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Original Research

Intestinal stenosis in Crohn’s disease shows
a generalized upregulation of genes involved
in collagen metabolism and recognition

that could serve as novel anti-fibrotic

drug targets

Wouter Tobias van Haaften, Tjasso Blokzijl, Hendrik Sijbrand Hofker, Peter Olinga“=,
Gerard Dijkstra, Ruud A. Bank and Miriam Boersema

Abstract

Background and Aims: Crohn’s disease (CD) can be complicated by intestinal fibrosis.
Pharmacological therapies against intestinal fibrosis are not available. The aim of this
study was to determine whether pathways involved in collagen metabolism are upregulated
in intestinal fibrosis, and to discuss which drugs might be suitable to inhibit excessive
extracellular matrix formation targeting these pathways.

Methods: Human fibrotic and non-fibrotic terminal ileum was obtained from patients with CD

undergoing ileocecal resection due to stenosis. Genes involved in collagen metabolism were

analyzed using a microfluidic low-density TagMan array. A literature search was performed to

find potential anti-fibrotic drugs that target proteins/enzymes involved in collagen synthesis,
its degradation and its recognition.

Results: mRNA expression of collagen typel (COLTAT, 0.76 = 0.28 versus 37.82 = 49.85,
p=0.02) and Il (COL3AT, 2.01 =2.61 versus 68.65 = 84.07, p=0.02) was increased in fibrotic
CD compared with non-fibrotic CD. mRNA expression of proteins involved in both intra- and
extracellular post-translational modification of collagens (prolyl- and lysyl hydroxylases,
lysyl oxidases, chaperones), collagen-degrading enzymes (MMPs and cathepsin-K], and
collagen receptors were upregulated in the fibrosis-affected part. A literature search on the
upregulated genes revealed several potential anti-fibrotic drugs.

Conclusion: Expression of genes involved in collagen metabolism in intestinal fibrosis
affected terminal ileum of patients with CD reveals a plethora of drug targets. Inhibition of
post-translational modification and altering collagen metabolism might attenuate fibrosis
formation in the intestine in CD. Which compound has the highest potential depends on a
combination anti-fibrotic efficacy and safety, especially since some of the enzymes play key
roles in the physiology of collagen.
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Introduction

Fibrosis in any organ is the result of chronic injury,
leading to a disturbed balance in the formation and
degradation of an extracellular matrix (ECM) rich in
collagen.! Crohn’s disease (CD) is an inflammatory

bowel disease showing a heterogeneous phenotype.
The phenotype, which can change over time, can be
classified according to the Montreal classification
in non-stricturing/non-penetrating (B1), stricturing
(B2), and penetrating disease (B3).2° A stricturing
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phenotype, which is characterized by intestinal fibro-
sis, occurs mainly in CD (70%). However, it can
also occur in ulcerative colitis (UC; 1.5-11.2%),
upon radiation injury, or upon chronic allograft dys-
function after intestinal transplantation.”!! In CD,
thickening of the intestinal wall causes symptomatic
fibrotic stenosis due to narrowing of the lumen,
which requires surgery. In UC, it will lead to thick-
ening and shortening of the colon.!? The mecha-
nisms involved in transmural intestinal fibrosis may
be comparable with those of pathological collagen
accumulation in other organs, and drugs tested for
fibrosis in other organs might be applicable to intes-
tinal fibrosis as well. So far, despite the tremendous
amount of research performed on renal and hepatic
fibrosis, pharmacological treatments have become
available only for fibrotic conditions such as idiopathic
pulmonary fibrosis.!314 No pharmacological therapies
against intestinal fibrosis are available so far.

The interstitial matrix of the intestine consists of the
fibrillary collagens type I, III and V, and in addition
collagen type V1.1 The non-fibrillar collagen type IV
is the main component of the basement membrane,
which creates the barrier between the epithelium on
the gut luminal side and the lamina propria of the
intestine.!® In addition, intestinal ECM (as ECM of
any other organ) consists of fibronectin (FN1) and
presumably of elastin, as well as the proteoglycans
decorin, biglycan (BGN), and fibromodulin.!”-18 An
increase, especially in the amount of interstitial col-
lagens, is accompanied with thickening and stiffen-
ing of the intestinal wall, thereby causing stenosis
due to the luminal stricture of the intestine.!® Net
deposited ECM is the result of a complex balance
between factors involved in collagen synthesis
(including post-transcriptional modification) versus
collagen degradation. Even though fibrogenesis in
the intestine is presumably similar to fibrosis in other
organs, the expression of genes involved in collagen
homeostasis has not been evaluated before.

Generally, formation of collagen starts with tran-
scription of procollagen mRNA in the nucleus,
leading to synthesis on ribosomes of three polypep-
tide a-chains that are released into the endoplasmic
reticulum for post-transcriptional modification.2%:2!
Within the endoplasmic reticulum, certain lysine
and proline residues from the a-chains are
hydroxylated by lysyl hydroxylases (ILHs) and
prolyl 3- and 4- hydroxylases (P3H, P4H),
respectively. Some of the hydroxylysine residues
are subsequently glycosylated by collagen
glycosyltransferases. During hydroxylation and

glycosylation, the three procollagen-chains are
assembled and further stabilized by formation of
intra- and inter-molecular disulfide bonds.2° Triple
helix formation requires the aid of chaperones like
heat shock protein 47 (HSP47) and FK506 bind-
ing protein 10.2223 Procollagens are then trans-
ported out of the cell via the Golgi apparatus. In
the extracellular space, the N- and C- terminal pro-
peptides are enzymatically cleaved off [by enzymes
from the “a Disintegrin and Metalloproteinase with
Thrombospondin motifs” (ADAMTS, N-terminal)
family and by Bone Morphogenetic Protein 1
(BMP1, C-terminal)]. Subsequently, collagens are
assembled into fibrils and cross-linking is induced
by lysyl oxidases/lysyl oxidase-like (LOX, LOXL)
enzymes. Degradation of collagens occurs mostly
via matrix metalloproteinases (MMPs). MMPs are
Zn?*-dependent endopeptidases that can degrade a
plethora of ECM proteins, including collagen.?*
Degradation products of ECM can have chemotac-
tic properties and MMPs are able to activate or
degrade several non-ECM substrates like cytokines/
chemokines or growth factors. The MMPs thereby
play a central role in ECM remodeling as well as in
intestinal inflammation. MMPs 1, 2, 3, and 9 activ-
ity is elevated in the active mucosal inflammation of
both patients with CD and UC, and the balance
between MMPs and tissue inhibitors of MMPs
(TIMPs) is altered in inflammatory bowel disease
(IBD).25:26

Candidate drugs against intestinal fibrosis mostly
target pathways of (intestinal) fibrosis such as the
mitogen-activated protein kinase (MAPK), Rho-
associated protein kinase (ROCK), and trans-
forming growth factor f (TGF-B) pathways.2"-28
However, genes involved in the assembly of the
ECM also comprise targets that can inhibit ECM
formation or alter its molecular structure in such
a way that ECM will be degraded faster.2° Here,
we show an upregulation of mRNA expression of
genes involved in collagen metabolism in intesti-
nal fibrosis affected terminal ileum of patients
with CD. These results reveal possible drug tar-
gets, which are reviewed in this paper.

Methods

Fibrosis affects terminal ileum from patients

with CD and from non-fibrotic control patients
Fibrotic and non-fibrotic terminal ileum from
patients with CD undergoing ileocecal (re-)resec-
tion because of stenosis was obtained. All included
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patients with CD had purely stricturing phenotype
(Montreal B2, Table 1). The fibrotic/stenotic and
the non-fibrosis affected (resection margin) regions
were identified macroscopically during surgery.
Non-fibrotic non-CD affected tissue was obtained
from patients undergoing right-sided hemicolec-
tomy because of an adenocarcinoma (non-cancer
affected ileal resection margin, Table1). All tissue
obtained was freshly collected and stored by a labo-
ratory technician in the operating room immedi-
ately after resection. Samples were fixed in
Tissue-Tek® (O.C.T. Compound, Sakura®
Finetek) in the operation room, and frozen in iso-
pentane on dry ice before being stored at —80°C
until further use.

