fluence the immune response and lead to fibrosis
in various organs including the intestine. Given
the enormity and diversity of the external envi-
ronment, new tools and approaches are needed to
evaluate the impact of what has been recently
named the “exposome” on intestinal disease in
general and intestinal fibrosis in particular'®.

Therapies for Fibrosis in IBD

The main end point in the treatment of any
chronic inflammatory disease is to induce the
clinical remission and the healing of lesions and
to prevent the development of fibrosis!”!8:3-93,
Reduction or reversal of fibrosis is also an im-
portant goal to achieve, but this represent a very
challenge. Anti-fibrotic therapies may be com-
plicated by the fact that a wound-healing re-
sponse is essential to preserve bowel wall in-
tegrity and functions during inflammation®. At

present, there are no approved or effective med-
ical therapies aimed specifically at intestinal fi-
brosis in IBD. Therefore, intestinal fibrosis and
associated complications, still remain the major
causes of surgical intervention'”. Surgical cor-
rection, by means of intestinal resection or stric-
turoplasty, is necessary in up to 75% of CD pa-
tients during the course of their disease®*. How-
ever, surgical resection is associated with a high
rate of recurrent stricturing disease and the need
for repeated surgery is high, therefore, explo-
ration of new therapeutic approaches has now
become mandatory.

Theoretically, for the treatment of intestinal fi-
brosis in IBD we can act at three different levels:
1. To eliminate the primary cause of intestinal
damage, 2. To use various anti-inflammatory and
immunomodulatory drugs, 3. To use anti-fibrotic
agents (Figure 5).

The best antifibrotic treatment would be repre-
sented by any strategy able to eliminate the pri-
mary cause of intestinal damage, but it is not the
case for IBD since we do not know their etiology.
In animal models in which IBD has been induced
by the administration of exogenous agents, the
tissue changes associated with both early and late
stage of fibrosis disappear after removal of the ir-
ritant, which demonstrate the reversibility of in-
testinal fibrosis®.

Tissue Injury

To eliminate
the primary cause
of tissue damage

Chronic Intestinal

Inflamimation

therapies

aassaa

Fibrogenesi

‘0..-

—

Reduce/Reverse
Fibrosis

Anti-fibrotic
therapies

Figure 5. Steps and approaches for the treatment of intestinal fibrosis in IBD.
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The agents currently used for the treatment of
IBD (salicylates, antibiotics, steroids, immuno-
suppressive drugs, biological therapies) may re-
lieve the inflammatory symptoms, but do not im-
prove fibrostenotic obstruction®®%. The results of
medical treatment aimed at stricturing or pene-
trating CD are poor, since 64% of these patients
ultimately require surgery within one year®.
There is no doubt that these agents work best
when introduced early in the course of the dis-
ease, when inflammation predominate and the fi-
brosis is still at a reversible phase. A crucial point
is the timing of commencement of early treat-
ment. In clinical practice, early CD is usually
considered as a newly diagnosed case, and this
does not always correspond to the early purely
inflammatory form of the disease. Approximately
50% of the patients already present a stricturing
or penetrating disease, at the time of diagnosis!®,
thus indicating a late disease which is more resis-
tant to treatment both with immunosuppressants
and biological agents.

Some evidence suggests that particular anti-in-
flamatory therapies may exacerbate fibrosis.
Nonetheless, some of these agents may have in-
direct anti-fibrotic effects'!.

Several anti-inflammatory mechanisms of 5-
aminosalycilic acid (5-ASA) have been de-
scribed, but no data are available for a possible
antifibrotic effects of this drug.

Corticosteroids are effective for controlling in-
flammation in the majority of inflammatory dis-
eases. Anti-fibrotic effects of corticosteroids have
been observed in several fibrotic diseases such
systemic sclerosis, idiopatic pulmonary fibrosis
and retroperitoneal fibrosis, but with discordant
results in the intestinal fibrosis'>!%. The antifi-
brotic effects of steroids may cause deficiency in
general wound healing. Furthermore, long-term
systemic use of steroids is not recommended due
to several significant adverse events.

Immunosuppressive agents, such as azatioprine,
6-mercaptopurine, cyclosporine and methotrexate,
are largely used for the treatment of several chron-
ic inflammatory disease including IBD. Although
some of these drugs were effective for the treat-
ment of pulmunary and retroperitoneal fibro-
sis!?108 "no significant effects were observed in
the treatment of intestinal fibrosis in IBD**. Im-
provement in medical treatment consisting of an
earlier and more frequent use of immunosuppres-
sive drugs have not resulted in a decreased risk of
development of intestinal complications (strictures
and/or fistulas), as well as of need of intestinal re-

section'317%, The successful use of azathioprine in
preveting post-operative recurrence of CD sup-
ports the hypothesis that azathioprine can prevent,
or at least slows down the development of intesti-
nal fibrosis in CD!%.

