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9General introduction and 
outline of the thesis  ---- 

Crohn’s disease (CD) is an chronic auto-immune mediated inflammatory 
bowel disease (IBD) affecting the entire gastro-intestinal tract.1 
Progression of an inflammatory (non-stricturing/non-penetrating) disease 
phenotype over time is often marked by the occurrence of fibrosis or 
fistulae leading to a stricturing or penetrating phenotype.2 Progression 
to complications of CD is influenced by luminal microbial factors, 
behaviour factors such as smoking, the genetic background and the 
response to anti-inflammatory drugs. Longstanding recurrent transmural 
inflammatory activity in the gut causes damage to such extent that local 
repair mechanisms fail to restore the original integrity and function 
of the gut.3–8 Subsequent exaggerated activation and proliferation of 
(myo)fibroblasts in the inflammation-affected tissue leads to increased 
amounts of collagen-rich extra-cellular matrix (ECM), termed fibrosis. 
Intestinal fibrosis is the result of a disturbed ECM remodelling balance 
which shifts towards excessive formation of ECM. The excessive ECM 
formation causes stenosis due to thickening of the luminal wall and is 
therefore classified as stricturing CD.9 Intestinal fibrosis is thought to be 
a protective response in order to limit inflammation and it occurs more 
frequently in CD (especially in the terminal ileum) than in ulcerative 
colitis (UC). It also occurs upon radiation injury or in allograft rejection 
after intestinal transplantation.10,11 ECM deposition by myofibroblasts and 
ECM degradation by matrix metalloproteinases (MMPs) that function 
as collagenases is a continuous process. The expression of MMPs is 
elevated in IBD.12 When the ECM deposition/degradation balance shifts to 
degradation, excessive ECM degradation by MMPs will cause penetrating 
CD, which is classified as the development of fistulae, abscesses and 
perforations of the intestinal wall.9 Both structuring and penetrating CD 
are major complications of CD that require surgery.9 Fistula tracts are 
often surrounded by fibrotic intestinal tissue and therefore stricturing and 
penetrating disease commonly co-exist in the same patient.13,14 

Strictures and fistulae are considered to be initiated by 
inflammation, since both entities were never reported in segments of 
the intestine with no inflammation.15 Whether chronic formation of 
fibrosis or fistulae is driven by inflammation, or is also dependent on 
other factors remains to be elucidated. Long-term epidemiological data 
shows that the prevalence of complicated stricturing and penetrating 
CD does decrease over time, suggesting that the increased use of 
effective immunosuppressives lowered the incidence of these entities 
to some extent.6,16,17 15% of the CD patients at time of diagnosis have 
stricturing disease, while 7% of the CD patients at time of diagnosis have 



10penetrating disease. Over a time course of 10 years, notwithstanding the 
use of immunosuppressants, disease phenotype progresses from non-
stricturing/non-penetrating disease to stricturing disease in 27% of the 
patients with CD, whereas progression to penetrating disease occurs in 
29% of patients with CD.18 Even though endoscopic balloon dilatation 
and strictureplasty can delay surgery and improve symptoms, patients 
often require (recurrent) surgery for stricturing or penetrating CD since 
specific therapies for intestinal fibrosis or fistulae are not yet available.13 
Better understanding of the mechanism and translational models to study 
intestinal fibrosis and fistulae formation are warranted for developing 
effective anti-fibrotic (and anti-fistula) strategies. 