Isolation of RNA

To isolate RNA, 10 Tissue-Tek sections (10 um
thick) containing the full thickness (verified by
hematoxylin and eosin staining) of the intestinal
wall, were cut using a cryostat. Sections were dis-
solved in TRIzol (Invitrogen, Life Technologies,
Carlsbad, CA, USA), after which total RNA was
isolated according to the manufacturer’s protocol.
To avoid genomic DNA contamination, samples
were treated with DNase I, Amp Grade (Invitrogen)
according to the manufacturer’s protocol.

Reverse transcription and TagMan® gene
expression assays

Equal amounts of RNA were reverse transcribed
using the Reverse Transcription System (Promega,
Madison, WI, USA). Subsequently, complemen-
tary DNA was used for quantitative real-time poly-
merase chain reaction (RT-gPCR) in a microfluidic
card-based low-density TagMan array (Applied
Biosystems, Foster City, CA, USA), which enables
simultaneous measurement of mRNA expression
of 44 genes we selected (Supplemental Table S2).
RT-gPCR was performed by loading 100ng of
cDNA per sample using the ViiA™ 7 Real-Time
PCR System (Applied Biosystems). The following
settings were used: 50°C for 2min, 95°C for 10 min,
and the next two steps were repeated for 50 cycles:
95°C for 12s and 60°C for 1 min. Threshold cycle
numbers >40 were excluded from the analysis.
Patients/pairs were removed from the analysis if
there was no detectable expression (Ct>40) in
either one of the pairs. Delta-Ct values were calcu-
lated using GAPDH as a reference gene. Expression
in the figures is presented as 2-2Ct on a logarithmic
scale.

Table 1. Characteristics of the patients with CD and controls of which

terminal ileum was obtained.

Control cD

(n=4) (n=7)
General
Gender, % female 2 (50%) 7 (100%)
Age at surgery, years (mean, 73.1 (69.1-78.2)  33.6 (21.1-54.5)
min-max]
Disease duration, years, (mean, 4 (100%) 6.4 (1.8-16.0)
min-max]
Montreal age at diagnosis [n (%]
17-40years (A2) NA 6 (85.7%)
>/40years (A3) 1(14.3%)
Montreal disease behavior [n (%]]
Stricturing disease (B2) NA 7 (100%)
Disease location [n (%]
Terminal ileum (L1) NA 4 (57.1%)
Ileocolon (L3) 3(42.9%)
C-reactive protein before operation [n (%]
C-reactive protein>5mg/l NA 1(14.3%)
C-reactive protein <5mg/l 5 (71.4%)
Missing 1(14.3%)

Clinical disease activity based on HBI before operation [n (%)]

Disease in remission (HBI <5) NA

Mild disease (HBI 5-7)
Moderate disease (HBI 8-16)
Severe disease (HBI>16)

Medication [n (%)]

Corticosteroids NA
Thiopurines
Anti-TNFa

Anti-1L12/23

0 (0%)
0 (0%)
3 (42.9%)
4(57.1%)

4 (57.1%)
4 (57.1%)
1 (14.3%)
1 (14.3%)

CD, Crohn’s disease; HBI, Harvey Bradshaw Index.

Statistical analysis

Data were statistically analyzed and visualized with
graphs using GraphPad Prism software (v6.0). All
data was considered to be non-parametric. A
Wilcoxon paired signed rank test was used to com-
pare analysis of fibrotic versus non-fibrotic ileum
from the one patient with CD for gene expression
as well as quantification of immunohistochemistry
(IHC). A Mann-Whitney U test was used to
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compare with CD-affected non-fibrotic ileum to
non-CD-affected non-fibrotic ileum, and to com-
pare age at surgery. Differences were considered
significant at a pvalue of<0.05. Median inter-
quartile range (IQR) values are presented in the
text and figures.

Literature search

A literature search was performed to find (potential)
drugs that target the proteins/enzymes transcribed
from genes involved in collagen fibril synthesis and
degradation, detected in CD patients with strictur-
ing phenotype by a microfluidic card-based low-
density TagMan array. A comprehensive literature
search was conducted to identify relevant drugs. The
electronic exploration involved keyword searches in
Pubmed. The following search criteria were used (all
fields) (“gene name” or “protein name”) and
(“inhibitor”, “antagonist” or “agonist”). Targeting
drugs tested i vivo/in silico, in vivo in animals or i
vivo in humans are listed separately in Table 2.

Ethical considerations

Patients gave written informed consent for anony-
mous use of patient data and resected parts of human
intestine according to the code of conduct for
responsible use of surgical left-over material (See:
“Code goed gebruik voor gecodeerd lichaamsmate-
riaal”, Research Code University Medical Center
Groningen, http://www.rug.nl/umcg/research/docu-
ments/research-code-info-umcg-nl.pdf).

Results

Cohort characteristics

This descriptive cohort study included seven
patients with fibro-stenotic CD who underwent
ileocecal resection and four patients with
adenocarcinoma who underwent right-sided
hemicolectomy. All patients with CD had a stric-
turing disease phenotype and had eitherileal [n=4
(57.1%)] or ileocolonic [=3 (42.9%)] disease.
On average, they were 33.6years old (range 21.1—
54.5) and had suffered from CD for 6.4years
(range 1.8-16.0). All patients had clinically active
disease before they underwent ileocecal resection
[moderate disease n=3 (42.9%), severe disease
n=4 (57.1%)], and they used several different
anti-inflammatory drugs before surgery (Table 1).
As controls, patients who right-sided hemicolec-
tomy due to adenocarcinoma were included at a

mean age of 73.1years (range 69.1-78.2). These
patients were significantly older than the patients
with CD (p=0.008). All included patients with
CD were female.

Expression of fibrosis markers is increased

in macroscopically fibrosis-affected terminal
ileum

Using a microfluidic card-based low-density
TagMan array, mRNA expression of a variety of
ECM proteins were investigated. mRNA
expression of procollagens typel, III, IV, V and
IV was increased in fibrotic CD compared with
non-fibrotic CD. Especially expression of collagen
type I (COL1A1,0.76 = 0.28 versus 37.82 = 49.85,
$»=0.02) and III (COL3A1, 2.01=*2.61 wversus
68.65+84.07, p=0.02) was increased in the
fibrosis and the CD affected part compared with
non-fibrotic CD (Figure 1A). Upregulation of
these procollagens was considered as a positive
control for the correct selection of the fibrosis-
affected region. mRNA expression of other ECM
proteins such as elastin (ELN, 0.01 = 0.02 versus
0.07+£0.10, »p=0.03), FN1 (0.53*0.43 oversus
2.50*+10.52, p=0.02), and BGN (0.1*+0.12
versus 2.83 = 4.46, p=0.03) was also increased in
fibrotic CD compared with non-fibrotic CD
(Figure 1B). mRNA expression of alpha-smooth
muscle actin (generally considered as a marker for
myofibroblasts), was also elevated in the fibrosis
and CD-affected region compared with non-
fibrotic CD (ACTA2, 1.03*x3.98 wersus
16.57 +47.31, p=0.02, Figure 1C).

Expression of intra- and extra-cellular
modification of collagen fibrils is increased

in macroscopically fibrosis-affected terminal
ileum

Enzymes involved in intracellular post-translational
modification of the collagen fibril, were also
upregulated in fibrotic CD compared with non-
fibrotic CD. Expression of lysyl hydroxylases 1-3
(PLOD1, 0.05*=0.06 versus 0.40 £0.38, p=0.02;
PLOD2, 0.23+0.13 wersus 0.58 £0.69, p=0.05;
PLOD3, 0.06=0.01 versus 0.29 +0.40, p=0.02),
prolyl 4-hydroxylases (P4HA1, 0.37 = 0.43 versus
1.04£2.10, p=0.02); P4HB, 2.37 =3.72 wversus
9.48 = 14.54, p=0.02) and prolyl-3-hydroxylases
1-3 (P3H1, 0.022+0.037 wersus 0.39*+0.54,
p»=0.03; P3H2, 0.05*0.27 wersus 0.33+1.77,
p»=0.03; P3H3, 0.03+0.16 wersus 0.39+0.91,
p»=0.02) was increased in the fibrosis- and
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Figure 1. mRNA expression of procollagens 1-6 (A], of extracellular matrix molecules BGN, DCN, ELN, FMOD, FN1 (B), and of ACTA2
in fibrotic versus non-fibrotic terminal ileum of patients with CD, and versus non-CD control terminal ileum.
Significant differences are depicted as: *p <0.05, **p < 0.01, ns: not significant. Marker levels are presented as median.
ACTA2, alpha-actin-2; BGN, biglycan; CD, Crohn’s disease; DCN, decorin; ELN, elastin; FMOD, fibromodulin; FNT, fibronectin.