The antifibrotic effects of anti-TNF-o (inflix-
imab, adalimumab, certolizumab) agents on intesti-
nal fibrosis is not clear. In early reports, obstructive
complications were observed in some patients treat-
ed with anti anti-TNF-o antibodies, but this un-
favourable effect remains to be confirmed"*!'"2. In
vitro studies, anti-TNF-o antibodies modulated
myofibroblasts migration, as well as collagen and
TIMP-1 production''. In vivo studies, serum levels
of bFGF and VEGE, both involved in intestinal fi-
brosis, were decreased by these agents''“,

Although data from RCTs and observational
studies suggest that biological use may reduce
the need for surgery in the short term, the real
impact of biologics on the lifetime risk of
surgery remains to be established''>!'"". Recent
data from population-based cohorts have shown
that in the pre-biologic era, the rate of surgery
ranged between 27% and 61% within 5 years af-
ter diagnosis, and, in the era of anti-TFN-a,
ranged between 25% and 33% thus suggesting
that the need for surgery remains high also in the
era of biologics''8. Although biological therapies
have shown disease-modifying characteristics in
other diseases, more data are required before it
can be known whether they can influence the
long term natural history of CD!!%-120,

IBD is driven by the trafficking of lympho-
cytes from the circulation into the gut tissue that
is mediated by adhesive interactions between the
lymphocytes and endothelial cells'?"!?2, The ad-
hesion molecules involved represent attractive
targets for the development of new therapeutics
which should aid in the resolution of existing in-
flammation, prevent recurrence of inflammation,
and may potentially lead to long-term control of
disease. Natalizumab, a humanized monoclonal
antibody against adhesion molecule o, integrin,
showed significant anti-inflammatory effects in
moderately-to-severely active CD, but not anti-fi-
brotic properties. On the contrary, it presents se-
vere adverse events including a form of progres-
sive multifocal leukoencephalopathy!'?.

From all these important observations one has
to infer that controlling intestinal inflammation
alone is not sufficient to prevent or eliminate the
associated fibrotic response. Thus it follows that
fibrosis-specific therapies must be developed,
and perhaps therapies specific for intestinal fibro-
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sis, since the underlying pathophysilogy may be
different from other organs, particularly with re-
gard to the presence of luminal microbiota's.
Putative anti-fibrotic drugs can include: (1)
Agents able to reduce the activation of ECM-pro-
ducing cells and their pro-fibrogenic properties
(proliferation, motility, ECM deposition, contrac-
tion); (2) Agent with pro-apoptotic effect for ECM-
producing cells; (3) Agents able to increase ECM
degradation (Table II). There is a growing list of
novel mediators and pathways that could be devel-
oped as anti-fibrotic treatments® . These include
TGF-beta signaling modifiers, pro-fibrotic cy-
tokines and cytokines receptors antagonists, profi-
brotic chemokines and chemokines receptors an-
tagonists, anti-fibrotic cytokines and chemokines,
TLR antagonists, angiogenesis antagonists, anti-
hypertensive drugs, vasoactive substances, inte-
grin/adhesion molecule antagonists, TIMP in-
hibitors, pro-apoptotic drugs that target myofibrob-
lasts, gene silencing strategies, stem cell transplan-
tation technologies (Table III). It should be stressed
that most of the evidence indicating a beneficial ef-

Table lll. Classes of antifibrogenic agents.

Table Il. Mechanisms of action of antifibrogenic agents
(Chemical & biological).

* Reduce inflammation
* Reduce activated ECM-producing cells and their
profibrogenic actions:
— Proliferation
— Motility
— Contraction
— ECM deposition
* Promote ECM-producing cells apoptosis
* Promote ECM degradation

fect of these drugs have been derived from studies
performed in vitro or in animal models of fibrogen-
esis'®*3124 Therefore, the real effectiveness of these
agents remains to be defined.