PATHOPHYSIOLOGY OF FORMATION 
OF INTESTINAL FIBROSIS 

Wound healing is a physiological response which occurs as soon the 
gut mucosa is injured during inflammation. Excessive wound healing 
(i.e. fibrosis) in any organ is the result of chronic injury due to different 
triggers, causing excessive wound healing and thereby a disturbed 
balance in the formation and degradation of ECM.19 ECM is increasingly 
recognized as not only being the result of chronic inflammation, but also 
as a compartment where cellular processes and molecular interactions 
take place that contribute to IBD pathogenesis.20,21 In intestinal fibrosis, 
changes in collagen in the ECM are mainly characterised by a relative 
increase in type III collagen over the amount of type I collagen in the 
mucosa and submucosa of the intestine.22 The mechanisms inducing and 
maintaining the formation of transmural intestinal fibrosis are believed to 
be comparable with mechanisms inducing fibrogenesis in other organs.19 
However, mechanisms inducing intestinal fibrosis might not be similar 
to those initiating intestinal inflammation.2 Mesenchymal cells are 
activated upon (chronic) exposure to autocrine and paracrine cytokines 
such as Transforming growth factor (TGF)-ß1, Tumor necrosis factor 
(TNF) and Interleukin (IL)-13, but also in response to damage-associated 
molecular patterns and to microbe/pathogen-associated molecular 
patterns.2 These cytokines are able to differentiate a variety of resident 
as well as circulating cells into myofibroblasts (defined as vimentin and 
α-smooth muscle actin positive and desmin negative), that migrate to the 
wound and produce collagens.23 The differentiation into myofibroblasts 
and production of collagens has been described for resident intestinal 
fibroblasts, smooth muscle cells and pericytes.24–28 Moreover, epithelial 
cells can lose the expression of epithelial-specific proteins and develop 
mesenchymal cell-like properties, such as contractility and the capacity 
to produce ECM.29 This physiological process of transdifferentiation 
(primarily involved in embryogenesis, organ development and tissue 
remodelling) might also contribute to fibrogenesis and fistula formation 



11and is named epithelial-to-mesenchymal transition (EMT).29,30 
Furthermore, circulating bone marrow derived mesenchymal stem cells 
(named fibrocytes), which express vimentin and collagen but not yet 
α-smooth muscle actin, can migrate to areas of fibrosis formation.31,32 
Within the intestinal muscularis mucosae and muscularis, smooth 
muscle cells (SMCs) play two distinct roles in the process of intestinal 
fibrosis.25,26 First of all, they differentiate towards a contractile phenotype 
upon stimulation with TGF-ß1, retinoic acid and paracrine stimulation 
by collagens and proteoglycans. However, upon stimulation with platelet 
derived growth factor (PDGF)-A/B, insulin like growth factor (IGF) or 
nitric oxide (among others produced by activated macrophages), SMCs 
dedifferentiate into a pro-synthetic phenotype which enables them 
proliferate, migrate and produce ECM.25,26 Altogether, SMCs might 
contribute even more to the actual stiffening and thickening of the 
intestinal wall compared to the mucosal and submucosal cells that deposit 
ECM.33 Currently, no effective drugs against intestinal fibrosis are available.2

PATHOPHYSIOLOGY OF INTESTINAL 
FISTULA FORMATION

Fistula formation is characterised by a deficit in the healing of an 
ulcer. Fistulae are often surrounded by or adjacent to areas of fibrosis, 
which suggests that these entities share a common pathophysiological 
mechanism.14 Persistent inflammatory activity in these areas (primarily 
driven by TNF and IL-13), in combination with reduced migration of 
fibroblasts, increased activity of MMPs and most likely the accumulation 
of faecal antigens and bacteria in the wound, causes the wound to 
remain open and become epithelialized.34–37 Fistulae are therefore 
defined as epithelial cell or fibroblast covered tracts between two 
epithelialized surfaces.38 Fistulae in CD typically derive from the intra-
abdominal intestine (enteroenteric, enterocutaneous, enterovaginal 
and enterovesical), but can also derive from the rectum in the perianal 
area. Perianal fistulae are not specific for CD and can also develop 
upon infection or as a complication of hidradenitis supparativa.14 The 
pathophysiology behind CD-associated intra-abdominal fistulae versus 
perianal fistulae is believed to be the same, whereas the pathophysiology 
of perianal cryptoglandular fistula of other origin is different.38 CD 
fistulae are surrounded by infiltrated CD45R0 positive T-cells and 
CD20 positive B cells, non-CD fistulae are mainly surrounded by 
CD68 positive macrophages, which corresponds to the T-cell mediated 
(adaptive immunity) origin of CD. In contrast to intestinal fibrosis, CD 
related fistulae do benefit from immunosuppressive (anti-inflammatory) 
drugs, such as 6-mercaptopurine (6-MP) and anti-TNF (Infliximab/
adalimumab).39–41



