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1 |

The information summarized in this review is from a PubMed
search for relevant articles by conjoining three main search lular and molecular mechanisms

SEARCH STRATEGY

| Mary Jo Wick

Abstract

Crohn's disease (CD) is a chronic inflammatory disease of the gastrointestinal tract
that leads to substantial suffering for millions of patients. In some patients, the
chronic inflammation leads to remodelling of the extracellular matrix and fibrosis.
Fibrosis, in combination with expansion of smooth muscle layers, leaves the bowel
segment narrowed and stiff resulting in strictures, which often require urgent medical
intervention. Although stricture development is associated with inflammation in the
affected segment, anti-inflammatory therapies fall far short of treating strictures. At
best, current therapies might allow some patients to avoid surgery in a shorter per-
spective and no anti-fibrotic therapy is yet available. This likely relates to our poor
understanding of the mechanism underlying stricture development. Chronic inflam-
mation is a prerequisite, but progression to strictures involves changes in fibroblasts,
myofibroblasts and smooth muscle cells in a poorly understood interplay with im-
mune cells and environmental cues. Much of the experimental evidence available is
from animal models, cell lines or non-strictured patient tissue. Accordingly, these
limitations create the basis for many previously published reviews covering the topic.
Although this information has contributed to the understanding of fibrotic mecha-
nisms in general, in the end, data must be validated in strictured tissue from patients.
As stricture formation is a serious complication of CD, we endeavoured to summa-
rize findings exclusively performed using strictured tissue from patients. Here, we
give an update of the mechanism driving this serious complication in patients, and

how the strictured tissue differs from adjacent unaffected tissue and controls.

the disease condition (‘Fibrosis'[Mesh] OR ‘Constriction,
Pathologic’[Mesh] OR ‘Stenos*’ OR ‘Strictur®*’ OR ‘fi-
brotic’ OR ‘fibrosis’). The third block concerned the cel-
(‘Fibroblasts’[Mesh]

blocks with the Boolean operator ‘AND’. The first block is OR ‘Fibroblast*” OR ‘Extracellular matrix’[Mesh] OR

the disease group itself and contained (‘Inflammatory Bowel
Diseases’ [Mesh] OR ‘Crohns’ OR ‘Crohn's’ OR ‘IBD’
OR ‘Inflammatory bowel disease*’). The second block is OR

‘Intestinal Mucosa’[MeSH] OR ‘Myofibroblast*” OR
‘Macrophages’[Mesh] OR ‘Macrophage*’ OR ‘Monocyte*’
‘Leucocytes, Mononuclear’[Mesh] OR ‘Dendritic
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Cells’[Mesh] OR ‘Intercellular Signalling Peptides and
Proteins’[Mesh] OR ‘Muscle Cells’[Mesh]). Filtered on
'human' and 'English’, the search generated over 700 articles.
After an initial screening, based on the content of the ab-
stracts, around 250 articles remained that were imported into
a reference library for a more thorough read-through. About
50 articles remained that met the strict criteria of having at
least one figure or paragraph in the article where strictured
tissue was taken from a Crohn's patient and compared to
non-strictured tissue. Consequently, to meet the scope of this
review, all data from animal or cell lines, as well as exclu-
sively clinical, epidemiological, and radiological data, were
omitted. Articles focused on blood markers or CD papers
without comparisons to strictured tissue/cells were also ex-
cluded. To ensure that we did not miss relevant articles that
were not captured by this search, we also screened previously
published reviews and key papers for references.

2 | BACKGROUND

2.1 | CD progression into stricturing disease
Crohn's disease (CD) is a chronic relapsing inflammatory
bowel disease affecting the gastrointestinal tract of millions
of patients worldwide' that leads to substantial life-long suf-
fering. On the one hand, there are symptoms typically as-
sociated with the intestinal inflammation itself, such as
abdominal pain, diarrhoea, fatigue and weight loss. On the
other hand, are indirect effects of having the disease. These
include side effects of drugs, permanent effects of surgery,
several possible complications and increased risk of malig-
nancies.” These indirect effects can be at least as debilitat-
ing as the underlying inflammation and are clearly part of
the disease picture for patients. Indeed, for unknown reasons
during the disease course, CD patients typically display one
of three phenotypes: stricturing, penetrating, or non-strictur-
ing/non-penetrating.3 Each disease behaviour comes with a
different set of complications that add up to the disease bur-
den. The stricturing phenotype, characterized by progressive
bowel wall thickening and lumen narrowing (called B2 phe-
notype®), affects a substantial number of patients. It is as-
sociated with obstructive symptoms that often require acute
surgical intervention. Indeed, strictures are one of the main
indications for CD-associated surgery.5

2.2 | B2 stricturing disease—
current therapy and why better understanding
is needed

Crohn's patients are heterogeneous in their clinical picture.
Thus, while an anti-inflammatory treatment(s) may alleviate

fibrotic complications for some patients, it may have no ef-
fect on others. Recent data suggest that anti-inflammatory
therapies might be beneficial to avoid surgery for a subgroup
of patients in a shorter perspective.6 However, whether anti-
inflammatory therapy treats only the inflammatory compo-
nent”® of the stricture, or if it affects stricture development
per se, is not known. Indeed, despite the introduction of
biological treatments 20 years ago, a significant number of
patients still need stricture-associated surgery. Moreover,
an anti-fibrotic therapy per se is not currently available.
Understanding the mechanisms leading to strictures will thus
improve the quality of life for many patients by reducing the
need for surgery. It may also lead to as yet unavailable treat-
ments and thus positively impact patient care and disease
outcome.

3 | OVERVIEW OF STRICTURE
FORMATION

Chronic intestinal inflammation is necessary for stricture for-
mation. However, the factor(s) driving inflammation into fi-
brosis and strictures are poorly understood, as is the question
of why not all patients with intestinal inflammation develop
strictures.

3.1 | Histological characteristics of strictures
Histologically, the strictured wall displays a twofold increase
in mural thickness through disproportional changes within
each layer (Figure 1: Normal margin to Stricture).” This leads
to about six times less compliant wall.' Stricture formation
is a slow process and only becomes apparent in late stages,
which is why antecedent events are hard to study. Presumably,
it is a dynamic process where mediators, cell populations, and
physical conditions change over time; it is also intuitive to
think that stricture location (ileum vs colon) likely matters.
Although the mechanism behind stricture initiation and
propagation is poorly understood, it involves two main paral-
lel events, namely, expansion of the smooth muscle layers and
a fibrosing process (Figure 1: stricture). Affected segments
display increased collagen deposition in all layers. Typically,
the submucosa is most affected (Figure 1: key events - sub-
mucosal fibrosis), leading to a 2-3-fold thickening.g’“’14
Significant fibrosis also affects the subserosa! 1131316
(Figure 1: key events - subserosal fibrosis). In the muscu-
laris mucosae (Figure 1: key events - MM expansion and
fibrosis), fibrosis intermingles with distorted smooth muscle
bundles. In contrast, fibrosis in the muscularis propria in-
terna (Figure 1: key events: MP-I expansion with thickened
fibrotic septa) affects the intramuscular septa but leaves the
organization of the smooth muscle well-preserved.”'
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FIGURE 1

An overview of strictured tissue showing changes in intestinal wall layers and cell populations. A schematic of the most apparent

histological changes in the intestinal wall during the progression from normal to strictured tissue is shown. This includes increased intestinal wall

thickness due to expanded smooth muscle cells, and hence muscle layers, concomitant with fibrotic changes in the submucosa and subserosa.

Histological features described in the text are highlighted in the right column as ‘Key events’ with the location of the event indicated by an arrow.

See the text and subsequent figures for details

Despite these changes, the increase in smooth muscle
outweighs the increase in collagen; quantitatively, expansion
of the muscle layers contributes more to the overall increase
in thickness.”" For example, Zhang et al reported a 17-fold
increase in muscularis mucosae thickness in ileal strictures,
which accounted for nearly half of the wall thickening.9 Chen
et al reported a more modest increase in muscularis muco-
sae and instead highlighted the 2-fold increase in muscularis
propria as the most striking finding. Interestingly, muscu-
lar hyperplasia/hypertrophy in each layer was higher in the
ileum, whereas fibrosis in the submucosa and muscularis
propria was significantly higher in colonic lesions.'® In addi-
tion, fibromuscular bundles, containing smooth muscle cells
(SMCs), project out from muscularis mucosae and muscu-
laris propria into the fibrotic submucosa. Sometimes, they
create a bridge of hyperplastic muscle between the two layers
(Figure 1: key events - fibromuscular infiltration)."

Other microanatomical features reported in strictured tis-
sue are the remodelling of mucosal-facing vascular walls in

the submucosa, which show smooth muscle thickening and
collagen deposition9 (Figure 1: key events - vascular changes).
A feature of CD is the so-called creeping fat (also known
as mesenteric fat-wrapping) (Figure 1: key events - creep-
ing fat). This is an accumulation of mesenteric fat around af-
fected segments of the intestine. Indeed, there is increasing
interest in how factors secreted from this adipose tissue affect
the wall layers and stricture development. Creeping fat is par-
ticularly interesting as histologically, it appears to dissect into
the subserosa and directly face the outer muscular layers.17

3.2 | Location of different cell types gives
clues to the players in stricture pathogenesis
3.2.1 | Cellular characteristics of strictures

Associated with the histological changes observed in stric-
tures is accumulation of, and alterations in, the behaviour of
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FIGURE 2 Anoverview of mesenchymal cell markers and

their distribution in tissue. A, Fibroblasts, myofibroblasts and smooth
muscle cells are traditionally distinguished by their staining pattern

of the three markers vimentin, a-SMA and desmin. B, Distribution

of the additional markers SMA and FAP in the intestinal walls of
strictured (STR) tissue compared to normal (non-strictured) control
(Ctrl) tissue. C, Staining pattern for smooth muscle cells with different
phenotypes (based on the degree of differentiation) as described in the
text. D, The distribution of smooth muscle cells with different degrees
of differentiation in the intestinal wall layers in non-strictured tissue
(Ctrl) and strictured tissue (STR). (A-C): Green filled circle indicates
presence of a marker (positive staining). C,D, Filled circles indicate the
presence of a particular SMC phenotype based on the colour coding
defined in C. VIM, Vimentin; SMA, alpha-smooth muscle actin; DES,
Desmin; FAP, Fibroblast activating protein; Ctrl, normal non-strictured
tissue; STR, strictured tissue; diff, differentiated; CGA7, antibody

that selectively recognizes contractile smooth muscle cells expressing
both alpha- and gamma-actin; SMC, Smooth muscle cell. The staining
patterns reflect data from numerous publications and mostly reflect
immunohistochemical observations

cells of mesenchymal origin as well as certain immune cell
populations. Mesenchymal cells, which include fibroblasts,
myofibroblasts and SMCs, expand and change behaviour in
response to environmental cues such as cytokine signalling
from immune cells. However, the signalling is not necessar-
ily unidirectional as mesenchymal cells also secrete multiple
factors that impact surrounding immune cells. Moreover, all
three mesenchymal cells can also secrete extracellular matrix
components that fill the fibrotic tissue.