CD-affected region compared with non-fibrotic
CD (Figure 2A-C). Expression of P4HA2 and
P4HA3 was not detectable. Expression of chaper-
ones HSP47 and FK506 binding protein 10
(SERPINHI1, 0.06*+0.02 <oversus 0.68+0.62,
p»=0.03; FKBP10, 0.04 £0.07 wversus 0.51 =0.35,
p»=0.031) was also increased in fibrotic CD com-
pared with non-fibrotic CD (Figure 2D). mRNA
expression of the enzymes related to cleavage of
the N- and C- terminal propeptides (ADAMTS?2,
0.06 =0.08 versus 0.27 +0.38, »=0.03;
ADAMTS14, 0.01 £0.01 <wersus 0.01*=0.06,
p»=0.06) and bone morphogenetic protein 1
(BMP1, 0.07 =0.05 versus 0.30 =1.26, p=0.031)
was increased in fibrotic CD compared with non-
fibrotic CD. Also, the expression of collagen recep-
tors discoidin domain receptor tyrosine kinase 2
(DDR2, 0.17 =0.09 versus 0.49 =1.72, p=0.016)
and of mannose receptor C type 2 (MRC2,
0.07£0.06 versus 0.36=0.80, p=0.016) was
increased in the fibrosis- and CD-affected tissue
compared with non-fibrotic CD.

Expression of MMPs and their tissue inhibitors

is increased in macroscopically fibrosis-

affected terminal ileum

Net deposition of collagen depends on the balance
between formation and degradation. Collagens are

degraded by matrix-metalloproteinases, which are
inhibited by tissue inhibitors of MMPs. MMPI
(0.02£0.24 wversus 1.22+0.88, p=0.031) and
MMPI14(0.16 =0.21 versus 1.51 =2.95, p=0.031)
was upregulated in fibrotic CD compared with
non-fibrotic CD, as well as TIMP1 (0.85+*3.17
versus 22.78 =47.61, p=0.016).

No differences in expression of the genes described
in this study involved in collagen metabolism was
observed between non-CD non-fibrotic control
tissue and non-fibrotic CD (Figures 1-4 and
Supplemental Table S1).

Discussion

To our knowledge, this is the first study examin-
ing the expression of genes coding for enzymes
involved in the metabolism (such as post-transla-
tional modifications) of collagens in intestinal
fibrosis in CD. We aimed to reveal a gene signa-
ture with potential targets for drugs against intes-
tinal fibrosis based on gene expression of
CD-affected fibrotic versus non-fibrotic terminal
ileum from the same patient using a microfluidic
card-based low-density TagMan array. A litera-
ture search revealed several drugs that interfere
with the metabolism of collagens that could be
candidates for drug treatment against intestinal

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

Therapeutic Advances in Gastroenterology 13

(A) PLODI1 PLOD2 PLOD3 (B ) P4HAI1 P4HB
105 s 104 ns 105 ns 1007 s 10003 ns
I Sp— T EE— —_ | re— *
1 . . 10 * 100
— 14 N 14 "
2 0.14 : g : * g . Q 1 . '%’ 104 —
& —— . & — . a . N : R «
* ’ 0.1 o . : - . — :
0.014 - 0.15 .~ : 14 i
0.001- 0.01 : : : 0.01 0.01 : : : 0.1 ! : :
o4 -6°\ Y S .¢°\ o4 > $ > oY > ,¢°\ o4 oy &
o & & Q,;& & o Q“e‘ o & é& & o é‘" &
& & S & & & & o4 S &
< & < § <5 & < § < &
< < < <
(©) P3H1 P3H2 P3H3 (D) SERPINHI1 FKBPI0
1y 1007 ns 1007 " 105 " 104 -
. — —— —— —*—
— 104 10 . - .
. 1 " 1
0.14 . BT
1 1
g .4 — g — g oa g od
N —_ N ol N o1 N R A 3] N "
0.014 = : i
o0.01] R 001 0.014 : 0.014
0.001- 0.001 : : . 0.001 . T T 0.001 T r . 0.001 r T :
& o S &S S &L S &S N
O O O O 0 O O DY O 0 2O O Y Y O
s ¥ & ¥ s & RN & RN s ¥
< < e < e <5 e < e

Figure 2. mRNA expression of lysyl hydroxylases 1-3 (PLOD1-3) (A}, of prolyl 4-hydroxylases (P4HAT and P4HB) (B), of prolyl
3-hydroxylases (P3H1, P3H2, P3H3) (C), and of heat shock protein 47 (SERPINH1) and of FK506 binding protein 10 (FKBP10) (D] in
fibrotic versus non-fibrotic terminal ileum of patients with CD, and versus non-CD control terminal ileum.

Significant differences are depicted as: *p <0.05, **p<0.01, ns: not significant. Marker levels are presented as median.

CD, Crohn’s disease.

fibrosis (Table 2). Some of these drugs are already
used clinically for other (fibrotic) conditions,
whereas some have been tested only either i vivo
in animals or iz vitro in cell culture models. Others
have been tested only in biochemical models such
as binding assays to determine biochemical half-
maximal binding concentrations or were identi-
fied using screening technologies for small
molecule discovery. Outside of the scope of this
study, comprehensive reviews and studies are
available on pharmacological inhibition of (pre-
transcriptional/translational) pathways leading to
a lowered production of ECM.73:74

The expression of enzymes involved in the intra-
cellular and extracellular post-translational modi-
fications of collagens (see Table 2) has never been
described for intestinal fibrosis in CD. However,
expression of several collagens and post-transla-
tional modulators of collagens was assessed in
colorectal-cancer-associated fibrosis using com-
parative liquid chromatography with mass spec-
trometry.”> In a study by Afik er al., PLODI1-3
and P4HA1 protein expression was upregulated

in colorectal cancer-associated fibrosis compared
with more distal non-fibrosis-affected colon tis-
sue, which is in line with our results. This study
also reports on increased protein expression of
BGN and FNI1 in colorectal cancer-associated
fibrosis, which is in line with our results.”®
Upregulation of PLODI-3 mRNA was also
observed in fibrotic conditions such as idiopathic
pulmonary fibrosis.3! Furthermore, upregulation
of LOXL-2 has been reported in renal fibrosis and
inhibition of LOXL-2 by several inhibitors in
mice i vivo successfully reduced the expression
of fibrosis markers in several studies.”®77 A rela-
tive increase in protein expression of collagen
type Il over typel in fibrostenotic CD compared
with inflamed or non-disease affected intestinal
tissue reported previously was not observed in
this cohort at the mRNA level.”87°

Intracellular post-translational modifications

Pharmacological inhibition of the intracellular post-
translational modifications (lysyl hydroxylase,
prolyl-3 and -4 hydroxylase and glycosyltransferase,
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Figure 3. mRNA expression of ADAMTS2, ADAMTS 14 and BMP1 (A), PCOLCE2 (B), and LOXs LOXL1-4 (C) in fibrotic versus non-fibrotic
terminal ileum of patients with CD, and versus non-CD control terminal ileum.

Significant differences are depicted as: *p <0.05, **p < 0.01, ns: not significant. Marker levels are presented as median.

ADAMTS, A disintegrin and metalloproteinase with thrombospondin motifs; BMP1, bone morphogenic protein 1; CD, Crohn’s disease; LOX, lysyl
oxidase; PCOLCEZ, procollagen C-endopeptidase enhancer 2.
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Figure 4. mRNA expression of collagen degrading enzymes MMPs MMP1, MMP14, and CTSK (A}, and of TIMP1 (B] in fibrotic versus

non-fibrotic terminal ileum of patients with CD, and versus non-CD control terminal ileum.
Significant differences are depicted as: *p <0.05, **p <0.01, ns: not significant. Marker levels are presented as median.
CD, Crohn’s disease; CTSK, cathepsin K; MMP, matrix metalloproteinase; TIMP1, tissue inhibitor of matrix metalloproteinase 1.