12PREDICTABILITY OF DISEASE PROGRESSION 

Early detection of complications of CD is crucial for adequate 
treatment. Over recent decades, both clinical and basic/translational 
studies have tried to find predictors and biomarkers of intestinal 
fibrosis. Several clinical factors were discovered that have predictive 
value for disease progression towards a stricturing or penetrating 
phenotype. For example, the presence of ileal as well as perianal 
disease is associated with the development of stricturing or penetrating 
complications.17,42,43 Frequent recurring active disease is associated 
with penetrating disease, indicating again that active inflammation is 
one of the main drivers in developing penetrating CD.17 Furthermore, 
especially in patients with CD limited to the colon (Crohn’s colitis), 
associations were found between the prevalence of perianal CD and 
intestinal fistulization.44 Smoking remains the strongest (preventable) 
risk factor in developing complicated CD. Currently, smoking is 
associated with a stricturing as well as a penetrating pattern, and 
patients who smoke have an increased risk of surgical recurrence.4,45 
When patients quit smoking, the risk of surgical recurrence 
decreases.46 Smoking is also a strong dose dependent risk factor for 
extra-intestinal manifestations, in both patients with CD and UC.47 
Furthermore, genetic markers can predict the disease course of IBD. 
An increase in the number of CD risk alleles is associated with an 
increased risk for the development of CD with a more severe disease 
course.48 An increase in single nucleotide polymorphisms associated 
with smoking quantity is associated with an increased risk of surgery 
in smoking patients with CD, showing that genetic factors and the 
environment together will influence the disease course of CD.49 
Recently, a SNP coding for WW domain-containing oxidoreductase 
was identified as a disease-modifying genetic variant associated with 
recurrent fibrostenotic CD.50

Next to clinical, environmental and genetic predictors, several 
serological biomarkers for intestinal fibrosis have been investigated to 
predict complications of CD. Ryan et al. were able to predict fibrosis 
or fistulae complicated CD 9-10 years after diagnosis based on anti-
Saccharomyces cerevisiae antibody (ASCA) serum levels baseline.43 
The presence of anti-GP2 IgA and IgG immunoglobulins can predict 
stenosis complicated CD, but were not entirely specific for stricturing 
disease.51 The presence and accumulation of circulating anti-
microbial antibodies, years before Crohn’s disease was diagnosed, was 
associated with complicated Crohn’s disease at diagnosis or shortly 
after diagnosis.52 None of the above described markers can specifically 
predict either stricturing or penetrating disease.13,53 Serological markers 
more specific for post-translational modification of collagens might be 
able to separate stricturing from penetrating CD.54



13PREDICTABILITY OF RESPONSE 
TO THERAPY IN PATIENTS WITH CD

So far, predictability of drug response to treatment of CD has mainly 
been studied for biologicals, in particular infliximab (IFX). A sustained 
response can be predicted based on clinical factors such as disease 
duration, the age at which IFX is started, prior anti-TNF use and previous 
surgery.55,56 Furthermore, a variety of studies have investigated CRP 
levels in response to IFX. High baseline CRP levels, as well as a rapid 
normalization of CRP appears to be predictive for the response to IFX.57,58 
Other studies however report that baseline CRP levels are higher in 
patients who are primary non-responders to IFX when compared with 
patients having a sustained response.59 Finally, monitoring and adjusting 
the IFX dose, based on IFX trough levels in plasma, can be used to guide 
therapy and improve response.60

None of the above described serological prediction markers 
are direct markers for tissue response, i.e. are produced at the site 
of inflammation. Serological biomarkers, which specifically monitor 
pathology generated post-translational modification such as e.g. protease 
cleavage or citrullination, are therefore highly desirable. 