Blockade of the TGF-f signaling, either at ex-
tracellular (ligand, receptors) or intracellular lev-
el (signal transduction pathways), may offer a
potential molecular strategy to prevent and/or
treat fibrosis®. However, since TGF-f is not only
the driving force of fibrotic process, but is also
involved in other important cellular functions

IL-13Ral, TNFa

CCR2, CCR3, CCRS5, CCR7, CXCR2, CXCR4

Angiogenesis antagonists: VEGF-specific antibodies

mTOR inhibitors: rapamycin, sirolimus, everolimus
Proapoptotic drugs that target myofibroblasts

MMP antagonists: inhibitors of MMP2, MMP9, MMP12
TIMP antagonists: TIMP-1 specific antibodies

Stem/progenitors cell transplantation technologies
Other targets and approaches

Antioxidants

Nitric oxide donors (nitroglycerin), Relaxin

Prostaglandins (PGE2, 15-D-PGJ2), COX2-inhibitors
Leptin receptors antagonist, Adiponectin

Pentoxitylline, Gliotoxin, Halofuginone

effects

TGF-p signaling modifiers: relaxin, HGF, BMP7, Smad7, inhibitors of TGF-f3,, TGF-fR1, TGF-RII, Smad3
Growth factors antagonists: inhibitors of CTGF, PDGFs, IGFs, EGF, bFGF
Cytokine and cytokine receptor antagonists: inhibitors of IL-1f, IL-6, IL-13, IL-17, IL-21, IL-22, IL-33, IL-4R,

Chemokine and chemokine receptor antagonists: inhibitors of CCL2, CCL3, CCL6, CCL18, CXCL1, CXCL2, CXCL12,

Cytokines and chemokines: Interferon-o & v, IL-7, IL-10, IL-12, CXCL10, CXCL11
TLR antagonists: inhibitors of TLR2, TLR3, TLR4, TLR9

Vasoactive substance antagonists: inhibitors of ET-1 receptors

Renin-angiotensin system antagonists: inhibitors of ACE and Angiotensin II receptors

Integrin/adhesion molecule antagonists: inhibitors of o, §, and avf6 integrins, integrin linked kinase, ICAM-1, VCAM-1
Peroxisome proliferator activator receptors modulators: 15-D-PGJ2, Tiazolininediones.

Gene silencing strategies and gene therapy: shRNA for TGF-,, TGF-fR1, TGFBRII

HMG-CoA reductase inhibitors (Statins): lovastatin, simvastatin, atorvastatin, provastatin

Cannabinoid receptor 1 antagonists, Cannabinoid receptor 2 agonists

Probiotics/prebiotics, microflora methabolites (Butyrate, Propionate)
Herbal medicines: salvia miltiorrhiza, Scutellaria baicalensis or curcumine with putative antinflammatory and antifibrotic
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(differentiation, proliferation, transformation, im-
muneregulation), the total blockade of this
growth factor will be likely be problematic. Tar-
geting of individual intracellular mediators could
lead to selective blockade of pathological TGF-
fibrotic responses such as fibrosis without involv-
ing physiologically important, and even vital,
TGF-f responses. In fact, the targeted disruptions
of TGF-B, Smad2 and Smad4 are lethal!>>1?7,
whereas the disruption of Smad3!?130 results in
the birth of mice which survive to adulthood.
Loss of Smad3 confers resistance to tissue fibro-
sis in several organs including skin, kidney, lung,
liver and intestine*-°.

Inhibitors of the TGF-f receptor kinases, neu-
tralizing antibodies that interfere with ligand and
receptor interactions, antisense oligonucleotides
reducing TGF-f expression, and soluble receptor
ectodomains that sequester TGF-f§ have been de-
veloped and are currently being investigated for
the treatment of several fibroproliferative disor-
ders of various organs including lung, kidney,
skin and liver'3!132,

Membrane avf6 integrin catalyzes the activa-
tion of latent TGF-f on epithelial cells. It is up-
regulated in many fibrosis diseases of various or-
gans (kidney, liver and lung) and its inhibition
prevents the development of fibrosis!33-1%¢.

Hepatic growth factor (HGF), Bone morpho-
genetic protein 7 (BMP-7) and decorin are three
natural inhibitors of TGF-f/Smad pathway show-
ing antifibrotic effects in liver, renal and pulmu-
nary fibrosis!3"-14,

There is also considerable cross-talk between
TGF-beta, and MAP kinase signaling pathways
in the synthesis and turnover of extracellular ma-
trix. Thus, blockade of p38 and JNK pathways
may have therapeutic potential for the treatment
of fibrosis'*!.