Table 2) could inhibit collagen formation and should be very enzyme specific and ideally be tar-
thereby fibrosis, but these enzymes are pivotal to geted to the fibrosis-affected area in order to be
human physiology. Therefore, the inhibition effective without causing severe side effects. The
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importance of these genes is confirmed by the fact
that genetic mutations in the genes coding for
these enzymes (resulting in aberrant synthesis,
degradation and/or modification) can lead to syn-
dromic disorders in musculoskeletal or connec-
tive tissues such as osteogenesis imperfecta type
VIII (mutation in P3H1), Bruck syndrome type 2
(mutation in PLOD?2 resulting in a form of osteo-
genesis imperfecta), Ehlers-Danlos syndrome
type VIA (mutation in PLOD1), and severe myo-
pia in the absence of musculoskeletal abnormali-
ties (P3H2).2° No mutations are found in genes
coding for the P4HA a-subunits, perhaps indicat-
ing that loss of PH4 enzyme function leads to pre-
mature death of the embryo.?° Pharmacological
inhibition of lysyl hydroxylases 1-3 by minoxidil
upon stimulation with transforming growth factor
beta (TGF-) was tested in wvitro in primary
human fibroblasts by Zuurmond et al. Even
though a concentration-and time-dependent
reduction in LHI-3 mRNA was observed, no
effect on the total number of pyridinoline cross-
links in the collagen matrix was observed, and the
authors therefore conclude that minoxidil is
unlikely to be anti-fibrotic in these concentra-
tions.?® Shao er al. did observe an anti-fibrotic
effect of minoxidil in mice in bleomycin-induced
pulmonary fibrosis without reporting side effects
in these animals.?! The side effects of minodoxil
when used systemically in humans are, however,
severe, which makes further testing unattractive.
However, specific inhibition of lysyl hydroxy-
lase-2 (PLOD-2) could be attractive as reduction
of the pyridinoline cross-links between collagen
molecules facilitates easier degradation by endog-
enous proteinases (i.e., MMPs and cathepsin K).
This because cross-linked collagen can be
degraded effectively only by MMP-13 and cath-
epsin K, in contrast to non-crosslinked collagen,
which can be degraded by several MMPs.2°
Inhibition of another hydroxylase, P4H, was
tested by administering two small-molecular
inhibitors (both Phenanthrolinones, see Table 2)
to rats.32 These compounds were well tolerated in
the rat at doses producing sustained inhibition of
collagen hydroxylation. Procollagen molecules
which are less hydroxylated will accumulate in the
endoplasmatic reticulum (ER), thereby causing
ER-stress, which triggers ER-stress-mediated
apoptosis of myofibroblasts.8%-8! However, P4AH
inhibition would be effective as an anti-fibrotic
target only if the inhibition is constantly main-
tained, as collagen will be rapidly hydroxylated
after P4H activity is restored.32

Intracellular assembly of the triple helix

Inhibition of the collagen chaperone HSP47 and
the FK506 binding protein 10 has promising
anti-fibrotic potential. HSP47 expression is
upregulated in intestinal fibrosis.23:82-8¢ The anti-
fibrotic potential of inhibition of HSP47 is shown
by the deletion of Hsp47 in hepatic stellate cells
isolated from Cre-LoxP system Hsp47 floxed
mice, which led to ER stress-mediated apoptosis
of the collagen-producing cells.8! Another study
shows that local (submesothelial) delivery of
Hsp47 siRNA conjugated with cationized gelatin
microspheres could suppresses peritoneal fibrosis
in mice.?® The use of microRNA and small
siRNNA for several indications iz vivo in humans
has progressed to several phase Il and III clinical
trials.®> The activity of the other collagen chaper-
one FK506 binding protein 10 (peptidyl prolyl
isomerase) can be inhibited by the widely used
immunosuppressive tacrolimus. Next to its
immunosuppressive properties, tacrolimus can
inhibit the chaperone activity of FK506 binding
protein 10, and is thereby proposed to have anti-
fibrotic properties as well. Results from human
embryonic kidney 293-cells and normal human
dermal fibroblasts indicate that FK506 binding
protein 10 peptidyl prolyl isomerase inhibition
activity (which can be inhibited by tacrolimus) is
linked to pyridinoline cross-linking by specifi-
cally mediating the dimerization of LH2.22
Thereby, tacrolimus not only inhibits the colla-
gen chaperone activity of FK506 binding protein
10, but also decreases the number of pyridinoline
cross-links, making the produced collagen more
easily degradable by MMPs. Animal studies
showed that tacrolimus can prevent alcohol- or
carbon tetrachloride (CCl,)-induced liver fibro-
sis in rats by inhibiting synthesis of typel colla-
gen polypeptides, without affecting expression of
collagen mRNAs.%5 Results are, however, con-
flicting since both Patsenker ez al. (liver fibrosis
induced by CCl, and bile duct ligation) and
Frizell er al. (liver fibrosis induced by CCl,)
showed that tacrolimus was not able to inhibit
fibrosis formation, but even enhanced fibrogen-
esis in the liver.4%86 The clinical experience with
tacrolimus for CD is limited, but remission rates
of 44% (range, 7-69%) and response rates of
37% (range, 14-57%) are reported for luminal
CD.8%” No studies were found investigating the
incidence of stricturing Crohn’s disease in
patients receiving tacrolimus wversus other immu-
nosuppressives. Cohort studies from kidney
transplant recipients show that tacrolimus as the
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current standard calcineurin inhibitor therapy
post-renal transplantation, is not superior in pre-
venting progression to interstitial fibrosis com-
pared with cyclosporin or sirolimus.88

Extracellular cleavage of propeptides

Inhibition of the cleavage of C- and N- terminal
propeptides could have anti-fibrotic potential
as well since it could inhibit the formation of an
irreversibly stable collagenous ECM, thereby
making it more easily degradable by colla-
genases that are able to degrade cross-linked
collagen.4® In witro studies have shown that
TIMP-3 can inhibit the procollagen
N-proteinase activity of ADAMTS-2, thereby
inhibiting procollagen processing in mouse
embryonic fibroblasts. Upon stimulation with
TIMP-3, reduced amounts of mature ol(I)
chains were observed.*® Administration of
TIMP-3 in vivo in a model for fibrosis has not
been performed so far. Inhibition of bone mor-
phogenic protein-1 proteinase activity (BMP-1)
was tested only in vitro using (modified forms
of) a2-macroglobulin and acidic dipeptide
hydroxamate. Also, these compounds have not
been tested in iz vivo models of organ fibrosis.
Therapeutic inhibition of  procollagen
C-endopeptidase enhancer (PCOLCE; an
enhancer of BMP-1 activity in vitro and in vivo),
might have the same effect as therapeutic inhi-
bition of BMP-1. In chronic-pressure-overload-
induced cardiac fibrosis, PCOLCE2-null hearts
demonstrated a decreased collagen content and
a lower muscle stiffness compared with wildtype
chronic pressure overloaded hearts.8°

Assembly into collagen fibrils by crosslinking of
collagens

The general hypothesis is that targeting extracel-
lular cross-linking by lysyl oxidases [including lysyl
oxidase-like (LOXL)] might cause an increase in
net degradation of collagen and other ECM mole-
cules, thereby resultingin less fibrosis. Furthermore,
it is generally hypothesized and proven in animal
studies that inhibition of LOX or LOXL (e.g. anti-
LOX or -lysyl oxidase-like 2 antibodies) decreases
tumor stiffness and suppresses metastasis.>3% In
viwo studies on liver fibrosis showed that LOXL.2
mediates collagen crosslinking and fibrotic matrix
stabilization during liver fibrosis, and indepen-
dently promotes fibrogenic differentiation of
hepatic progenitor cells. By blocking these two

convergent profibrotic pathways, therapeutic
LOXIL2 inhibition attenuates both parenchymal
and biliary fibrosis and promotes fibrosis rever-
sal.°! However, even though inhibition of LOX(L)
was very promising in pre-clinical i vitro and in
vivo studies, several phasell studies testing the
effect of the LOXIL.2 monoclonal antibody simtu-
zumab did not show an anti-fibrotic or antimeta-
static effect.57-%0 This study is the first to show
upregulation of LOX and LOXL1-4 in
CD-associated fibrosis in the terminal ileum. In
vivo studies using animal models for intestinal
fibrosis with LOX(L) knock-out animals or
LOX(L) inhibitors, have not yet been performed.