One of the keys to understanding possible interactions be-
tween immune cells and mesenchymal cells is to define their
specific location in the strictured tissue. This is summarized in
Figures 1-3, which provide a summary compiled from available
studies using human tissue. Figure 1 gives an overview, while
Figures 2 and 3 highlight the strictured wall with a focus on
location of mesenchymal cells. However, there are some limita-
tions to this compilation due to inconsistencies in the literature
in the use of cell markers, and that tissues from different intes-
tinal compartments (ileum versus colon) are lumped together.

3.2.2 | Immune cells in strictures

The importance of immune cells in CD pathogenesis is well-
documented and uncontested. In particular, immune cells in
the mucosal layer, particularly the lamina propria, are well-
studied in non-strictured mucosa of CD patients. However, in
strictured mucosa, the descriptions are patchier. Stricture mu-
cosa shows an increased frequency of CD3* cells (Figure 1:
lymphocytes), but the relative abundance of T cells in stric-
tures is significantly less than that in inflamed, non-strictured
mucosa. Eosinophils in the mucosa (Figure 1: eosinophils) of
paediatric strictures are elevated, as they are in inflamed mu-
cosa, but strictured tissue had a higher eosinophil burden.'®
An increased frequency of an IL36" macrophage subset that

»n
<
>
O
m
th

Mesenchymal cells
<S> Fibroblasts

EQ Myofibroblasts
«=&» Smooth muscle cells

m ..O

>

=0
=

(@]
-
0
-
=

Wall layer
Lamina propria

Peri-cryptal area
Muscularis mucosae
Submucosa

Muscularis propria

0000005 C00:

000000

000000: | 000

000000

Subserosa
‘i’ Smooth muscle cells VIM |[SMA [CGA7
== Highly differentiated @ | O | @) | @
&» Moderately diff. ‘ . ‘
& Dedifferentiated . . O
£~ \Vascular SMC n . ’ ‘
Vv
SMC
Location
‘i’ Wall layer Ctrl | STR

Muscularis mucosae (MM)
MM-SM border
Submucosa (SM)

SM - fibromuscular infiltration
SM-MP border )
Muscularis propria (MP) '

co-localizes with peri-cryptal myofibroblasts has also been
described'? (Figure 1: peri-cryptal area).
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0060000

More detailed studies that address other specific immune
cell subtypes in strictures (such as T-cell subsets, B cells, NK
cells, etc) are lacking. Moreover, in CD in general as well as
in CD strictures, there is often a transmural inflammation with
immune cells present to varying degrees in all intestinal wall
layers (Figure 1: stricture).'>!” In contrast to the mucosa, im-
mune cells in deeper layers are poorly characterized, and even
less is known about their function in strictures and cell-cell in-
teractions. Indeed, studies defining specific immune cell types
below the mucosa of strictured tissue are relatively few or only
broadly define the immune cell types present. For example,
in immunohistochemistry analyses, such cells are often iden-
tified in broader terms like chronic inflammatory infiltrates
or aggregates of lymphocytes or mononuclear cells,'>16:19:20
However, there are some exceptions to this. For example,
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FIGURE 3 Schematic of the
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CD68" macrophages are increased in frequency and occupy
the fibrotic areas®! (Figure 1: macrophages). In addition, there
is an enrichment of mast cells in all layers, particularly in the
submucosa and muscularis propria (Figure 1: mast cells). >

In summary, information about the relative abundance of
immune cells in stricture tissue is fragmentary or is broadly
characterized. The functions and cell-cell interactions of im-
mune cells in the setting of strictures are poorly understood,
especially below the mucosa.

3.3 | Mesenchymal cells and their location
in strictures

3.3.1 | Mesenchymal markers and their
distribution in the strictured tissue

The three major mesenchymal cell types central to strictures
have been historically identified using a combination of three

markers: the intermediate filament proteins vimentin (vim)
and desmin (des) as well as the contractile protein alpha-
smooth muscle actin (oc-SMA).24 Using these markers, fibro-
blasts are identified as vimta-SMA Des™ cells. In contrast,
myofibroblasts are vim*a-SMA* Des™ whereas SMCs are
vim~a-SMA*Des+ (Figure 2A). Thus, comparing the im-
munohistochemical staining pattern of a-SMA in strictured
vs non-strictured tissue gives a rough indication of the major
changes in mesenchymal subpopulations (Figure 2B: SMA
column). This type of study has shown that, in strictures,
a-SMA stains the submucosa'® and subserosa'® in addition
to the cell types stained in non-stricture tissue (muscle layers,
blood vessel walls and peri-cryptal cells). Thus, there is an
accumulation of myofibroblasts in layers most affected by
fibrosis (Figure 3: ©® and @).

Although fibrosis in the mucosa is relatively scarce,
strictured mucosa displays changes in the staining pattern
of mesenchymal cells. There is increased vimentin stain-
ing, predominantly in the peri-cryptal region, and lamina
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propria.25 This occurs together with extra-muscular stain-
ing of a-SMA, " especially in the peri-cryptal area.'>!
Proliferating Des*a-SMA™ cells (indicative of SMCs) also
occasionally infiltrate the lamina propria.15 Thus, there
seems to be an enrichment of mesenchymal cells, also in the
mucosa (Figure 3: ®). However, the VIM/a-SMA/Des classi-
fication scheme discussed here is simplified and not specific,
especially since vimentin and a-SMA stain cell types other
than those mentioned above. Thus, to help refine the picture
of changes in mesenchymal cells in strictures, other mark-
ers have been used to further classify the cells as described
below.

332 | FAP
One such marker is Fibroblast Activating Protein (FAP)
(Figure 3B). The function of FAP?**?’ is unclear in non-tu-
morous conditions, and FAP is not a well-defined marker for
fibroblasts or myofibroblasts. However, FAP positivity is
an interesting marker since it is essentially absent from both
healthy intestine and purely inflamed (nonfibrotic) intestinal
mucosa (Figure 2B: FAP column).16 In contrast, FAP is pre-
sent in the mucosa, submucosa and subserosa of strictured
tissue, 2?52 and the majority of myofibroblasts (and/or fi-
broblasts) isolated from mucosa and submucosa of strictures
show FAP positivity28’29 (Figure 3: ©, ®, ®). These findings
and for several other reasons, as discussed below, make FAP
an interesting marker.

3.3.3 | Pericytes

To distinguish them from resident fibroblasts in the extracel-
lular matrix, the fibroblasts attached to blood vessel walls are
called pericytes (Figure 3C). Pericytes have been proposed
to be a source of myofibroblasts based on observations from
strictures'® and findings in other fibrotic diseases.’® Under
healthy conditions, pericytes are found around blood vessels
(Figure 3: @), in the submucosa and serosa. Interestingly, in
strictures, there was an accumulation of myofibroblasts, but
neither the pericytes nor the matrix-resident fibroblasts were
present.16 This observation suggests that pericytes (Figure 3:
@), in addition to the matrix-resident fibroblasts (Figure 3:
®), may contribute to the accumulated pool of myofibro-
blasts (Figure 3: © and ®).

3.3.4 | Smooth muscle cells (SMCs)

A combination of vimentin and two different antibodies
that recognize «-SMA (1A4 and CGA7) have been used to
identify three different subtypes of SMCs inside strictures™:

highly differentiated SMCs (vim~1A4"CGA7"), moder-
ately differentiated (vim*1A4TCGA7"), and dedifferentiated
SMCs (vim*1A4*CGA7") (Figures 2C, and 3D). Using this
classification, the authors showed that the muscularis mucosa
and muscularis propria consisted of highly differentiated
SMC, as expected. However, what is interesting was that less
mature SMCs (moderately differentiated) were found along
the borders between the submucosa and the two muscular
layers (Figures 2D, and 3: ®). They were also found in the
fibromuscular strokes infiltrating the submucosa (Figure 3:
@), where also the third phenotype (dedifferentiated SMCs)
could occasionally be seen.”? Within the field of vascular bi-
ology, it is postulated that smooth muscle cells can switch to
a secretory phenotype with the ability to secrete extracellular
matrix.’! However, whether such a phenotype has any impli-
cations in stricture development is unknown.

3.3.5 | Summary

Regarding mesenchymal cells in intestinal strictures, there
is an increase in myofibroblasts, especially in the wall lay-
ers most affected by fibrosis, that are predominantly FAP™.
Changes in the SMC phenotype can also be observed in the
fibromuscular infiltration and in the linings of the muscle lay-
ers. These changes in mesenchymal cells occur parallel with
alterations in the relative frequency of immune cells, particu-
larly mast cells.

3.4 | Expression of genes and proteins in
fibrotic tissue
3.4.1 | Introduction
Each of the cell populations residing in the intestinal wall dif-
fers in relative frequency, location and function. These popu-
lations communicate through direct cell-cell interactions and/
or by producing or responding to factors in the environment.
Sensing mechanical and microbial signals adds further com-
plexity to the environment. Thus, describing differences at
the whole tissue level (analyses on endoscopic surgical or bi-
opsies) with respect to transcribed genes or secreted factors is
too unspecific to address the contribution of a particular cell
type in this complex environment. However, whole tissue
analyses give valuable insight into the result of cells working
in concert. They also provide information to further decipher
the cellular sources and temporal production of factors that
impact the tissue. Thus, studying stricture tissue as a whole,
and the cell populations that comprise the tissue, gives clues
into stricture pathogenesis.