MODELS OF INTESTINAL FIBROSIS

Over recent years, many comprehensive reviews about intestinal fibrosis 
pathophysiology, models and treatment have been published.13,61 We do 
therefore not intend to provide a complete overview of the data available, 
but we will discuss the issues important for this thesis. The mechanism 
of intestinal fibrosis and the efficacy of anti-fibrotic drugs is studied in 
a variety of models. The utilisation of (human) intestinal fibroblasts or 
smooth muscle cells in wound healing assays provide a straightforward 
way to study wound healing based on both proliferation and migration.62–64 
Scratch-tests and impedance-based electronic cell monitoring systems 
can be used to quantify wound healing; they are relatively cheap and 
well validated. A major disadvantage is however that fibroblasts partially 
become activated by the (plastic) surfaces on which they are cultured 
and that therefore the physiological relevance is low. Human intestinal 
organoids (HIO) provide a multicellular model of mucosal intestinal 
cells, in which myofibroblasts function and thereby fibrosis can be 
studied.63 HIO respond to TGF-β1 stimulation with an increase in the 
expression of pro-collagen1α1 and α-smooth muscle actin, which can be 
blocked by spironolactone.65 In this model, the patient’s own cells can 
be used for personalized drug testing in a multicellular physiological 
environment of a mucosa simulating organoid. Within the field of 
regenerative medicine, (human) gastrointestinal tissue is cultured on 
extracellular matrix bio-scaffolds. Tissue can be decellularlized (removal 



14of cellular components) while the ECM structure remains preserved. 
Intestinal stem cells are cultured on these ECM scaffolds and are able 
to differentiate into epithelia, goblet cells, Paneth cells, neuroendocrine 
cells and enterocytes.66,67 This model is currently not validated for the 
study of intestinal fibrosis. A disadvantage of this model might be 
that the use of chemicals or enzymes to decellularize the scaffold also 
modifies and disrupt the ECM.67 Intestinal fibrosis is also being studied 
in several animal models.2,61 Fibrosis can be induced by chemicals, such 
as dextran sulphate sodium and 2,4,6-Trinitrobenzenesulfonic acid, 
or by (components of ) bacteria such as salmonella or peptidoglycan-
polysaccharide.2,61 Furthermore, intestinal fibrosis can be induced by 
heterotopic intestinal transplantation and irradiation.61,68 SAMP1/
YitFc mice develop spontaneous chronic ileal inflammation and fibrosis 
including perianal disease with a histological pattern that is similar to 
CD.69 Regardless of their relevance to the (patho)physiology of human 
IBD, the (patho)physiology of disease in animal models will always remain 
different from the (patho)physiology of CD in human. Furthermore, a 
disadvantage of animal models are the ethical concerns in regard to the 
discomfort. Major advantage of an animal model is that mechanisms 
can be studied in the (patho)physiology of an entire body. Applying the 
precision-cut tissue slices (PCTS)  technique to the (human) intestine 
might provide a more relevant and translationable model to study the 
mechanism of intestinal fibrosis and the efficacy of anti-fibrotic drugs.70,71 

BIOMARKERS, MODELS AND MECHANISMS 
OF INTESTINAL FIBROSIS IN CROHN’S DISEASE

The aim of this thesis is to provide insight into modulators, biomarkers 
and models of stricturing and penetrating complications of CD. First of 
all, we aimed to predict complications of CD and response to therapy 
using serological biomarkers. Prediction of complications and response 
to therapy is of increasing necessity in an era of personalized medicine 
in which an increasing number of medical treatments become available 
to treat specific disease entities at an early state.  Second, we aimed 
to develop and use new translational models for intestinal fibrosis by 
applying the PCTS technique to human as well as rat and mouse intestine. 
Third, we aimed to use animal models to identify the role of pH-sensing 
receptors as novel factors involved in the process of intestinal fibrosis in 
order to elucidate new therapeutic targets.