Collagen-degrading enzymes

Based on their function as collagenases, inhibi-
tion of MMPs or CTSK is not expected to have
anti-fibrotic efficacy. However, mRNA and pro-
tein levels of MMPs and CTSK are known to be
upregulated in IBD, and it is known that these
enzymes have other, for example chemotactic,
properties as well.2%26 Therefore, inhibition of
MMPs or CTSK might have an (indirect) anti-
fibrotic effect. Especially MMP-9 is suggested to
play a role in intestinal fibrosis and fistulae forma-
tion. Inhibition of MMP-9 in a heterotopic trans-
plant model for intestinal fibrosis did reduce
collagen content of the intestinal graft after induc-
tion of fibrosis by transplantation.®? Furthermore,
expression of MMP-9 is a marker of mucosal
healing, and increased local or serologic expres-
sion of MMP-9 is related to penetrating CD.92-9¢
Because inhibition of MMP-9 could simultane-
ously inhibit degradation of ECM and reduce fis-
tulae associated fibrosis, this therapy may be
superior for stricturing or penetrating CD com-
pared with current immunosuppressive agents.

The importance of Mmp-9 in intestinal inflamma-
tion in mice was recently questioned.? Very well-
controlled studies comparing intestinal (colonic)
inflammation induced by dextran sodium sulfate
(DSS, both acute and chronic) and 2,4,6-trini-
trobenzenesulfonic acid (TNBS) between Mmp-9
knockout and wildtype mice, did not show a dif-
ference in the degree of intestinal inflammation or
fibrosis induced. Inhibition of MMP-9 with bio-
active peptides did not improve DSS-induced
colitis, but the effect of inhibition of MMP-9 on
intestinal fibrosis was not tested. De Bruyn ez al.
suggest that upregulation of MMP-9 is a conse-
quence rather than a cause of inflammation of the
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colon, and question whether MMP-9 represents a
disease target in IBD.% Differences in the patho-
physiology of fibrosis between colon and (termi-
nal) ileum, and pathophysiological differences
between the models used by de Bruyn ez al. and
Goffin er al. allow further testing of MMP-9
inhibitors for stricturing and penetrating CD.92:95

Several MMP inhibitors are being tested in clini-
cal trials as it was hypothesized that metastasis of
cancer could be reduced by inhibition of MMP-
mediated degradation of tumor-associated fibro-
sis, thereby reducing cancer progression.®® Due to
a lack of inhibitory specificity, and insufficient
knowledge about the pleiotropic substrates and
opposing effects of MMPs (on tumor growth/
angiogenesis/modulation of immune response),
these trials have all failed.% Especially since ECM
remodeling is believed to be part of the patho-
physiology of IBD, further testing of inhibitors of
(other) MMPs still holds promise.®?

Whether inhibition of the TIMP-1 would have
anti-fibrotic properties by reducing TIMP-
mediated inhibition of MMP-activity remains to
be studied. In a model of obstructive nephropa-
thy-induced interstitial fibrosis, no amelioration of
renal fibrosis was observed in Timp-1 knockout
mice.%2

Collagen receptors

Similar to other tyrosine kinase receptors, DDR
kinase receptors (DDR-1 and -2) regulate funda-
mental cellular processes such as adhesion,
migration, proliferation, and differentiation.
Furthermore, they influence ECM remodeling via
activation of MMPs.?®¢ DDRI1 is found mostly in
epithelial cells, whereas DDR2 is confined to cells of
mesenchymal origin.®8 Inhibition of DDRs by tyros-
ine kinase inhibitors (dasatinib/imatinib/inilotinib,
which are currently clinically used to treat chronic
myeloid leukemia) has anti-fibrotic potential.®” A
significant decrease in collagen deposition of injured
arteries of DDRI-null mice was observed.”®
Furthermore, typel collagen-dependent upregula-
tion of DDR2 expression in hepatic stellate cells
(HSC) establishes a positive feedback loop in acti-
vated stellate cells, leading to further proliferation
and enhanced invasive activity of HSC.100

A limitation of this study is that number of
patients included is small; therefore, this study
was not powered to reveal differences in, for

example, the expression of fibrosis genes depend-
ing on the therapy patients were using. However,
the validity of the data increases due to the fact
that the samples from non-fibrotic CD wversus
fibrotic CD are from the same patient and are
therefore paired. Ideally, expression of the
detected fibrosis genes should be validated in a
replication cohort. Another limitation of this
study is that mechanisms by which inhibition of
post-translational modification and processing of
collagens might attenuate the development of
fibrosis in CD patients are only proposed.
Mechanistic iz vitro/in vivo data proving that inhi-
bition of post-translational modification of colla-
gens can inhibit fibrosis formation using one of
the proposed mechanisms is not provided and
was not the aim of this study. Efficacy for intesti-
nal fibrosis and the underlying mechanisms will
be explored in future research using, for example,
cell culture of intestinal fibroblasts, precision-cut
intestinal slices, or a heterotopic transplant ani-
mal model of intestinal fibrosis.101-103

Conclusion

Therapeutic inhibition of fibrosis for patients with
CD is not yet possible, but several drugs acting on
factors involved in both pre- and post-transcrip-
tional regulation of deposition of collagens and
other extracellular matrix molecules are available.
Which compound has the highest potential will
depend on a combination of safety and anti-
fibrotic efficacy. A drug against intestinal fibrosis
would ideally be targeted to an enzyme/receptor
that is uniquely expressed in a fibro-stenotic intes-
tine in order to minimize systemic side effects.
Since fibrosis formation occurs over a long period
of time, clinical trials of long duration, a large
number of patients, and selecting intestinal fibro-
sis-relevant  endpoints, are warranted.?3:104
Furthermore, the best route of application of the
drug should be determined. This might be intra-
venous, but could also be oral for example, mak-
ing use of sustained release by the ColoPulse
technology (film coated tablets of targeted deliv-
ery in the lower intestinal tract) or topical admin-
istration for more distal (radiation-induced)
fibrosis.105:106  Moreover, sustained release from
the staple of a stapled anastomosis might be
optional. However, meta-analysis of CD patients
post-strictureplasty showed that (with an overall
5-year surgical recurrence rate of 28%), recur-
rence occurs mainly at non-strictureplasty sites in
90% of patients (whereas the site-specific
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recurrence rate was 3%).197 Furthermore, caution
should be taken with anti-fibrotic therapy, because
disturbance of the balance between collagen for-
mation and degradation may induce a shift
towards degradation to such an extent that fistulae
or abscesses can occur. The anti-fibrotic capacity
of some of the reviewed drugs for fibro-stenotic
CD could be further unraveled, and their efficacy
can be tested in i vitro and i vivo models for
(CD-associated) intestinal fibrosis. In conclusion,
inhibition of post-translational modification of
collagens might be suitable to inhibit fibrosis for-
mation in the intestine in CD.

Acknowledgements

We would like to thank the students of the
Prometheus Kidney team of the Department of
Surgery of the University Medical Center
Groningen for collecting the surgical resection
material from patients with CD and healthy
controls.

Author contributions

WTvH: sample and data collection, analysis of
the data, drafting of the manuscript. TB: sample
and data collection, HS: sample collection. PO:
critically reviewing the manuscript, GD: sample
collection, critically reviewing the draft, critically
reviewing the manuscript. RAB: data collection,
critically reviewing the manuscript. MB: sample
and data collection, analysis of the data, critically
reviewing the manuscript.

Conflict of interest statement

WTvVH has received funding to print his thesis
from Ferring b.v., Teva b.v., Tramedico b.v. and
Mylan b.v. GD reports outside the submitted
work grants from Takeda and Abbvie, Fees for
advisory boards from Cosmopharma and
Mundipharma, speakers fees from Pfizer, Janssen
pharmaceutical and Takeda.