The goals of this section are twofold. First, differences
between strictured and non-strictured whole tissue are
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summarized (Figure 4A). Second, differences in specific in-
testinal wall layers in strictured tissue compared to the same
layers in normal margin tissue are presented (Figure 4B). The
comparisons of strictured tissue presented here are relative to
non-strictured margin from the same individual and/or simi-
lar tissue from non-IBD patients.

3.4.2 | Extracellular matrix components and
tissue remodelling

The primary hallmark for strictures, besides smooth muscle
cell expansion, is fibrosis. Fibrosis, described in its simplest
form, is the result of a disturbed balance between deposition
and degradation of extracellular matrix components, leading
to a net accumulation of proteins such as collagen. It thus
follows that the top genes or proteins altered in strictured
tissue are coupled to this deposition-degradation balance.
For example, transcription of various collagen genes is in-
creased in strictured 001011,12’32 ileum,lo’”’34 and mucosa®
(Figure 4A and B). Strictured mucosa (Figure 4B) also con-
tains more total fibronectin and disproportional increases in
its ED-A and ED-B isoforms.® This may represent the pres-
ence of myofibroblasts, whose migration depends largely
upon these molecules.”’ Moreover, strictured tissue shows
alteration in several types of matrix metalloproteinases
(MMPS),IO’U’SZ’M’38 at both the whole tissue and wall layer
levels (Figure 4), which are involved in the degradation and
remodelling of the extracellular matrix. Matrix degradation
can also release stored growth factors, adding yet another

aspect when considering the resultant effect in vivo. In gen-
eral, MMP-1 enrichment seems widespread in strictured
tissue''*** while changes in other MMPs are more com-
partmentalized (Figure 4A and B).!0-12:32:3438 Ajterations in
tissue inhibitors of metalloproteinases (TIMPs), which act by
counteracting MMPs, are also present in strictured tissue. In
particular, increased TIMPs are primarily seen in the colon®
rather than the ileum (Figure 4A), and in muscle layers11
rather than the mucosa (Figure 4B). Thus, different compart-
ments display different types of disturbances and may relate
to the enrichment of different cell types in each layer. A de-
tailed characterization of MMPs and TIMPs in inflammatory
bowel disease has recently been reviewed.”’

3.4.3 | Cytokines and growth factors that affect
collagen deposition

Cells in the intestinal wall communicate through cytokines,
and several cytokines show increased expression in stric-
tures. Indeed, many cytokines, as discussed below, affect
the expansion and behaviour of mesenchymal cells and their
production of collagen, MMPs and TIMPs in favour of ma-
trix degradation. For example, strictured colon has increased
expression of IL-10, which has anti-inflammatory properties.
There is also increased transcription of pro-inflammatory
cytokines like IL-17,40 IL-6 and TNF'? as well as several
chemokines that recruit immune cells (Figure 4A: colon).
Strictured ileum, on the other hand, has increased IL-1p
trans.cripts10 but not TNF transcripts34 (Figure 4A: ileum).

Al
lleum

ECM components:
Collagen

ECM degradation enzymes
MMP-1, MMP-3

Cytokines / growth factors
IL-1B, TGFB, TNF

Micro RNA:

miR-141, -429, -200a, -200c
Other:

OGR1, CH25H

Colon
ECM components:
Collagen
ECM remodeling:
MMP-1, -2, -10,-13,
TIMP-1, TIMP-2
Cytokines/Chemokines
IL-6, IL-10, IL-11, IL-17**
TNF, CXCL1, CXCL5
Other:
TRPC6

B

Mucosa
ECM components:
Collagen**, Fibronectin**
ECM remodeling:
MMP-1**, MMP-2**, MMP-3**, MMP-12**
Cytokines, growth factors and
receptors

Cytokines and growth factors
‘ IL-1b**, IL-13, IL-17A**, TGFB

IL-1b**, IL17A, TGFB, IL-34**, M-CSFR-1**

Micro RNA:

miR-29a, miR-29b, miR-29¢

miR-141, miR-429, miR-200a, miR-200¢c

Others:

ROCK**, S100A4**, Cadherin-11, PTHLH, PTH1R

Below mucosa

ECM components:
Collagen™*

ECM remodeling:
MMP-1**, TIMP-1**

Micro RNAS:
miR-200b, miR-429

FIGURE 4 Genes and proteins expressed in strictured tissue compared to normal tissue. A, Shows differences in whole tissue analyses of

mRNA and/or protein in strictured ileum (upper panel) and colon (lower panel) compared to non-strictured tissue. B, Shows differences in intestinal

wall layer expression of relevant proteins, mRNAs and miRNAs in the mucosa (upper panel) or below the mucosa (lower panel) of strictured tissue

compared non-strictured tissue. Green indicates expression higher than, and red indicates expression lower than, non-strictured tissue. Standard text

indicates mRNA level; * indicates protein level; ** indicates changes detected at both the protein and mRNA levels. § indicates submucosa only.

Abbreviations; miR = micro-RNA
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Another interesting cytokine that is upregulated in colonic
strictures is IL-11.%* The role of IL-11 in fibrosis and stromal
inflammation has recently been reviewed.*!

At the intestinal wall level, strictured mucosa (Figure 4B:
top) displays increased IL-1[311 and IL17A.* Similar to the
mucosa, deeper layers (defined as below muscularis mucosa)
(Figure 4B: bottom) also have increased IL-1f and IL17A,
among others,''*? and secrete more collagen.“"u’43 IL-17
may have a role in stricture development, and a recent review
summarized the potential for Th17/IL-17 involvement in in-
testinal fibrosis.** Beyond the classical cytokines, ileal mu-
cosa has upregulation of IL-34 and its receptor M-CSFR-1 »

TGEF-B, one of the main pro-fibrotic factors that also has im-
munoregulatory properties, shows upregulation in the mucosa,*®
submucosa and muscle*>* (Figure 4B). Based on histopatho-
logical studies, TGF-B shows widespread staining in stricture
sections (in all wall layers), and TGF-p co-localizes with ag-
gregates of mononuclear or lymphoid cells.*192%2! Thys, these
immune cell aggregates seem to be the major source of TGF-f.

Overall, data suggest widespread upregulation of IL-1f, IL-
17A and TGF-f, while several other cytokines are reported to be
increased although their significance remains to be determined.

3.4.4 | Micro-RNAs and environment-sensing
receptors in stricture formation

Additional reports have shown alterations in several other mole-
cules, including micro-RNAs (miRNA), in strictures compared
to normal margin or control tissue. miRs are non-coding RNAs
that exert post-transcriptional silencing of gene expression, and
if dysregulated, can potentially influence critical pathogenic
pathways. In particular, strictures show downregulation of the
miRNA-200 family® (including miR-141, miR-200, and miR-
429), as well as the miRNA-29 family> (Figure 4A and B).
Downregulation of these gene silencers is interesting, especially
as both miRNA families are suggested to interfere with TGF-
B1 signalling, which, as mentioned above, is an important pro-
fibrotic factor. Moreover, transcripts of the pH-sensing receptor
OGR1, shown to be expressed by lamina propria cells, and the
oxysterol-synthesizing enzyme CH25H" are increased in stric-
tured ileum (Figure 4A: ileum). Both of these are strongly cor-
related to transcripts of fibrosis-related genes such as COL1A1,
COL3Al1, ACTA2 and TGF-p1. Although these observations
are interesting, their significance is unclear; further studies are
needed to determine if they influence the fibrotic process.

3.4.5 | Can tissue changes be used to predict
future development of strictures?

So far we have discussed tissue changes in strictures that have
already developed in patients. The question arises if a gene

expression pattern exists in (inflamed) intestinal tissue before
a stricture develops. If so, this could be a means to predict pa-
tients that will develop strictures with time. A recent paper ad-
dressed this intriguing question by analysing gene expression
in biopsies from a large cohort of newly diagnosed paediatric
Crohn's patients.47 Gene expression patterns in those who de-
veloped strictures at their 5-year follow-up were compared to
those who maintained a purely inflammatory disease behav-
iour. Over 500 differentially expressed genes were identified
and revealed an inflammatory signature associated with extra-
cellular matrix genes and future stricture development.*” This
suggests that gene expression changes occur in the intestinal
tissue of patients prone to develop strictures early in the pro-
cess. It also identifies genes associated with stricture develop-
ment to aid in classification of patients and facilitate research
to identify targets to prevent stricture development.

4 | WHEN HEALING GOES
WRONG: THE ROLE OF
MESENCHYMAL CELLS IN
STRICTURE FORMATION

As discussed above, the thickened bowel wall in strictures is
associated with the accumulation of mesenchymal cells, par-
ticularly fibroblasts, myofibroblasts and SMCs. Fibroblasts
(among other cell types as discussed below) are precursors to
the cell type considered to be the main effector cell responsi-
ble for making up the fibrosis matrix, namely myofibroblasts.
In addition to the fibrosis per se, which perhaps makes the
intestine unique compared to other fibrotic diseases, is the
concomitant expansion of the smooth muscle layers, which
contributes to organ dysfunction.

Understanding the behaviour of mesenchymal cells, how
they are influenced by the surrounding microenvironment,
and how they, in turn, affect other cells, is crucial for under-
standing stricture pathogenesis. Thus, the next sections focus
on these aspects of the three major cell types (fibroblasts, my-
ofibroblasts, and SMCs) that are thought to explain, directly
or indirectly, the majority of changes seen at the tissue level
in strictures. Discussion regards differences between mesen-
chymal cells isolated from strictured versus non-strictured
tissue, and Figure 5 puts the discussed topics into a context
illustrated using a general wound healing model.

4.1 | Fibroblasts
4.1.1 | Shortintroduction
Function

Fibroblasts populate connective tissue and are responsible
for its maintenance and as such, secret extracellular matrix
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components. Collagen is one of the main constituents of the
extracellular matrix, particularly in fibrotic areas in strictures.