In chapter 2, serological neo-epitopes produced in collagen 
formation and MMP mediated degradation were studied to differentiate 
between non-stricturing/non-penetrating, stricturing and penetrating CD. 
The collagen tissue turnover markers were used in chapter 3 to predict 
the response to infliximab in patients with CD. In chapter 4, citrullinated 
fragments of MMP-2, 8 and trypsin-mediated degradation of vimentin, a 



15protein characteristic for mesenchymal cells which becomes citrullinated 
by macrophage activity, was studied in order to predict the response 
to infliximab in patients with CD. In chapter 5, we investigated mRNA 
expression of proteins involved in post-translational modification of ECM 
in intestinal fibrosis of patients with CD. This chapter also provides a 
literature review to find potential anti-fibrotic drugs that target proteins/
enzymes involved in post-translational collagen fibril synthesis and 
its degradation. In chapter 6, we provide the first data demonstrating 
that precision-cut intestinal slices made from mouse, rat and human 
intestine can be used as a translational model to study intestinal fibrosis. 
In chapter 7, the relevance of the pH sensing receptor OGR1 (ovarian 
cancer G-protein coupled receptor-1) in human intestinal fibrosis and in 
a heterotopic mouse model for intestinal fibrosis was studied. Chapter 
8 provides a general discussion of the findings described and chapter 9 
provides a summary of the results in English as well as in Dutch.
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22ABSTRACT

RESULTS ---- C3M and Pro-C5 levels were higher in 
penetrating versus non-penetrating/non-stricturing 
and stricturing disease (33.6±5 vs. 25.8±2.2 (P= .004) 
and 27.2±2.3 (P= .018) nmol/L C3M, 1262.7±259.4 vs. 
902.9±109.9 (P= .005) and 953.0±106.4 (P= .015) nmol/L 
Pro-C5). C1M (71.2±26.1 vs. 46.2±6.2 nmol/L (P<.001), 
C3M (31.6±3.9 vs. 26.1±1.6 nmol/L (P= .002) and Pro-C5 
levels (1171.7±171.5 vs. 909.6±80.4 nmol/L (P= .002) 
were higher in patients with active inflammation versus 
without active inflammation. Pro-C3/C3M-ratios were 
best to differentiate between penetrating versus non-
stricturing/non-penetrating and stricturing disease with 
area under the curves of 0.815±0.109 (P< .001) 
and 0.746±0.114 (P= .002) respectively. 

METHODS ---- Serum biomarkers for type I, III, V and VI 
collagen formation (P1NP, Pro-C3, Pro-C5, Pro-C6) 
and matrix metalloproteinase mediated degradation 
(C1M, C3M, C5M and C6M) were measured in a 
retrospective, single center cohort of 112 patients 
with Crohn’s disease in the terminal ileum (non-
stricturing/non-penetrating: n=40, stricturing: n=55, 
penetrating: n=17) and 24 healthy controls. Active 
inflammation was defined as CRP>5mg/L.

AIM ---- To determine whether serological markers for 
collagen formation and degradation could serve as 
biomarkers for complications of Crohn’s disease.

BACKGROUND ---- Misbalances in extracellular matrix 
turnover are key factors in the development of 
stricturing (Montreal B2) and penetrating (Montreal 
B3) Crohn’s disease. Serological biomarkers for 
collagen formation and degradation could serve as 
biomarkers for complications of Crohn’s disease. 