Recent pre-clinical studies suggest that selec-
tive tyrosine kinase inhibitors that target c-Abl,
PDGEF receptor or Src kinases might be promis-
ing targets for anti-fibrotic approaches'*?. Dual
inhibition of c-Abl and PDGF receptor by ima-
tinib and nilotinib, and inhibition of Src kinases
either selectively by SU6656 or in combination
with c-Abl and PDGF by dasatinib exerted potent
anti-fibrotic effects. Imatinib, nilotinib, dasatinib
and SU6656 reduced dose-dependently the syn-
thesis of extracellular matrix proteins. Clinical
data from patients with chronic myelogenous
leukaemia suggest that imatinib, nilotinib and
dasatinib are well tolerated. Based on the promis-
ing pre-clinical data, imatinib is currently evalu-

ated in clinical trials for the treatment of fibrosis
in systemic sclerosis, pulmonary fibrosis, hepatic
fibrosis and chronic kidney disease!>!4,

As far as the growth factors are concerned,
CTGEF appear to be a more specific target for se-
lective intervention in processes involving con-
nective tissue formation during fibrotic disorders.
Various forms of treatment targeting CTGF ef-
fects have been proposed whith favourable ef-
fects in fibrosis of several organs, including the
intestine!#+143,

Of all components of renin-angiotensin system,
ACE and ANG-II appears to be the dominant mol-
ecules responsible for fibrosis and their inhibition
results to slow the progression of fibrosis in car-
diovascular, renal and hepatic chronic diseases, as
well as in experimentally induced chronic intesti-
nal inflammation?!268081.101 Dajly administration
of the ACE inhibitor captopril in rats with chronic
TNBS-induced colitis significantly reduced the
macroscopic and microscopic pattern of both
colonic inflammation and fibrosis, decreased the
colon collagen content, and reduced TGF-3; mR-
NA levels by about 60%. The antifibrotic mecha-
nism of captopril could be related to the inhibition
of ANG II-mediated TGF-3;, overexpression,
and/or to a direct down-regulation of TGF-f3, tran-
scripts. Likewise, the use of losartan, a specific
AT1 receptor antagonist, significantly improved
the macro- and microscopic scores of experimen-
tally induced colorectal fibrosis and reduced TGF-
[, concentration, thus suggesting that this drug has
a preventive effect on colorectal fibrosis compli-
cating the TNBS-induced chronic colitis by a
downregulation of the TGF-f, expression®'. In
view of these data, RAS could be considered a fu-
ture target for new antifibrotics in IBD.

Of the profibrotic interleukines, IL-13 could
be the most important target of antifibrotic thera-
py?"%. IL-13 signaling via the IL-13R alpha2 is a
key initiation point for a complex fibrotic pro-
gram in the intestine consisting of TGF-f3, activa-
tion, IGF-I and Egr-1 expression, myofibroblast
activation, and myofibroblast production of col-
lagen'#. IL-13 production results in the induction
of an IL-13R formerly thought to function only
as a decoy receptor, IL-13Ralpha2, and this re-
ceptor is critical to the production of TGF-3, and
the onset of fibrosis. Thus, if IL-13 signaling
through this receptor is blocked by administra-
tion of soluble IL-13Ralpha2-Fc, or by adminis-
tration of IL-13Ralpha2-specific small interfer-
ing RNA, TGF-f, is not produced and colorectal
fibrosis does not occur**7!147,
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ROS are involved in acute and chronic inflam-
matory processes, as well as in fibrosis. ROS ap-
pear to be a key mediator in collagen gene regu-
lation'*8, Antioxidants protect against experimen-
tal pulmonary and hepatic fibrosis'**15°. ROS is
also involved in intestinal fibrosis. Inhibition of
oxygen radical secretion improves experimental
colitis in mice®".

mTOR signalling is considered an attractive tar-
get for antifibrotic intervention. mTOR inhibitors
(mTORIs) constitute a relatively new category of
immunosuppressive and antineoplastic drugs'>>.
Their clinical applications have recently expanded
significantly to cover a wide spectrum of immune
and non-immune-mediated disorders, various solid
organ and haematological malignancies, metabolic
problems such as diabetes mellitus and obesity, and
even fibrotic diseases, including skin, pulmonary,
renal, hepatic and intestinal fibrosis'>*!5”. Combined
immunosuppressive and anti-fibrotic action of ra-
pamycin and its analogues may result in a promis-
ing treatment approach of fibrotic chronic en-
teropathies such as CD. This has been confirmed by
two case reports in which two patients with severe
refractory CD were successfully treated with two
different analogues of rapamycin, respectively
sirolimus and everolimus'®®!%. In addition, a recent
clinical trial demonstrated the effectiveness of
everolimus to maintain steroid-induced remission in
patients with moderate-to-severe active CD'®.