Wound healing

During physiological tissue repair, collagen replaces the tem-
porary fibrin plug to create a permanent sealant of damaged
tissue. In response to signals from injury, which normally
initiate a healing process, fibroblasts become activated, pro-
liferate and expand (Figure 5A: activation and expansion).
As illustrated in the transition step in Figure 5A, expanded fi-
broblasts transform into myofibroblasts, a cell type which has
several qualities needed during tissue repair. Subsequently,
after performing the healing task, fibroblasts and myofi-
broblasts undergo apoptosis (Figure 5A: Restoring and
Resolution).

Dysregulated wound healing

However, the sequence of events in the normal healing pro-
cess (Figure 5A) may not apply to strictured tissue where
several factors are present that maintain and misdirect the
healing process (Figure 5B). In fact, factors in strictured
tissue might themselves serve as damage signals. This is
supported by the apparent lack of previous insults and may
rather reflect persistent injury-like stimuli resulting from the
chronic inflammatory environment (Figure 5B: inflamma-
tion ‘cogwheel’), microbiota, food, etc. This scenario would
lead to perpetuation and non-resolution (Figure 5B, right),
rather than restoration and resolution of the healing process
(Figure 5A, right), and ultimately to fibrosis (Figure 5B: fi-
brosis ‘cogwheel’). Therefore, fibrosis is often described as
‘a healing process that went wrong’ (Figure 5B).

A| Activation Expansion Transition Restoration Resolution
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FIGURE 5 Schematic illustration of the cells and factors involved in the indicated phases of the stricturing process in intestinal tissue. A, The

sequence of events during a simplified and idealized normal healing process. This involves activation and expansion of fibroblasts and subsequent
transition of fibroblasts into myofibroblasts, which finalize the restoration of the extracellular matrix. The process occurs during a limited time
period, and when the repair process is complete, redundant cells undergo apoptosis (indicated by cells with a red ‘x’) and healing is achieved. B,
Under the prevailing conditions in the intestinal wall of a subset of Crohn's patients, the ‘normal’ healing process is aberrant. The pro-inflammatory
environment (red cogwheel) activates and fuels the activation and recruitment of myofibroblast precursors, which include ®matrix-resident
fibroblasts, @ pericytes and ®@ epithelial cells. The transition to myofibroblasts can be further facilitated in the presence of certain environmental
cues. Released products from activated fibroblasts, as well as from immune cells, create a positive feedback loop so the cogwheel keeps getting
fuelled. This results in a shift from an initial inflammation-driven process to an inflammation-facilitated process, as the activated mesenchymal
cells successively show independence from stimulatory signals. Subsequently, myofibroblasts @ expand, and ® migrate into the ‘injured’ site where
they secrete collagen. Newly formed matrix is strengthened by contraction and cross-linking, as indicated in the Fibrosis area (yellow cogwheel).
However, in a setting where pro-inflammatory mediators are additionally supplied by immune cells, and perhaps also by ® infiltrating smooth
muscle cells, matrix degradation is also stimulated. This leads to a vicious cycle with alternating deposition and degradation of matrix, leading to
non-resolution and fibrosis. Cell symbols are as defined in the Figure 1 and 3 legends
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4.2 | Cells and factors affecting fibroblast
collagen production

To understand the stimuli that activate fibroblasts, we will
start off by discussing factors affecting fibroblast prolifera-
tion and collagen production, and the sources of such mol-
ecules. These stimuli can be physical, such as mechanical
forces, or occur after contact with matrix components, or loss
thereof; stimuli can also come from autocrine or paracrine
sources. The impact of the surroundings can be exemplified
by ileal stricture fibroblasts, which produce twice as much
collagen as colon stricture fibroblasts.'* This is also evident
from in vitro findings where stricture fibroblasts show in-
creased proliferation compared to margin and control cells.
Moreover, stricture fibroblasts display abnormally high col-
lagen production (quantitatively, up to 10-fold higher produc-
tion'*) in the basal state when cultured in the same conditions
as normal fibroblasts.'**’

42.1 | TGF-p
TGF-p is perhaps the most well-known secreted factor that
is enriched in stricture tissue that, among other functions,
increases collagen production in fibroblasts. As discussed
above, aggregates of mononuclear or lymphoid cells are most
likely the source of TGF-[3.13’16’20’21 Interestingly, stricture fi-
broblasts demonstrate an excessive response to TGF-f8 when
compared to normal cells.'**" However, following chronic
activation with TGF-f, fibroblasts might display functional
changes, so they respond to stimuli in a different way than
normal fibroblasts. For example, diminished responses of
stricture fibroblasts to TGF-f have also been reported,48 and
endoglin (an auxiliary receptor for TGF-p1 and TGF-f3) is
suggested to at least partially explain this desensitization.
Endoglin expression is increased in stricture fibroblasts, and,
although endoglin itself is not capable of transducing signals,
it can influence the activation of targets downstream of the
TGF-p receptor in fibroblasts. Endoglin could thus counter-
act or manipulate TGF-p-mediated effects.*® It could thus be
a compensatory mechanism to impede chronic, over-acti-
vated TGF-p signalling in stricture fibroblasts.

The stricture environment may also contain other factors
that interfere with signals that activate fibroblasts. One exam-
ple is miRNAs. These are non-coding, single-stranded RNA
molecules that bind transcripts and lead to their destruction.
Nijhuis et al investigated the effect of miR-29b in isolated
fibroblasts.* They showed that increasing gene silencing
by transfecting fibroblasts with miR-29b reduced collagen
expression and normalized TGF-B-induced collagen expres-
sion. They also showed that miR-29b, in turn, is negatively
regulated by TGF-p. Hence, there seems to be a reciprocal
regulatory relationship between miR29-b and TGF-f. Indeed,

stricture mucosa showed lower expression of miR29b (loss of
negative regulation of TGF-f), which is consistent with in-
creased collagen and fibrosis as expected in strictured tissue.

422 | PDGF

Another well-known factor that influences collagen produc-
tion is platelet-derived growth factor (PDGF). PDGF nor-
mally shows low expression restricted to the submucosa but
it is widely distributed in strictured tissue.'> PDGF certainly
affects fibroblasts, but its effect on stricture fibroblasts is un-
clear. That is, while some report a dose-dependent decrease
in fibroblast production of the collagen propeptide PIIIP in
the presence of PDGF,'* others showed enhanced collagen
secretion with PDGF.?’ These differences may be related to
selective activation or inhibition of different collagen genes
that affect the production of different collagen subtypes.
Indeed, strictures are associated with relative changes in
collagen subtypes,20 which might reflect the tissue balance
of different pro-fibrotic stimuli. However, a clinical signifi-
cance of this observation remains to be determined.

423 | IGF-1and bFGF

Growth factors like IGF-1 and bFGF* increase collagen pro-
duction and proliferation. IGF-1 positive cells in strictures
are mononuclear cells inside inflammatory infiltrates and are
found in all wall layers, but predominantly in the mucosa and
submucosa.”’ This is in contrast to healthy intestine where
IGF-1 positive cells are mainly in the mucosa, restricted to
the lamina propria. It thus seems that immune cells, similar to
the case with TGF-p, provide IGF-1 to fibroblasts to increase
proliferation and collagen production. Interestingly, IGF-1
was also found among the top upregulated genes in the stric-
ture fibroblast transcriptome,” indicating that following acti-
vation, stricture fibroblasts could themselves become sources
of IGF-1. In a broad sense, it is possible that factors such as
IGF-1 initially produced by the inflammatory infiltrate can
subsequently be produced by fibroblasts following sufficient
activation.

424 | Cytokines

The pro-inflammatory cytokines IL-1p* and TNF’' also
influence collagen production. The increased tissue expres-
sion of TGE-p,*** IL-1p'*!" and TNF'? (Figure 4) reflects
the microenvironment these cells reside in and the presence
of immune cells. Moreover, it has recently been shown that
IL-34 and its receptor M-CSFR-1 are upregulated in ileal mu-
cosal strictures. Knocking down IL-34 in fibroblasts isolated
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from these specimens reduced collagen production.45 Thus,
several cytokines in the stricture microenvironment influence
fibroblast behaviour including collagen production.

43 | Summary: cells and factors

This section summarized growth factors and cytokines that
influence fibroblast proliferation and stimulate collagen
production, and are thus involved in the cogwheel driv-
ing fibrosis (Figure 5B). Immune cells seem to be a major
source of many of the molecules that influence fibroblasts.
However, some stricture fibroblasts themselves show an
altered phenotype following chronic stimulation from the
microenvironment that seems to persist, as demonstrated
experimentally using ex vivo cell cultures. Fibrosis could
thus be depicted as a positive feedback loop, driven by the
inflammatory environment, that successively yields fibro-
blasts self-sufficient in stimulatory signals that drive the fi-
brotic process (Figure 5B).

4.4 | Factors in the microenvironment that
affect fibroblast function

4.4.1 | Survival of fibroblasts in strictures

In the normal healing process, after fibroblasts are activated,
expand and perform their tasks, they undergo apoptosis as
their role in healing decreases (Figure 5A). Failure of fibro-
blasts to undergo apoptosis would contribute to their accu-
mulation and potentially perpetuate fibrosis and promote

non-resolution (Figure 5B). This section discusses factors
that influence fibroblast survival.

4.42 | Pathogen recognition receptor
activation and IL-8 are anti-apoptotic and
upregulated in stricture fibroblasts

The chemoattractant IL-8 has anti-apoptotic effects in fi-
broblasts.>® Stricture fibroblasts themselves secrete higher
amounts of IL-8 that increases upon LPS stimulation.”
Indeed, in addition to IL-8,54 several proteins involved in
LPS signalling were among the top upregulated genes found
when mapping the stricture fibroblast transcriptome. These
include TLR4,>" which binds LPS, as well as LITAF,” a
TLR4 downstream protein. The microbial receptor Chitinase
3-like-1 also shows elevated expression in stricture fibro-
blasts, but its significance in fibrosis is currently unclear.>*
Thus, a weakened mucosal barrier, as is commonly seen in
IBD, might increase bacterial exposure leading to increased
fibroblast survival.