CONCLUSIONS ---- Serological biomarkers show that 
penetrating Crohn’s disease is characterized by 
increased matrix metalloproteinase-9 degraded type 
III collagen and formation of type V collagen. Active 
inflammation in Crohn’s disease is characterized by 
increased formation of type V collagen and increased 
matrix metalloproteinase mediated breakdown of 
type I, III collagen. Pro-C3/C3M ratios are superior 
in differentiating between penetrating Crohn’s disease 
versus inflammatory and stricturing Crohn’s disease. 
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Crohn’s Disease is an inflammatory bowel disease showing a heterogeneous 
phenotype. The disease behavior can be classified according to the 
Montreal classification in non-stricturing/non-penetrating (B1), stricturing 
(B2), and penetrating disease (B3).1,2 This phenotype can change over 
time.3–5 It is thought that chronic inflammation and damage drives fibrosis 
and that a disturbed balance between extracellular matrix formation and 
degradation is responsible for the different phenotypes.  Up to one-third 
of patients with Crohn’s disease show signs of stricturing (i.e. thickening 
of the wall of the intestinal lumen that causes stenosis) or penetrating (i.e. 
formation of intra-abdominal fistulae, perforations or abscesses) disease 
at diagnosis.6,7 In up to 70% of the patients with Crohn’s disease, chronic 
and longstanding disease results in complications when the disease shifts 
towards a stricturing or penetrating phenotype.6,8,9 Penetrating versus 
stricturing phenotypes are proposed to reflect two opposing directions.10 
In the stricturing phenotype, excessive deposition of extracellular matrix 
by increased maturation of (myo)fibroblasts contributes to intestinal 
fibrogenesis and stenosis.11 Penetrating disease on the other hand, results 
amongst others from excessive matrix metalloproteinase mediated 
destruction of extracellular matrix. Fistulae might occur due to re-
epithelialization of penetrating ulcers that healed insufficiently because 
of increased matrix metalloproteinase activity.12,13 Extracellular matrix 
formation and degradation products can be measured in blood and could 
serve as biomarkers for stricturing or penetrating Crohn’s disease.2

The healthy intestine mainly consists of type I (68%), III (20%) 
and V (12%) collagen.14 In the strictured intestine, both collagen content 
and the relative amount of type V collagen increases compared to control 
intestine.14 During the early onset of fibrosis in the intestine, the ratio of 
type III collagen to type I collagen is increased. In contrast, during the late 
stage of fibrosis, when active collagen deposition diminishes, the ratio of 
type III collagen to type I collagen decreases.15 Type VI collagen is known 
to be both a component of the interstitial membrane, the basal lamina and 
of the basement membrane of the intestine. Furthermore, it is proposed to 
be a regulator of epithelial cell-fibronectin interactions.16 Remodeling of 
extracellular matrix occurs mainly via matrix metalloproteinases.17 Several 
subtypes of matrix metalloproteinases showed to be significantly upregulated 
in Crohn’s disease and especially in penetrating disease.17,18 Among others 
matrix metalloproteinase-9, produced by neutrophils and macrophages, 
is upregulated in intestinal fistulae of patients with and without Crohn’s 
disease.13 Matrix metalloproteinase-9 inhibits wound healing and 
correlates with disease activity in Crohn’s disease.10,19 Furthermore, matrix 
metaloproteinase-3 is markedly upregulated in fistulae of patients with 
Crohn’s disease, independent of the inflammatory activity.13 Biomarker 

Introduction ---- 



24assays measuring specific, neoepitopes of degradation products of type I 
(matrix metalloproteinase-2, 9 and 13 degraded (C1M))20, type III (matrix 
metalloproteinase-9 degraded (C3M))21, type V (matrix metalloproteinase-2 
and -9 degraded (C5M))22 and type VI (matrix metalloproteinase-2 and 9 
degraded (C6M)) 23 collagen, and formation products of type I (P1NP)24, III 
(Pro-C3)25, V (Pro-C5)26 and VI (Pro-C6)27 collagen can be used as diagnostic 
tools for auto immune diseases (e.g. ankylosing spondylitis) and in liver 
fibrosis (Table 1).22,28 Neoepitopes of degradation of extracellular matrix were 
able to differentiate between Crohn’s disease, ulcerative colitis and non-
Inflammatory Bowel Disease (IBD).29

The aim of this study was to establish whether formation and 
degradation products of collagens type I, III, V and VI can serve as 
biomarkers to distinguish between non-stricturing/non-penetrating, 
stricturing and penetrating Crohn’s disease.  Furthermore, we aimed to 
provide insight in collagen turnover in Crohn’s disease with (CRP>5mg/L) 
and without active inflammation. 
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STUDY DESIGN AND POPULATION