Overexpression of PPAR-y prevents the devel-
opment of tissue fibrosis, whereas its loss increas-
es susceptibility to fibrosis'®!'¢2, Therefore, PPAR-
v should be regarded as an innate protection from
excessive fibrogenesis and a potential new target
for the development of novel anti-fibrotic
agents'®*. Experimental studies have shown that
PPAR-y agonists attenuate fibrosis in various or-
gans including lung, kidney, pancreas, liver and
intestine, antifibrotic effects that are abolished by
the use of a PPAR-y selective antagonists!'6+167,

Accumulating data demonstrate that some of
MMPs are constitutively expressed and regulate
physiologic processes such as barrier function and
mucosal defense, while others are undetectable in
normal intestine but their dysregulated expression
during inflammation may play a role in cell adhe-
sion, immune and non-immune cell migration, and
impaired wound healing and fibrosis'®®'®°, The final
outcome of inflammatory and fibrogenetic respons-
es depends on the balance between MMPs and
TIMPs. The beneficial effects of the use of MMPs
or TIMPs inhibitors in the treatment of intestinal fi-
brosis in IBD remain to be defined.

Although HMG-CoA reductase inhibitors
(statins) reduce expression of TGF-f§ and CTGF
and the production of ECM components, the spe-
cific antifibrotic effect is based on the inhibition
of Smad3 phosphorylation'”’. Simvastatin attenu-
ates intestinal fibrosis independent of the anti-in-
flammatory effect by promoting fibroblast/my-
ofibroblast apoptosis in the regeneration/healing
process from TNBS-induced colitis'’!"172,

Control of events that are secondary to IBD,
susch as angiogenesis and lymphangiongenesis,
might represent an alternative approach to treat-
ment, particularly in view of the connection be-
tween vascular remodeling and fibrogenesis in
chronic intestinal inflammation® 21122173174 Grow-
ing evidence suggests that the microvasculature
plays an integral role in the pathophysiology of
IBD. The microvasculature contributes to chronic
inflammation through altered leukocyte recruit-
ment, impaired perfusion, and angiogenesis lead-
ing to tissue remodeling!?!-12217317 Increased ex-
pression of VEGF in IBD and it blockade were
therapeutically effective in preclinical animal mod-
els!'™. The control of angiogenesis and lymphan-
giongenesis has been proposed as a novel therapeu-
tic approach to IBD, and also has the potential to
prevent or reverse fibrosis in affected patients.

Furthermore, correcting intestinal mucosal
barrier leakiness may decrease or eliminate the
excessive absorption of bacterial products that
stimulate immune and mesenchimal cells in-
volved in fibrotic process, and could be an useful
approach to prevention or treatment of fibrosis in
IBD!"¢178, Detailed characterization of barrier de-
fects offers the opportunity to consider and test
therapeutic interventions. Beside cytokine antag-
onists, different plant compounds and probiotics
have been shown to stabilize the barrier function
by affecting epithelial tight junction proteins ex-
pression and distribution.

Recently, a role of MicroRNAs in pulmonary,
renal and intestinal fibrosis has been reported!”-
181 MicroRNAs (miRNAs) are small, noncoding
RNAs that regulate gene and protein expression.
miRNAs are critical to a normal immune response
and have altered expression in multiple immune-
mediated disorders including IBD'®2. Specific mi-
croRNAs downregulate smad-3 activity and the
expression of matrix proteins and prevente TGF-
B-dependent EMT. The changes in microRNA ex-
pression in IBD and the evidence for their role in
the fibrosis suggest that microRNAs should be
evaluated as therapeutic targets in intestinal fi-
brosis complicating IBD.
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Conclusions

The available current therapies do not affect in-
testinal fibrosis. The only treatment option for fibro-
sis in patients with IBD is still surgery (resection or
strictureplasty) or repeated mechanical palliation
(endoscopic balloon dilatation, metallic stents).

The concept of intestinal fibrosis has changed
from being a static and irreversible entity to a dy-
namic and reversible disease, as also occur in other
organs. Novel therapeutic strategies are under in-
vestigation to target specific steps in the process of
fibrogenesis with the aim of reducing or reversing
advanced intestinal fibrosis in IBD. One hope that
researchers, funding agencies and pharmaceutical
industries accelerate their efforts to identify and de-
velop safe and effective antifibrotic therapies.
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