443 |

The adipokine CTRP-3 antagonizes
TLR signalling and IL-8 secretion

Cl1g/TNF-related protein-3 (CTRP-3) is an anti-inflam-
matory adipokine produced by mesenteric adipose tissue.
Importantly, it is thought to be a natural antagonist of TLR4.
Hofmann et al explored how CTPR-3 affected isolated fibro-
blasts.> They showed that incubation of stricture fibroblasts
with CTPR-3 normalized their IL-8 secretion, both their up-
regulated basal IL-8 and LPS-induced IL-8 levels. They also
showed that CTPR-3 reduced stricture fibroblast expression
of pro-fibrotic genes. However, stricture fibroblasts required
a higher concentration of CTPR-3 to achieve these effects,
suggesting they are less responsive to this adipokine com-
pared to normal fibroblasts. Indeed, as presented above, TLR
signalling is upregulated in stricture fibroblasts and may be
related to impaired mucosal barrier. However, a better un-
derstanding of factors released from the mesenteric fat, like
CTPR-3, might open up possibilities for finding new ways to
treat fibrosis and stricture development.

444 | miR29b is linked to IL-6 and IL-8
secretion and fibroblast survival

micro-RNAs may also influence fibroblast survival. For in-
stance, silencing genes in cultured stricture fibroblasts by
transfection with miR-29b leads to increased IL-6 and IL-8
secretion as well as to increased expression anti-apoptotic
proteins.’” Although a bit counterintuitive, the gene silenc-
ing mediated by miR-29b seems to release inhibition of as
yet unidentified IL-6/IL-8 suppressive mediators. However,
downregulation, rather than upregulation, of miR-29b ex-
pression has been reported in stricture ileal mucosa.” Thus,
whether mir-29b has any implication for stricture pathogen-
esis is uncertain.

4.4.5 | Fibroblasts show increased
susceptibility to apoptosis in vitro

Stricture fibroblasts could be more susceptible to apoptosis,
but whether apoptosis occurs or not is determined by the bal-
ance of pro- versus anti-apoptotic factors in the stricture en-
vironment. This is illustrated by the example of TNF-related
apoptosis-inducing ligand (TRAIL). TRAIL is secreted from
various cells and, on the one hand, induces apoptosis after
death-receptor binding. Alternatively, TRAIL can also bind
the soluble decoy receptor osteoprotegerin (OPG) that neu-
tralizes TRAIL resulting in an anti-apoptotic effect. Indeed,
with regard to stricture fibroblasts, Reenaers et al demon-
strated that they are more susceptible to TRAIL stimula-
tion, leading to apoptosis even with low levels of TRAIL.>
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Stricture fibroblasts were further shown to be more suscep-
tible to apoptosis in additional experiments. That is, while
several cytokines decreased apoptosis of TRAIL-stimulated
fibroblasts bordering strictures (so-called margin cells), only
one cytokine (IL-6 and its soluble receptor) decreased ap-
optosis of stricture fibroblasts. Fibroblasts in strictures also
needed higher concentrations of OPG to neutralize TRAIL
and achieve an anti-apoptotic effect. Overall, in vitro experi-
ments suggest that stricture fibroblasts have increased sus-
ceptibility to apoptosis, which might result from accumulated
damage following long-standing excessive proliferation the
cells undergo in vivo. It follows that the pro-survival state
of stricture fibroblasts in vivo likely depends on the factors
present in strictures and their concentration. A better under-
standing of apoptosis mechanisms in (myo)-fibroblasts might
open up possibilities to stimulate apoptosis to reduce fibro-
blasts accumulated in strictures as a means to treat fibrosis.

4.5 | The impact of fibroblasts on the
stricture microenvironment

The previous section summarized factors in the stricture en-
vironment that influence fibroblasts. This section focuses on
the opposite side of the coin, that is, molecules in stricture
fibroblasts that influence the microenvironment. Indeed, sev-
eral differentially expressed molecules are observed in stric-
ture fibroblasts. These molecules, in turn, can influence cells
in the vicinity and might be involved in the cogwheel driving
fibrosis (Figure 5B).

4.5.1 | Fibroblast activating protein

As discussed above, despite that FAP is present in strictures
and is expressed by stricture fibroblasts and myofibroblasts,
its role is unclear. However, considering that FAP is exclu-
sively expressed on fibroblasts or myofibroblasts, data from
FAP inhibition experiments suggest FAP expression on these
cells indirectly influences surrounding cells. For example,
FAP inhibition in mucosal explants led to reduced activa-
tion of important transcription factors such as STAT3 and
T-bet.” The effect on T-bet is especially interesting since it
is only expressed by T cells; in other words, this indirect ef-
fect of FAP inhibition might block communication between
(myo)-fibroblasts and other cells.

452 | Prostaglandins

Prostaglandins have numerous functions in both health and
disease including, among others, vasodialation and inflam-
mation. Prostaglandins have long been targeted by classical

IBD drugs, underscoring their importance in IBD. Indeed,
a disturbed balance between syntheses of different prosta-
glandins can have a significant impact on its surroundings.
Furthermore, the expression of prostaglandin D2 synthc:tase50
is upregulated with concomitant downregulation of prosta-
glandin I2 (prostacyclin) synthase in stricture fibroblasts.>*
Thus, fibroblast production of prostaglandins may influence
the stricture environment.

453 | Angiogenesis

Stricture fibroblasts also promote angiogenesis by, for ex-
ample, secreting higher amounts of connective tissue growth
factor®” and vascular endothelial growth factor (VEGF).58
They also show reduced expression of the serpin family F
member 1, which has inhibiting effects on VEGFE.” Thus,
angiogenesis might be a mechanism to overcome the hypoxic

environment in fibrotic areas.

454 | Other
Additionally, stricture fibroblasts show upregulated IL-33
expression. IL-33 is implicated in allergic diseases where it
activates mast cells, among other cell types.60 Whether IL-33
has any role in the enrichment of mast cells seen in strictured
tissue is unknown. Moreover, reduced levels of the wnt fam-
ily member 2B in stricture fibroblasts compared to control
fibroblasts have also been reported in two transcriptomic
screens.” However, given the complex regulatory mecha-
nisms steered by WNT family factors, the significance of this
finding needs to be determined.

4.6 | Summary: Fibroblast effects on the
microenvironment

To summarize, there are several examples of potential bidi-
rectional communication, either direct or indirect, between
fibroblasts and immune cells (Figure 5B: interphase between
fibroblasts and the red oval area) or other cells in the vicinity.

4.7 | Overall summary of the
fibroblast section

The replenishment of the cells in the fibrosis-forming core
can be depicted as an initially benign reaction to mucosal
injury, which in the presence of certain pro-inflammatory
signals and microenvironmental cues, takes an alternative
path (Figure 5B). This path involves a positive feedback loop
that, once initiated by immune cells, persists due to feedback
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signals from the expanded pool of activated fibroblasts. Thus,
there is a shift from an inflammation-driven to an inflamma-
tion-facilitated process.

4.8 | Myofibroblasts

4.8.1 | Introduction to myofibroblasts

In parallel to fibroblast activation and expansion during heal-
ing, fibroblasts (and presumably other cells such as pericytes)
undergo a transition to myofibroblasts, the main effector cells
in fibrosis. As outlined below, the cellular origin of myofi-
broblasts in strictured tissue, as well as the relative contri-
bution of different precursors to the stricture myofibroblast
pool, is not fully elucidated.

4.8.2 | Function and Context

Regardless of origin, the behaviour of myofibroblasts
is complicated and differs from fibroblasts. Although
the precise chronological order of events may be differ-
ent, Figure 5B gives a simplified view of the concepts
‘Perpetuation’ and ‘Non-resolution’. In this view, newly
formed myofibroblasts migrate into damaged tissue and
anchor themselves to the surrounding extracellular matrix,
and to adjacent myofibroblasts, through integrins and cad-
herins, respectively. These integrins and cadherins are, in
turn, connected to the actin cytoskeleton, which contracts
and exerts tension on the matrix. Thus, myofibroblasts
create a mesh covering the damaged area and take over
the mechanical load until it becomes stabilized and sealed
by secreted and cross-linked collagen. However, matrix
degradation and remodelling also take place, and if con-
tinuous, creates a vicious cycle that prevents the final reso-
lution of tissue repair (Figure 5B: fibrosis). The section
below describes experimental observations from stricture
myofibroblasts and compares them to ‘normal’ myofi-
broblasts. We will discuss the cellular origin of, and the
process of transition to, myofibroblasts. Factors that af-
fect the key features of myofibroblasts, namely migration,
contraction and matrix synthesis and degradation, will also
be discussed.

4.8.3 | The cellular origin of the
myofibroblast pool

Understanding the origin of the myofibroblasts, and the mo-
lecular mechanism behind their transition, is crucial to under-
standing how it can be manipulated and potentially exploited
to treat fibrosis.

4.8.4 |

Matrix-resident fibroblasts

In the general healing model presented above, fibroblasts are
referred to as the matrix-resident fibroblasts, which in case
of injury, differentiate into myofibroblasts as a part of the
normal healing process (Figure 5A: transition). These ma-
trix-resident fibroblasts likely also contribute largely to the
myofibroblast pool in strictured tissue (Figure 5B: ©). The
transition is induced by cues from the microenvironment. For
example, both TGF-f and TNF are capable of inducing tran-
sition in cultured fibroblasts,5 !'but the transition also depends
on changes in the physical properties of the surrounding ma-
trix.'” Irrespective of initial cues, these signals converge into
intracellular pathways that lead to the expression of contrac-
tile proteins, which is the hallmark of myofibroblast differ-
entiation. Although still debated, sources of myofibroblasts
other than matrix-resident fibroblasts may also contribute to
the myofibroblast population. Both pericytes from blood ves-
sel walls and epithelial cells, through epithelial-to-mesenchy-
mal transition, among others, have been proposed.