Funding

The authors received no financial support for the
research, authorship, and/or publication of this
article.

ORCID iD

Peter Olinga
4855-8452

https://orcid.org/0000-0003-

Supplemental material
Supplemental material for this article is available
online.

References

1.

10.

11.

12.

Piersma B, Bank RA and Boersema M. Signaling
in fibrosis: TGF-3, WNT, and YAP/TAZ
converge. Front Med (Lausanne) 20155 2: 59.

Abraham C and Cho JH. Inflammatory bowel
disease. N Engl ¥ Med 2009; 361: 2066—2078.

Louis E, Collard A, Oger AF, et al. Behaviour
of Crohn’s disease according to the Vienna
classification: changing pattern over the course
of the disease. Gur 20013 49: 777-782.

Smith BRK, Arnott IDR, Drummond HE, ez al.
Disease location, anti-saccharomyces cerevisiae
antibody, and NOD2/CARD15 genotype
influence the progression of disease behavior in
Crohn’s disease. Inflamm Bowel Dis 2004; 10:
521-528.

Louis E, Michel V, Hugot JP, et al. Early
development of stricturing or penetrating pattern
in Crohn’s disease is influenced by disease
location, number of flares, and smoking but not
by NOD2/CARD15 genotype. Gut 2003; 52:
552-557.

Silverberg MS, Satsangi J, Ahmad T, ez al.
Toward an integrated clinical, molecular and
serological classification of inflammatory bowel
disease: report of a working party of the 2005
montreal world congress of gastroenterology.
Can ¥ Gastroenterol 2005; 19(Suppl. A):
5A-36A.

Hamama S, Gilbert-Sirieix M, Vozenin M-C,
et al. Radiation-induced enteropathy: molecular
basis of pentoxifylline-vitamin E anti-fibrotic
effect involved TGF-B1 cascade inhibition.
Radiother Oncol 20125 105: 305-312.

Rieder F, Fiocchi C and Rogler G. Mechanisms,
management, and treatment of fibrosis in
patients with inflammatory bowel diseases.
Gastroenterology 2017; 152: 340-350.¢6.

Fishbein TM, Gondolesi GE and Kaufman
SS. Intestinal transplantation for gut failure.
Gastroenterology 2003; 124: 1615-1628.

de Bruyn JR, Meijer SL, Wildenberg ME,

et al. Development of fibrosis in acute and
longstanding ulcerative colitis. ¥ Crohns Colitis
20155 9: 966-972.

Baron TH. Benign and malignant colorectal
strictures. In: Waye JD, Rex DK and Williams
CB (eds) Colonoscopy: Principles and Practice. 2nd
ed. Chichester, West Sussex, UK: John Wiley &
Sons Ltd, 2009, pp. 689-702.

Cosnes J, Bourrier A, Nion-Larmurier I, ez al.
Factors affecting outcomes in Crohn’s disease
over 15 years. Gur 20125 61: 1140-1145.

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag
https://orcid.org/0000-0003-4855-8452
https://orcid.org/0000-0003-4855-8452

Therapeutic Advances in Gastroenterology 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Martinez FJ, Collard HR, Pardo A, ez al.
Idiopathic pulmonary fibrosis. Nat Rev Dis
Primers 2017; 3: 17074.

Horowitz JC and Thannickal VJ. Mechanisms
for the resolution of organ fibrosis. Physiology
(Bethesda) 2019; 34: 43-55.

Graham MF, Diegelmann RF, Elson CO, ez al.
Collagen content and types in the intestinal
strictures of Crohn’s disease. Gastroenterology
1988; 94: 257-265.

Groulx J-F, Gagné D, Benoit YD, et al. Collagen
VI is a basement membrane component that
regulates epithelial cell-fibronectin interactions.
Matrix Biol 20115 30: 195-206.

Leeb SN, Vogl D, Grossmann J, ez al. Autocrine
fibronectin-induced migration of human colonic
fibroblasts. Am ¥ Gastroenterol 2004; 99: 335-340.

Allan A, Wyke J, Allan RN, ez al. Plasma
fibronectin in Crohn’s disease. Gur 1989; 30:
627-633.

Johnson LLA, Rodansky ES, Sauder KL, et al.
Matrix stiffness corresponding to strictured
bowel induces a fibrogenic response in human
colonic fibroblasts. Inflamm Bowel Dis 20135 19:
891-903.

Myllyharju J and Kivirikko KI. Collagens, modifying
enzymes and their mutations in humans, flies and
worms. Trends Gener 2004; 20: 33-43.

Karsdal MA, Nielsen M], Sand JM, et al.
Extracellular matrix remodeling: the common
denominator in connective tissue diseases.
Possibilities for evaluation and current
understanding of the matrix as more than a
passive architecture, but a key player in tissue
failure. Assay Drug Dev Technol 2013; 11: 70-92.

Gjaltema RAF, van der Stoel MM, Boersema
M, et al. Disentangling mechanisms involved
in collagen pyridinoline cross-linking:

the immunophilin FKBP65 is critical for
dimerization of lysyl hydroxylase 2. Proc Natl
Acad Sci US A 20165 113: 7142-7147.

Honzawa Y, Nakase H, Matsumura K, ez al. IL-
17 promotes HSP47 expression and intestinal
fibrosis in Crohn’s disease. Gastroenterology
2011; 140: 493.

Ravi A, Garg P and Sitaraman SV. Matrix
metalloproteinases in inflammatory bowel
disease: boon or a bane? Inflamm Bowel Dis
2007; 13: 97-107.

Baugh MD, Perry MJ, Hollander AP, er al.
Matrix metalloproteinase levels are elevated in

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

inflammatory bowel disease. Gastroenterology
1999; 117: 814-822.

Warnaar N, Hofker HS, Maathuis MH], er al.
Matrix metalloproteinases as profibrotic factors
in terminal ileum in Crohn’s disease. Inflamm
Bowel Dis 2006; 12: 863-869.

Rockey DC, Bell PD and Hill JA. Fibrosis — a
common pathway to organ injury and failure. N
Engl ¥ Med 2015; 372: 1138-1149.

Holvoet T, Devriese S, Castermans K, et al.
Treatment of intestinal fibrosis in experimental
inflammatory bowel disease by the pleiotropic
actions of a local rho kinase inhibitor.
Gastroenterology 2017; 153: 1054-1067.

Gjaltema RAF and Bank RA. Molecular insights
into prolyl and lysyl hydroxylation of fibrillar
collagens in health and disease. Crir Rev Biochem
Mol Biol 2017; 52: 74-95.

Zuurmond A-M, van der Slot-Verhoeven AJ,
van Dura EA, er al. Minoxidil exerts different
inhibitory effects on gene expression of lysyl
hydroxylase 1, 2, and 3: implications for collagen
cross-linking and treatment of fibrosis. Mazrix
Biol 2005; 24: 261-270.

Liu W, Rao S, Fang H, ez al. Lysyl hydroxylase
inhibition by minoxidil blocks collagen
deposition and prevents pulmonary fibrosis via
TGF-B1/Smad3 signaling pathway. Med Sci
Monir 2018; 24: 8592-8601.

Franklin TJ, Morris WP, Edwards PN, ez al.
Inhibition of prolyl 4-hydroxylase in vitro
and in vivo by members of a novel series of
phenanthrolinones. Biochem ¥ 20015 353:
333-338.

Xiong G, Deng L, Zhu ], er al. Prolyl-4-
hydroxylase o subunit 2 promotes breast
cancer progression and metastasis by regulating
collagen deposition. BMC Cancer 2014; 14: 1.

Chang AY and Noble RE. Carminic acid,
a non-competative inhibitor kidney UDP-
glucose: galactosylhydroxylysine-collagen
glucosyltransferase. Int ¥ Biochem 1982; 14:
691-694.

Ito S, Ogawa K, Takeuchi K, er al. A small-
molecule compound inhibits a collagen-specific
molecular chaperone and could represent a
potential remedy for fibrosis. ¥ Biol Chem 2017;
292: 20076-20085.

Ruigrok MJR, Xian J-L, Frijlink HW, ez al.
siRNA-mediated protein knockdown in
precision-cut lung slices. Eur § Pharm Biopharm
2018; 133: 339-348.