4.8.5 | Pericytes

Fibroblasts found around blood vessels are named pericytes.
Fate-mapping studies in a murine model of kidney fibrosis
showed pericytes as a major myofibroblast precursor.61 This
has led to raised interest in pericytes during the past dec-
ade. Indeed, there is increasing evidence for pericytes as a
major contributor to myofibroblasts in several other fibrotic
diseases that share similarities with stricture fibrosis.’*¢>%
Recently, pericytes (as well as matrix-resident fibroblasts)
were shown to be absent in sections of strictured human
intestine relative to normal intestine where pericytes were
abundant around blood vessels.'® The authors concluded that
this is at least indirect evidence that pericytes can, in addi-
tion to matrix-resident fibroblasts, undergo transformation to
myofibroblasts (Figure 5B: @).

4.8.6 | Epithelial-to-mesenchymal transition

In addition to fibroblasts and pericytes, epithelial cells,
through an epithelial-to-mesenchymal transition (EMT),
have also been suggested to aid in the generation of myofi-
broblasts in strictures (Figure 3: ®, and Figure 5B: ®). This
is based on observations that strictures show alterations in
EMT-associated markers.?!*>*** For example, several pa-
pers describe lower expression of epithelial cell markers
(and/or increased extra-epithelial staining of such a marker)
in stricture mucosa concomitant with increases in markers for
mesenchymal cells or EMT onset. However, the contribution
of EMT to the population of myofibroblasts in other fibrotic
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diseases has been questioned.30 Although an interesting pos-
sibility, further investigation is needed to determine the im-
portance of EMT in the setting of intestinal strictures.

49 | The mechanism behind the
myofibroblast transition

As mentioned above, the transition of precursors to myofi-
broblasts is induced by cues from the microenvironment,
including secreted factors and changes in the physical prop-
erties of the surrounding matrix. These cues converge into
intracellular pathways that ultimately lead to the expression
of contractile proteins which, regardless of precursor cell, is
the final common pathway that defines the transition of a cell
into a myofibroblast. Here, we discuss some factors, investi-
gated in strictured tissue or isolated cells that are important in
the myofibroblast transition.

49.1 | ROCK relays transition-inducing
signals and can be targeted

One protein suggested to be crucial in relaying signals lead-
ing to the expression of contractile proteins is Rho-associated
protein kinase (ROCK), which is overexpressed in strictured
mucosa. Inhibition of ROCK in isolated fibroblasts (using
the investigational drug AMAO0825) blocked the transition to
myofiblroblasts.65 Moreover, ROCK blockade had multiple
effects on cultured mucosal tissue explants, with decreased
secretion of several factors involved in fibrosis including
MMPs, TGF-p and IL6.%> Thus, ROCK is implicated in fi-
brosis and the myofibroblast transition. However, further
studies are needed to elucidate the role of ROCK-associated
factors in stricture pathogenesis.

492 | AhR-signalling interferes
with the transition

Another factor that can potentially influence fibroblast
to myofibroblast transition is signalling through the Aryl
Hydrocarbon Receptor (AhR). Ahr is a widely expressed
transcription factor that binds to a broad arsenal of environ-
mental stimuli, including dietary components and contami-
nants in food. Monteleone et al showed that AhR activation
reduces TGF-p and TNF-induced transcription of collagen
genes (COLI1A1, COL3Al) and o-SMA, by selectively
inhibiting MAPK activation in fibroblasts. In contrast, in-
hibiting AhR had the opposite effect and induced collagen
secretion, even in unstimulated conditions.’! Whether Ahr-
signalling following food ingestion is sufficient to replicate
these effects (either pro- or anti-fibrotic) in vivo is unknown

but an interesting possibility. For example, if looking beyond
AhR, diet can have powerful effects on intestinal inflamma-
tion, as exemplified by the relief given to paediatric Crohn's
patients on exclusive enteral nutrition therapy that is used
clinically.ﬁ("68 It is thus tempting to think that diet might
modify the development of fibrosis.

4.9.3 | Cadherins are involved in creating
necessary cell-cell contacts

Cadherins are involved in creating cell-cell contacts be-
tween adjacent myofibroblasts, and consequently, these pro-
teins may be important for both initiating and maintaining
myofibroblast function. For example, N-cadherin® and the
downstream calcium channels TRPC6 and TRPC4** show
increased expression in strictures and are thought to be neces-
sary to develop contractile proteins. Moreover, cadherin-11
co-localizes with a-SMA and is upregulated in stricture mu-
cosa (Figure 4B) as well as in isolated stricture fibroblasts.
Cadherin-11 also increases with several pro-inflammatory
stimuli.” However, knock-down of cadherin-11 led to de-
creased collagen production without affecting a-SMA. Thus,
targeting cadherin-mediated signals might represent a way
to modulate the behaviour of fibroblasts and myofibroblasts,
but further investigation is needed to define the role and sig-
nificance of different cadherins.

494 |
on tissue

FAP induction, polarity and effects

Fibroblast Activating Protein is absent from healthy intes-
tine'®?® but increases in strictured tissue, predominately in
areas affected by fibrosis (Figure 3: ® and ®). FAP co-
localizes with a-SMA,?’ and the majority of myofibro-
blasts isolated from strictured tissue are FAPT.?*2° Thus,
FAP seems to be expressed primarily on myofibroblasts,
and data suggest it is induced by cytokines in the envi-
ronment. For example, TGF-p and TNF induce FAP ex-
pression in cultured fibroblasts. However, these cytokines
fail to do so in ‘normal’ fibroblasts.?® Indeed, inflamma-
tion per se might not be sufficient for FAP induction since
FAP is absent from purely inflamed (non-strictured) tissue.
Moreover, blocking FAP does not seem to affect ac-SMA
expression, suggesting that a-SMA and FAP may be co-
expressed in cells independently of each other. However,
blocking FAP decreased TIMP production and increased
migration in isolated stricture myofibroblasts. Blocking
FAP also decreased collagen secretion and TIMP-1 in stric-
tured mucosal explants.zg Thus, FAP is interesting since it
is restricted to strictured tissue and blocking FAP has anti-
fibrotic effects without any apparent effect on ‘normal’
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tissue. However, based on available data, it cannot be ruled
out that there could also be FAP™ myofibroblasts, as well
as FAP™ fibroblasts, in strictures. It could thus be specu-
lated that perhaps the FAP status may define different phe-
notypes of both fibroblasts and myofibroblasts. However,
the specific function performed by such FAP*/FAP™ sub-
populations remains to be established.

410 | Proliferation, migration and matrix
production of myofibroblasts in strictures
4.10.1 | Proliferation

Similar to fibroblasts, the expansion (Figure 5B: @) of
newly differentiated myofibroblasts is driven by bFGE.”'
Although the proliferation of myofibroblasts in strictures
is increased compared to controls, they proliferate less than
myofibroblasts from inflamed tissue.”” This highlights the
importance of inflammatory signals in driving the genera-
tion of myofibroblasts. In contrast, substances in the diet
can negatively impact myofibroblast proliferation. For ex-
ample, Luna et al investigated the effects of tocotrienols,
a group of substances with Vitamin E activity typically
found in food.”" Tocotrienols dose-dependently decreased
proliferation and diminished the bFGF-induced prolifera-
tion of myofibroblasts. It also led to reduced production
of matrix components and increased apoptosis. Whether
the concentrations used in the experiments are realistic to
achieve through a regular diet is uncertain, but the data
suggest that diet can potentially have protective effects
under the right conditions. However, a deficiency of these
substances might facilitate pro-fibrotic processes, which is
currently not known.

4.10.2 | Migration

Migration (Figure 5B: ®) enables myofibroblasts to reach
and spread out in the damaged area. This is typically tested
experimentally through a scratch assay. Using this assay,
Meier et al showed that stricture myofibroblast migration,
both in the basal state and in the fibronectin-stimulated state,
is higher compared to myofibroblasts isolated from inflamed
or fistulae tissue.”” This correlated directly to the higher ac-
tivation of Focal adhesion kinase (FAK), a kinase involved
in transducing integrin-mediated signals to the contractile
elements of the cells. However, somewhat contradictory to
the above findings, Di Sabatino et al reported that stricture
fibroblasts have less migratory ability relative to fibroblasts
from non-stricture tissue and were more senescent.® They
also showed that blocking TGF-f did not affect the migration
of stricture myofibroblasts but led to increased mobility of

margin cells and fibroblasts from control (healthy) subjects.
Where in the signalling pathway this interaction leading to
non-responsiveness takes place is uncertain. Furthermore, it
may, for example, depend on the duration and concomitant
stimulation from other factors that interact with FAK.

411 | Collagen deposition is a prerequisite
for wound healing but becomes excessive
in fibrosis

Collagen is secreted in a soluble form that self-assembles
into fibrils outside the cell and, upon cross-linking, the newly
formed matrix is strengthened, and the tissue returns to ho-
meostasis. Thus, when produced in normal amounts, colla-
gen is necessary for wound healing. However, in the case
of strictures, this becomes exaggerated and leads to fibrosis.
Indeed, myofibroblasts isolated from strictures are character-
ized by excessive production of collag:,’e:n.38’42’72

4.11.1 | The net effect on the matrix is dictated
by the balance between enzymes

What dictates whether or not excessive collagen production
leads to a net accumulation of matrix is the balance between
matrix degradation enzymes, their inhibitors, and cross-link-
ing enzymes. Below we discuss some of the factors that can
disturb this balance.

411.2 | TGF-B tips the balance

towards fibrosis

Stricture myofibroblasts produce less MMP-12**4? in combina-
tion with increased TIMP-1,°® thus favouring matrix deposition
and fibrosis. This pattern has been demonstrated in vitro fol-
lowing incubation with TGF-ﬁ.3 8 Thus, stricture myofibroblasts
show activated TGF-f signalling. As discussed earlier, immune
cell infiltrates might serve as the principal source of TGF-f.
Interestingly, stricture myofibroblasts show upregulation of ER
stress-related proteins (GRP78, ATF6a, XBP1-S/U) compared
to normal margin or other non-stricturing Crohn's disease phe-
notypes. It has recently been shown that endoplasmic reticulum
(ER) stress, which occurs following the accumulation of mis-
folded proteins, induces TGF-B1 gene expression.73

4113 | Pro-inflammatory cytokines favour
matrix remodelling and decrease wound healing

Stricture myofibroblasts exposed experimentally to the pro-
inflammatory cytokines IL17A and TNF release MMP-3 and
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MMP-12, in addition to increasing TIMP-1 and collagen pro-
duction.”? Moreover, IL-17E increased MMP-3 and MMP-
12 without concomitant stimulation of TIMP and collagen.
Pro-inflammatory cytokines like IFN-y and TNF,” as well as
IL17A,* have been shown to reduce the migration of stric-
ture fibroblasts. Thus, the effect of having pro-inflammatory
cytokines present impairs wound healing in several ways; it
reduces migration and favours both matrix deposition and deg-
radation. The net effect in vivo, where TGF-f§ and other mole-
cules are present simultaneously, is hard to predict. Regardless,
the general conclusion is that inflammation delays resolution.