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

WT van Haaften, T Blokzijl et al.

37. Thomson CA, Atkinson HM and
Ananthanarayanan VS. Identification of small
molecule chemical inhibitors of the collagen-
specific chaperone Hsp47. ¥ Med Chem 2005;
48: 1680-1684.

38. Obata Y, Nishino T, Kushibiki T, ez al.
HSP47 siRNA conjugated with cationized
gelatin microspheres suppresses peritoneal
fibrosis in mice. Acta Biomater 2012; 8:
2688-2696.

39. Xia Z, Abe K, Furusu A, et al. Suppression
of renal tubulointerstitial fibrosis by small
interfering RNA targeting heat shock protein 47.
Am J Nephrol 2008; 28: 34—46.

40. Otsuka M, Shiratori M, Chiba H, er al.
Treatment of pulmonary fibrosis with siRNA
against a collagen-specific chaperone HSP47
in vitamin A-coupled liposomes. Exp Lung Res
2017;43: 271-282.

41. Kitamura H, Yamamoto S, Nakase H, ez al.
Role of heat shock protein 47 in intestinal
fibrosis of experimental colitis. Biochem Biophys
Res Commun 2011; 404: 599-604.

42. Staab-Weijnitz CA, Fernandez IE, Kniippel
L, er al. FK506-binding protein 10, a potential
novel drug target for idiopathic pulmonary
fibrosis. Am ¥ Respir Crit Care Med 2015; 192:
455-467.

43. Liang X, Chai B, Duan R, er al. Inhibition
of FKBP10 attenuates hypertrophic scarring
through suppressing fibroblast activity and
extracellular matrix deposition. ¥ Invest Dermatol
2017; 137: 2326-2335.

44. Nagano ], Iyonaga K, Kawamura K, ez al. Use
of tacrolimus, a potent antifibrotic agent, in
bleomycin-induced lung fibrosis. Eur Respir ¥
2006; 27: 460—469.

45. Manojlovic Z, Blackmon J and Stefanovic B.
Tacrolimus (FK506) prevents early stages of
ethanol induced hepatic fibrosis by targeting
LARP6 dependent mechanism of collagen
synthesis. PLoS One 2013; 8: e65897.

46. Frizell E, Abraham A, Doolittle M, ez al. FK506
enhances fibrogenesis in in vitro and in vivo
models of liver fibrosis in rats. Gastroenterology
1994; 107: 492-498.

47. Scott L], McKeage K, Keam S]J, ez al.
Tacrolimus: a further update of its use in the
management of organ transplantation. Drugs
2003; 63: 1247-1297.

48. Wang W-M, Ge G, Lim NH, ez al. TIMP-3
inhibits the procollagen N-proteinase
ADAMTS-2. Biochem ¥ 2006; 398: 515-519.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zhang Y, Ge G and Greenspan DS. Inhibition
of bone morphogenetic protein 1 by native and
altered forms of a2-macroglobulin. ¥ Biol Chem
2006; 281: 39096-39104.

Kallander LS, Washburn D, Hilfiker MA,

et al. Reverse hydroxamate inhibitors of bone
morphogenetic protein 1. ACS Med Chem Lett
2018; 9: 736-740.

Trackman PC and Kagan HM. Nonpeptidyl
amine inhibitors are substrates of lysyl oxidase. ¥
Biol Chem 1979; 254: 7831-7836.

Tang SS, Trackman PC and Kagan HM.
Reaction of aortic lysyl oxidase with beta-
aminopropionitrile. ¥ Biol Chem 1983; 258:
4331-4338.

Erler JT, Bennewith KL, Nicolau M, ez al.
Lysyl oxidase is essential for hypoxia-induced
metastasis. Nature 2006; 440: 1222-1226.

Barry-Hamilton V, Spangler R, Marshall D, et al.
Allosteric inhibition of lysyl oxidase-like-2 impedes
the development of a pathologic microenvironment.
Nat Med 2010; 16: 1009-1017.

Rodriguez HM, Vaysberg M, Mikels A, er al.
Modulation of lysyl oxidase-like 2 enzymatic
activity by an allosteric antibody inhibitor. ¥ Biol
Chem 2010; 285: 20964-20974.

Hutchinson JH, Rowbottom MW, Lonergan
D, et al. Small molecule lysyl oxidase-like 2
(LOXL.2) inhibitors: the identification of an
inhibitor selective for LOXL.2 over LOX. ACS
Med Chem Lert 2017; 8: 423-427.

Muir AJ, Levy C, Janssen HLA, er al.
Simtuzumab for primary sclerosing cholangitis:
phase 2 study results with insights on the natural
history of the disease. Heparology 2019; 69:
684—698.

Raghu G, Brown KK, Collard HR, er al.
Efficacy of simtuzumab versus placebo in
patients with idiopathic pulmonary fibrosis: a
randomised, double-blind, controlled, phase 2
trial. Lancet Respir Med 2017; 5: 22-32.

Harrison SA, Abdelmalek MF, Caldwell S,

et al. Simtuzumab is ineffective for patients
with bridging fibrosis or compensated cirrhosis
caused by nonalcoholic steatohepatitis.
Gastroenterology 2018; 155: 1140-1153.

Dong H, Benson AB III, Kudrik F, ez al. A phase
II randomized, double-blind, placebo-controlled
study of simtuzumab or placebo in combination
with gemcitabine for the first-line treatment of
pancreatic adenocarcinoma. Oncologist 2017; 22:
241-el5.

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

Therapeutic Advances in Gastroenterology 13

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Breynaert C, de Bruyn M, Arijs I, ez al.
Genetic deletion of tissue inhibitor of
metalloproteinase-1/TIMP-1 alters
inflammation and attenuates fibrosis in dextran
sodium sulphate-induced murine models of
colitis. ¥ Crohns Colitis 20165 10: 1336—-1350.

Kim H, Oda T, Lopez-Guisa ], er al. TIMP-1
deficiency does not attenuate interstitial fibrosis
in obstructive nephropathy. ¥ Am Soc Nephrol
2001; 12: 736-748.

Gao M, Duan L, Luo ], ez al. Discovery and
optimization of 3-(2-(pyrazolo[1,5-a]pyrimidin-
6-yl) ethynyl)benzamides as novel selective and
orally bioavailable discoidin domain receptor

1 (DDRY1) inhibitors. ¥ Med Chem 2013; 56:
3281-3295.

Kim H-G, Tan L, Weisberg EL, ez al.
Discovery of a potent and selective DDR1
receptor tyrosine kinase inhibitor. ACS Chem
Biol 2013; 8: 2145-2150.

Siddiqui K, Kim GW, Lee DH, ez al.
Actinomycin D identified as an inhibitor of
discoidin domain receptor 2 interaction with
collagen through an insect cell based screening
of a drug compound library. Biol Pharm Bull
2009; 32: 136-141.

Carafoli F, Mayer MC, Shiraishi K, ez al.
Structure of the discoidin domain receptor 1
extracellular region bound to an inhibitory Fab
fragment reveals features important for signaling.
Structure 20125 20: 688—-697.

Day E, Waters B, Spiegel K, et al. Inhibition
of collagen-induced discoidin domain receptor
1 and 2 activation by imatinib, nilotinib and
dasatinib. Eur ¥ Pharmacol 2008; 599: 44-53.

Bantscheff M, Eberhard D, Abraham Y, ez al.
Quantitative chemical proteomics reveals
mechanisms of action of clinical ABL kinase
inhibitors. Nat Biotechnol 2007; 25: 1035-1044.

Yilmaz O, Oztay F and Kayalar O. Dasatinib
attenuated bleomycin-induced pulmonary
fibrosis in mice. Growth Factors 20155 33:
366-375.

Mohammadalipour A, Karimi J, Khodadadi

I, er al. Dasatinib prevent hepatic fibrosis
induced by carbon tetrachloride (CCl,) via
anti-inflammatory and antioxidant mechanism.
Immunopharmacol Immunotoxicol 2017; 39:
19-27.