4.11.4 | Inhibiting the cross-linking
enzyme LOX decreases matrix contraction and
increases MMPs

Myofibroblasts that have migrated into the affected area exert
tension (contract) the matrix and aid in enzymatic cross-link-
ing of collagen.74 Cross-linking of newly secreted collagen is
necessary to make a strong matrix but also makes it harder to
degrade. This, indeed, is an unfavourable output in the set-
ting of fibrosis. Stricture myofibroblasts display concomi-
tantly higher degrees of matrix contraction and enhanced
expression of the cross-linking enzymes LOX and LOXL2,"
which further contributes to fibrosis. Matrix stiffness per se
modulates myofibroblast behaviour. However, stricture my-
ofibroblasts behave aberrantly in this regard. For example,
an increase in matrix stiffness is normally associated with
increased MMP activity, but in stricture myofibroblasts, this
leads to inhibited activity. Interestingly, inhibiting the abil-
ity of stricture myofibroblasts to cross-link collagen (with a
LOX inhibitor) had dual effects: it reduces contraction to nor-
mal levels and increases MMP-3 activity.72 Even though the
significance of these effects needs to be determined, the re-
sults suggest that changing myofibroblasts' perception of the
physical environment might have beneficial effects resulting
from changed cell-matrix signalling.

412 | Summary for myofibroblast section
Myofibroblasts are the primary effector cells in normal
wound healing where they contract, produce collagen, and
reinforce the newly made matrix. While the matrix heals, the
physical environment changes, which is sensed by the my-
ofibroblasts, ultimately leading to their apoptosis. In the set-
ting of chronic inflammation, as is the case in the intestine of
CD patients, myofibroblast expansion is facilitated, and their
normal behaviour is exaggerated. However, as inflammatory
stimuli also stimulate degradation enzymes, it might create a
vicious cycle of matrix production and degradation, leading
to non-resolution and, ultimately, fibrosis.

5 | SMOOTH MUSCLE CELLS

51 | Introduction

The discussion thus far has focused on the role of fibroblasts
and myofibroblasts in fibrosis and strictured tissue. However,
the fact that SMCs constitute the majority of the increased
stricture bowel wall thickness makes these cells a highly
relevant topic for further studies. This section focuses on
SMC:s in the context of strictures, about which less is known.
Interestingly, factors that influence SMCs can be produced
by SMCs themselves. In addition, factors effecting SMCs are
also released by inflammatory infiltrates, which is consistent
with inflammation preceding fibrosis.

5.2 | Factors affecting hyperplasia and
hypertrophy

Smooth muscle hyperplasia (increased number) and hyper-
trophy (increased size) are hallmarks of strictures. An un-
derstanding of the factors driving these responses in SMCs
might facilitate deciphering the underlying causes.

5.2.1 | Hyperplasia

Several factors increase the proliferation of SMCs, including
stimulation via aVp3 integrin and IGF-1 receptor.”” TGF-p
stimulation of SMCs, for example, leads to increased expres-
sion of IGF-1 mRNA. Given the TGF-B-rich environment in
strictures, this factor could thus indirectly facilitate SMC hy-
perplasia. Indeed, stricture SMCs show increased activation
of targets downstream of the IGF-1 receptor. Similarly, stric-
ture SMCs show increased activation of the transcription fac-
tor STAT3, a second messenger relaying signals from several
cytokines, compared to normal SMCs (from non-strictured
tissue). Indeed, STAT3 activation has proliferative effects.’®

5.2.2 | Hypertrophy

In addition to producing IGF-1 protein, transcription of
IGF-1 may also result in the production of Mechano Growth
Factor (MGF), instead of IGF-1, through alternative splic-
ing.77 Mechano Growth Factor acts hypertrophically on
SMCs and might contribute to enlargement of the muscle
layers. Indeed, Mechano Growth Factor is increased on both
the transcript and protein levels in SMCs, and stricture SMCs
show higher activation of effectors downstream of the MGF
receptor. Interestingly, incubation of healthy margin SMCs
with conditioned media from stricture cells led to SMC hy-
pertrophy, which was blocked using an anti-MGF antibody.77
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5.3 | Different smooth muscle
layers undergo distinct changes during
stricture formation

The hyperplasia and hypertrophy of stricture SMCs are as-
sociated with other changes in the surrounding extracellular
matrix. Interesting in this regard is that each of the three in-
testinal wall layers that contain smooth muscle (muscularis
mucosae, muscularis propria interna and muscularis propria
externa; Figure 3) are affected in different ways in a polar-
ized fashion.”

5.3.1 | Muscularis mucosae

As discussed earlier, SMC bundles in stricture muscularis
mucosae have a distorted architecture because of abundant
extracellular fibrosis. Interestingly, the type of collagen in
stricture muscularis mucosae (presence of type V, absence
of type I and III) is different from collagen in the submucosa
(contains type I and ).’

5.3.2 | Muscularis propria interna

In contrast, the internal layer of muscularis propria is thick-
ened but displays a well-preserved architecture with no extra-
cellular collagen (Figure 3). Fibrosis in this layer is instead
situated in the expanded septa and contains similar collagen
types as the submucosa (type 1 and III, no type V).

5.3.3 | Muscularis propria externa
The layer reported to be least affected, with no apparent
thickening or fibrosis, is the mucularis propria externa.

The reasons for the polarized differences seen in smooth
muscle layers are not understood. In muscularis mucosae, it
might relate to its proximity to immune cells in the mucosa.
In contrast, the deeper layers are far away from the mucosa
but are surrounded by the fibrotic submucosa and subserosa
(including chronic inflammatory infiltrates) and lie closer
to the mesenteric fat. Further investigations are needed to
understand the differences in changes, and whether SMCs
themselves have any role in the changes described above.

5.3.4 | Phenotypic changes in SMCs

As discussed earlier, in vascular biology research, it is pro-
posed that SMCs can switch from a highly mature, contrac-
tile phenotype to a secretory phenotype with the ability to
secrete extracellular matrix.*' If SMCs are involved in the

changes discussed above, they may have undergone this type
of switch. Experimentally, stricture SMCs show less contrac-
tile response to acetylcholine. An altered phenotype in SMCs,
after protracted growth, has been suggested by Bonafiglia
et al, who demonstrated lower expression of the markers
oa-SMA and SM-22 in strictures, in combination with altera-
tions in epigenetic modification enzymes.”® Phenotypically
changed SMCs have been observed histologically along the
submucosal borders of muscularis mucosae and muscularis
propria (Figure 3: ®), respectively. Altered SMCs have also
been reported in the fibromuscular bundles infiltrating the
submucosa (Figure 3: @). Below is a discussion of factors
released by SMCs cultured ex vivo that, in many cases, are
related to fibrosis.

54 | SMC—beyond the contraction

54.1 | SMCs produce collagen

It has been shown experimentally that SMCs express colla-
gen. Similar to stricture fibroblasts and myofibroblasts, basal
collagen production by stricture SMCs is higher compared
to SMCs in margin or control tissue.”” Among the factors
shown to induce collagen in SMCs are IL-6 and TGF-p.” IL-
6-induced STATS3 activation that, in turn, led to transcription
of the pro-fibrotic factors TGF-f and CTGF.” Neutralization
of TGF-f in cultured stricture SMCs resulted in the downreg-
ulation of COL1Al-transcription, indicating autocrine sig-
nalling of TGF-[&.79 However, based on the data, the role of
TGF-f signalling in stricture SMCs, both as responders and
producers of this factor, is not clear. While some studies show
increased TGF-f expression and activated signalling.g,m’80 an-
other showed less TGF-f expression and diminished activa-
tion of the TGF-f-signalling pathway.13 Although not fully
elucidated, it has been suggested that PDGF is involved in
the SMC phenotypic switch discussed above by downregu-
lating TGF-p signalling. Consistent with this, reduced TGF-f
activation was associated with reduced COL1A1 (which is
induced by STAT3 and TGF-f) together with upregulated
PDGF-B and COL3A1." The significance of these findings
in strictures needs further investigation. However, decipher-
ing these mechanisms might open up possibilities to find key
molecules that can be targeted to interfere with the fibrosis
process.

54.2 | SMCs also produce cytokines

It is not clear whether the switch of SMCs to a secre-
tory phenotype actually occurs in vivo. Moreover, it is un-
clear whether the highly differentiated, contractile SMCs
from strictures investigated ex vivo maintain their in vivo
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phenotype, or if a switch to a secretory phenotype occurs.
Regardless, SMCs isolated from strictures and studied ex
vivo are indeed secretors. For example, IL-6 and IL-17A lev-
els were markedly increased in comparison to SMCs from
inflamed (non-strictured) and fistulae tissue.”® Other cy-
tokines produced in higher quantities by cultured, stricture
SMCs include IL-10, IL-12 and IL-13. Of note, all of the
cytokines mentioned here can, in an autocrine fashion via the
cytokine receptor or the gp130 receptor, activate STAT3.7®
As discussed previously, STAT3 activation is increased in
stricture SMCs and increases proliferation. It also increases
expression of pro-fibrotic genes. Thus, STAT3 activation in
stricture SMCs contributes to both hyperplasia and fibrosis.

Importantly, the contribution of cytokines produced by
SMCs on SMC function, relative to other cellular sources like
immune cells, remains to be established. What is established
is that SMCs show autocrine production of proliferation sig-
nals. However, these factors can also be secreted by, and/or
have an impact on, other cells in the proximity.