Guignabert C, Phan C, Seferian A, et al.
Dasatinib induces lung vascular toxicity and
predisposes to pulmonary hypertension. ¥ Clin
Invest 2016; 126: 3207-3218.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Hill CR, Cole M, Errington J, ez al.
Characterisation of the clinical pharmacokinetics
of actinomycin D and the influence of ABCB1
pharmacogenetic variation on actinomycin

D disposition in children with cancer. Clin
Pharmacokiner 2014; 53: 741-751.

Bettenworth D and Rieder F. Medical therapy
of stricturing Crohn’s disease: what the gut can
learn from other organs - a systematic review.
Fibrogenesis Tissue Repair 2014; 7: 5.

Bettenworth D and Rieder F. Reversibility of
stricturing Crohn’s disease—fact or fiction?
Inflamm Bowel Dis 20165 22: 241-247.

Afik R, Zigmond E, Vugman M, er al. Tumor
macrophages are pivotal constructors of tumor
collagenous matrix. ¥ Exp Med 2016; 213:
2315-2331.

Stangenberg S, Saad S, Schilter HC, ez al.
Lysyl oxidase-like 2 inhibition ameliorates
glomerulosclerosis and albuminuria in diabetic
nephropathy. Sci Rep 2018; 8: 1-10.

Cosgrove D, Dufek B, Meehan DT, et al. Lysyl
oxidase like-2 contributes to renal fibrosis in
Col4a3/Alport mice. Kidney Int 2018; 94:
303-314.

Lawrance IC, Maxwell L and Doe W.
Inflammation location, but not type, determines
the increase in TGF-betal and IGF-1 expression
and collagen deposition in IBD intestine.
Inflamm Bowel Dis 2001; 7: 16-26.

Wegrowski J, Lafuma C, Lefaix JL, ez al.
Maodification of collagen and noncollagenous
proteins in radiation-induced muscular fibrosis.
Exp Mol Pathol 1988; 48: 273-285.

Xu C, Bailly-Maitre B and Reed JC.
Endoplasmic reticulum stress: cell life and death
decisions. ¥ Clin Invest 2005; 115: 2656-2664.

Kawasaki K, Ushioda R, Ito S, ez al. Deletion
of the collagen-specific molecular chaperone
Hsp47 causes endoplasmic reticulum stress-
mediated apoptosis of hepatic stellate cells. ¥
Biol Chem 20155 290: 3639-3646.

Nakase H, Honzawa Y and Chiba T. Heat shock
protein 47 is a new candidate molecule as anti-
fibrotic treatment of Crohn’s disease. Aliment
Pharmacol Ther 2010; 31: 926-927; author reply
927-928.

Honzawa Y, Nakase H, Takeda Y, er al. Heat
shock protein 47 can be a new target molecule
for intestinal fibrosis related to inflammatory
bowel disease. Inflamm Bowel Dis 2010; 16:
2004-2006.

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

WT van Haaften, T Blokzijl et al.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Honzawa Y, Nakase H, Shiokawa M, et al.
Involvement of interleukin-17A-induced
expression of heat shock protein 47 in intestinal
fibrosis in Crohn’s disease. Gur 2014; 63:
1902-1912.

Chakraborty C, Sharma AR, Sharma G, ez al.
Therapeutic miRNA and siRNA: moving from
bench to clinic as next generation medicine. Mol
Ther Nucleic Acids 20175 8: 132-143.

Patsenker E, Schneider V, Ledermann M,
et al. Potent antifibrotic activity of mTOR
inhibitors sirolimus and everolimus but not of
cyclosporine A and tacrolimus in experimental
liver fibrosis. ¥ Hepatol 2011; 55: 388-398.

McSharry K, Dalzell AM, Leiper K, ez al.
Systematic review: the role of tacrolimus in
the management of Crohn’s disease. Aliment
Pharmacol Ther 2011; 34: 1282-1294.

Oberbauer R. Progression of interstitial fibrosis
in kidney transplantation. Clin ¥ Am Soc Nephrol
2016; 11: 2110-2112.

Baicu CF, Zhang Y, Van Laer AO, ez al.
Effects of the absence of procollagen
C-endopeptidase enhancer-2 on myocardial
collagen accumulation in chronic pressure
overload. Am ¥ Physiol Heart Circ Physiol 2012;
303: H234-H240.

Levental KR, Yu H, Kass L, ez al. Matrix
crosslinking forces tumor progression by
enhancing integrin signaling. Cell 2009; 139:
891-906.

Ikenaga N, Peng Z-W, Vaid KA, et al. Selective
targeting of lysyl oxidase-like 2 (LOXIL.2)
suppresses hepatic fibrosis progression and
accelerates its reversal. Gur 2017; 66: 1697-1708.

Goffin L, Fagagnini S, Vicari A, ez al. Anti-
MMP-9 antibody: a promising therapeutic
strategy for treatment of inflammatory bowel
disease complications with fibrosis. Inflamm
Bowel Dis 2016; 22: 2041-2057.

van Haaften WT, Mortensen JH, Karsdal MA,
et al. Misbalance in type III collagen formation/
degradation as a novel serological biomarker
for penetrating (Montreal B3) Crohn’s disease.
Aliment Pharmacol Ther 2017; 46: 26-39.

de Bruyn M, Arijs I, De Hertogh G, ez al. Serum
neutrophil gelatinase B-associated lipocalin and
matrix metalloproteinase-9 complex as a surrogate
marker for mucosal healing in patients with Crohn’s
disease. ¥ Crohns Colitis 20155 9: 1079-1087.

de Bruyn M, Breynaert C, Arijs I, ez al.
Inhibition of gelatinase B/MMP-9 does
not attenuate colitis in murine models of

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

inflammatory bowel disease. Nat Commun 2017,
8: 1-15.

Vandenbroucke RE and Libert C. Is there new
hope for therapeutic matrix metalloproteinase
inhibition? Nat Rev Drug Discov 2014; 13:
904-927.

Shimshoni E, Yablecovitch D, Baram L, ez al.
ECM remodelling in IBD: innocent bystander
or partner in crime? The emerging role of
extracellular molecular events in sustaining
intestinal inflammation. Gut 2015; 64: 367-372.

Leitinger B. Transmembrane collagen receptors.
Annu Rev Cell Dev Biol 2011; 27: 265-290.

Hou G, Vogel W and Bendeck MP. The
discoidin domain receptor tyrosine kinase DDR1
in arterial wound repair. ¥ Clin Invest 2001; 107:
727-735.

Olaso E, Ikeda K, Eng FJ, er al. DDR2 receptor
promotes MMP-2-mediated proliferation and
invasion by hepatic stellate cells. ¥ Clin Invest
2001; 108: 1369-1378.

Meier JK-H, Scharl M, Miller SN, ez al.
Specific differences in migratory function of
myofibroblasts isolated from Crohn’s disease
fistulae and strictures. Inflamm Bowel Dis 2011;
17: 202-212.

Pham BT, van Haaften WT, Oosterhuis D, er al.
Precision-cut rat, mouse and human intestinal
slices can be used as a novel model for intestinal
fibrosis in inflammatory bowel disease. Physiol
Rep 2015; 3: e12323.

Hausmann M, Rechsteiner T, Caj M, er al. A
new heterotopic transplant animal model of
intestinal fibrosis. Inflamm Bowel Dis 20135 19:
2302-2314.

Vermeire S, Sands BE, Bonovas S, et al.
Identification of endpoints for development
of antifibrosis drugs for treatment of Crohn’s
disease. Gastroenterology 2018; 155: 76-87.

Maurer JM, Schellekens RCA, Van Rieke HM,

et al. Gastrointestinal pH and transit time profiling
in healthy volunteers using the IntelliCap system
confirms Ileo-Colonic release of ColoPulse tablets.
PL0S One 2015; 10: e0129076.

van Dieren JM, van Bodegraven AA, Kuipers
EJ, et al. Local application of tacrolimus in distal
colitis: feasible and safe. Inflamm Bowel Dis
2009; 15: 193-198.

Yamamoto T, Fazio VW and Tekkis PP. Safety
and efficacy of strictureplasty for Crohn’s
disease: a systematic review and meta-analysis.
Dis Colon Rectum 2007; 50: 1968—-1986.

Visit SAGE journals online
journals.sagepub.com/
home/tag

®SAGE journals

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag
https://journals.sagepub.com/home/tag
https://journals.sagepub.com/home/tag