5.5 | Interaction between SMCs and
fibroblasts/myofibroblasts

We have thus far discussed SMCs as responders to autocrine
or paracrine signals that influence their function. However,
several of the autocrine factors made by SMCs have pro-
fibrotic effects on myofibroblasts. Thus, bidirectional par-
acrine signalling between SMCs and myofibroblasts could
occur in appropriate microenvironments. For example, the
aVP3 ligand fibronectin stimulates SMC proliferation75
and myofibroblast migration.37 In strictures, both of these
cell types have increased fibronectin expression. Although
the cause and effect of these changes are unknown, it can
be viewed from two perspectives. On the one hand, myofi-
broblasts are attracted by fibronectin-producing SMCs. On
the other hand, SMCs expand in regions enriched in active
myofibroblasts. An analogous discussion could also be done
with other factors like IGF-1, IL-6 and 1L-17.

Thus, in microenvironments where SMCs, fibroblasts and
myofibroblasts are in close proximity, factors produced by
these cells could influence the behaviour of the other cell
types in a paracrine fashion. Indeed, paracrine effects could
occur in bidirectional manner, and autocrine effects are also
likely. (Figure 5B: ®).

5.6 | Summary

Expanded smooth muscle layers in strictured intestinal wall
are amajor feature of CD strictures. The characteristic changes
in these layers are different in terms of SMC arrangement and
fibrosis and have a polarized pattern. Phenotypically changed

SMCs with secretory abilities have been described in, for in-
stance, histological studies. Data show that ex vivo stricture
SMCs produce collagen and several cytokines, but whether
a phenotypic switch lies behind this behaviour of ex vivo
SMCs is not known. Regardless, the production of both col-
lagen and cytokines by stricture SMCs is magnitudes higher
than that of SMCs isolated from non-strictured muscle. In
areas where SMCs and other mesenchymal cells are juxta-
posed, there is likely cross-talk between these cells. Although
far from elucidated, SMCs may not necessarily be solely re-
garded as by-standers, that is, a victim of the fibrotic process,
but may have an active role in contributing to the pathogen-
esis of CD strictures. Further studies are warranted to explore
this intriguing possibility.

6 | SIMILARITIES WITH
FIBROSIS IN OTHER ORGANS

The fibrosis process in intestinal strictures shares many
similarities with fibrosis in other organs, including, but not
limited to, the kidney, heart, liver and skin,30:62:63.7481.82 o
common theme is that there is dysregulated healing fol-
lowing persistent or repetitive insults to the organ. Like
intestinal strictures, fibrosis in other organs is associated
with concomitant chronic inflammation and accumulation
of myofibroblasts and ECM matrix in the interstitial space
of the organ. Despite diverse aetiologies (infectious, meta-
bolic, toxic, ischaemic, mechanical injury, etc), fibrosis is
the common endpoint that ultimately leads to organ failure.
The convergence on a common fibrotic pathway provides
hope that understanding the fibrotic process will lead to
therapeutic targets with beneficial effects in several dis-
eases. Additional hope comes from examples where regres-
sion of fibrosis has occurred, for example in the liver, after
eradicating the aetiologic factor.*>** In IBD, this could be
improving remission rate and sustaining remission length.
That is, ultimately alleviating the chronic inflammation
that underlies IBD.

7 | DIFFERENCES WITH
FIBROSIS IN OTHER ORGANS

Despite optimism to develop broadly applicable treatments
based on common fibrotic mechanisms, the nature of the
gastrointestinal tract makes it unique from other internal
organs. That is, while other organs are sterile, the gastroin-
testinal tract is continually exposed to everything we ingest
including nutrients, microbes (both commensals and patho-
gens), toxins and drugs. In contrast, other organs, except
the liver, are relatively protected. Moreover, other than
the heart, the intestine is also unique in being a contractile
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organ. In particular, the muscular hypertrophy that evolves
in association with intestinal fibrosis contributes substan-
tially to the wall thickness, as discussed above. Moreover,
fibroblasts from the gastrointestinal tract seem to be dif-
ferent from those in other tissues, highlighting again the
unique intestinal environment.® Thus, despite optimism
to develop broadly applicable anti-fibrotic drugs based on
common fibrotic mechanisms, affected internal organs are
obviously distinct and challenges remain. For example,
considering the intestine's unique features and constant ex-
posure to external insults, drugs that halt fibrosis in other
organs may not be effective in the intestine.

8 | CONCLUSIONS AND FUTURE
PERSPECTIVES

In a subgroup of CD patients, the normal process of healing
the inflammation-driven intestinal damage becomes exagger-
ated, dysregulated and self-perpetuating. This results in the
establishment of cell populations not seen in healthy intes-
tinal tissue that drive an aberrant cycle of continuous matrix
deposition and degradation. Simultaneous to this successive
development of fibrosis, the muscle layers expand and infil-
trate the fibrotic area. This culminates in the serious compli-
cation of stricture formation and ultimately gastrointestinal
obstruction.

While modern therapies might benefit symptomatic stric-
tures in a shorter perspective,’ significant numbers of pa-
tients still need stricture-associated surgery. As not all CD
patients with pronounced intestinal inflammation develop
strictures, other as yet unknown factors, present together with
the chronic inflammation, seem necessary for the initiation
and perpetuation of fibrosis. Thus, despite being an initial
prerequisite for stricture development, immune cells and in-
flammatory cytokines per se seem to be only one piece of
the puzzle. Indeed, the stricture environment is not highly
inflammatory yet fibrosis continues.

The complex interplay of cytokines with diverse cell
types and growth factors in fibrotic tissue underscores
the elaborate environment that drives fibrosis and therein
the difficulty of treating. Carefulness in treatment must
be exercised as it is possible treatment could exaggerate
pathogenesis by, for instance, blocking beneficial effects
of the same targeted cytokine. Examples of cytokines with
this Janus-faced nature include TGF-p and IL-17, where
inhibiting their pleiotropic effects often has undesired con-
sequences. Where blocking a single cytokine might be in-
sufficient, a multi-target approach may offer advantages.
For instance, two drugs recently approved for idiopathic
pulmonary fibrosis,> target several cytokines/growth fac-
tors. While one (Nintedanib) is thought to inhibit PDGF,
FGF and VEGF receptor signalling, another (Pirfenidone)

inhibits TGF-f and TNFa. Whether these could be used for
intestinal strictures is currently not known.

However, increases in non-immune cell types of mesen-
chymal origin, particularly myofibroblasts and SMCs, are
substantial. Both of these cell types display unique behaviour
in strictures and clearly impact the microenvironment. Thus,
effective treatments must consider not only inflammation
and immune cells, but also the fibrotic process and muscular
aspects.

8.1 | Targeting accumulation of
myofibroblasts

Indeed, the terminal effector cell creating fibrosis is the
myofibroblast. Selectively targeting these cells, or ideally
hindering myofibroblast precursor cell activation, raises
possibilities for anti-fibrotic therapy. Thus, strategies that
prevent their accumulation, for example, by blocking their
transition into myofibroblasts would be beneficial. An exam-
ple of this is the ROCK inhibitor AMA0825,65 which shows
promise. Moreover, a better understanding of mechanisms
driving (myo)-fibroblast apoptosis might open other possi-
bilities. For example, identifying and eradicating signals that
facilitate myofibroblast escape from apoptosis could reduce
myofibroblast burden. However, specificity in such an ap-
proach would be a challenge.

8.2 | Targeting pathological myofibroblasts
Identifying targets unique to pathological myofibroblasts,
leaving ‘normal’ myofibroblasts untouched, would increase
treatment specificity and minimize side effects. In this re-
gard, one such target could be FAP, as FAP"™ myofibroblasts
are restricted to fibrotic areas. Experimentally, FAP inhibi-
tion has shown interesting anti-fibrotic effects as discussed
above.”’ However, understanding the mechanism behind this
effect is necessary to develop specific and safe FAP-based
treatments.

8.3 | Targeting mechanical aspects

There are reports of stricture patients that have undergone
strictureplasty (reconstruction of the strictured segment
without resection) that show signs of fibrosis regres-
sion.®!** It could be speculated that changing the physical
environment in this way affects myofibroblast behaviour
and survival, as myofibroblast functions rely heavily on
mechano-sensing. This is also illustrated by blocking colla-
gen cross-linking with LOX inhibition,”
stricture myofibroblast responses to mechanical stimuli

which normalizes
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and increases matrix degradation enzymes. Given the im-
portance of tissue remodelling in general, directly target-
ing the balance between matrix deposition and degradation
might be risky. However, a tempting possibility may be to
modulate the deposition enzymes, or their inhibitors, to tip
the balance towards resolution.

8.4 | Targeting smooth muscle cells

Another possible cell type to target is SMCs. This is in-
deed appealing, as these cells constitute the majority of the
increased bowel wall thickness in strictures. Therapies di-
rected against pathways critical to driving SMC expansion
may increase lumen size and wall compliance sufficiently to
avoid or postpone the need for surgery, regardless of fibrosis.
Changing the mechanical properties of the intestinal wall by
targeting SMCs could also have secondary beneficial effects
on myofibroblast behaviour as discussed above.

8.5 | Other targets

Other molecules that have shown anti-fibrotic effects
experimentally might be exploited. These include adi-
pokines from mesenteric fat, micro-RNA, and signalling
pathways evoked by substances in food, as discussed
earlier. Additional research is warranted to explore these
possibilities.

8.6 | Treatment challenges

Given the inherent complexity of biological systems, targets
with potential as anti-fibrotic therapies must be considered
together with undesirable side effects on processes involved
in maintaining health, especially in extraintestinal organs.
One way to avoid undesired systemic effects may involve
choosing the route of administration. For example, oral, rec-
tal (with colonic involvement) or endoscopic administration
of depot formulations with high first passage metabolism
would be advantageous. Indeed, pharmacokinetic aspects
must be taken into account when developing drugs to mini-
mize adverse systemic effects.

In summary, strictures are a severe complication of CD
where mechanism(s) underlying fibrosis are complex and
poorly understood. Finding novel drug targets requires better
understanding of the interplay between immune cells, cyto-
kines, mechanics and the unique and temporal behaviour of
the mesenchymal cells.
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