Serum from 112 patients with Crohn’s disease was retrospectively collected 
from the database of the IBD center of the University Medical Center 
Groningen (single center) (Table 2 and 4). The database contains serum 
samples at time of admission to the database, independent of the state of 
the disease at that moment. Inclusion criteria for this study were: Biopsy 
confirmed Crohn’s disease in the terminal ileum (Montreal classification 
L1) when the serum sample was drawn. Exclusion criteria were: Any kind 
of surgery within 6 months before the sample serum sample was taken, a 
change in disease behavior to a more severe phenotype (i.e. towards B2 or 
B3) during follow-up, other fibrotic disease (e.g. liver fibrosis/cirrhosis), 
autoimmune diseases not associated with Crohn’s disease, and malignancy 
(except for all types of skin cancer and hematologic disease). 

Classification into disease behavior was based on clinical patient 
data, and was confirmed by retrospectively available imaging (MRI, 
CT, X-ray with barium contrast), endoscopic images and reports, and 
pathology reports of intestinal resections. Disease behavior was defined 
as follows: non-stricturing/non-penetrating: Inflammatory Crohn’s 
disease without prior stricturing or penetrating complications when the 
serum sample was drawn. Stricturing: Crohn’s disease complicated by 
(symptomatic) stenosis (in patient history or present when the serum 
sample was taken), previous surgery because of stenosis/stricture or 
postoperative stenosis in anastomosis. Penetrating: Crohn’s disease with 
intra-abdominal fistulae (enteroenteric, enterocutaneous, enterovaginal, 
enterovesical), perforations or abscesses in patient history or currently 
present when the serum sample was collected.2 Here described Montreal 
disease behavior represents the patients’ most severe disease phenotype 
(non-stricturing/non-penetrating<stricturing<penetrating disease), 
irrespective of the current presence of stenosis or fistulae in the intestine. 
Presence of perianal disease was separately classified from Montreal 
classification behavior as perianal disease modifier.2  

Furthermore, patients with Crohn’s disease were classified 
into disease with active inflammation (CRP>5mg/l) or without active 
inflammation (CRP<5mg/l) based on the C-reactive protein (CRP) level that 
was determined when the serum samples were taken (Table 3).30 All patients 
underwent standard work up including medical history, Harvey Bradshaw 
(≤4 disease in remission, ≥5 active disease) index for assessing clinical 
disease activity, physical examination, ileocolonoscopy and pharmacological 
treatment.31 Blood samples were drawn between October 2010 and July 2014. 

Serum samples of 24 healthy persons were obtained from Valley 
Biomedical, Winchester, Virginia, United States of America. These healthy 

Materials and Methods ----- 



26donors were tested and found negative for: hepatitis B surface antigen, 
hepatitis C virus, human immunodeficiency virus-1, -2 and -1 antigen, 
n-acetyltransferase, alanine aminotransferase, and syphilis by Food and 
Drug Administration-approved Methods.

BIOMARKER ASSAYS

At Nordic Bioscience (Herlev, Denmark) neoepitope fragments of 
extracellular matrix synthesis and degradation were assessed by solid 
phase competitive enzyme linked immunosorbent assays (ELISAs). The 
markers included in this study are C1M, C3M, C5M, C6M, PINP, Pro-C3, 
Pro-C5 and Pro-C6 (Table 1). 

96-well plates pre-coated with streptavidin (Roche Diagnostic’s 
cat. No. 11940279, Hvidovre, Denmark) were coated with a biotinylated 
antigen for 30 minutes at room temperature. All samples were diluted in 
incubation buffer containing 1% bovine serum albumin (Sigma Aldrich, 
cat. No. a-7906, ≥98 purity) to maintain protein stability and for blocking. 
Samples and controls were incubated with horseradish peroxidase-
conjugated monoclonal antibodies. Depending on the specific assay, they 
were incubated for 1-3 hours at 4°C/20°C or for 20 hours at 4°C, and 
agitated at 300 rpm. Subsequently, Tetramethylbenzidine (TMB, Kem-En-
Tec cat. No. 438OH, Taastrup, Denmark) was added (100µl/well), plates 
were incubated for 15 minutes at room temperature, and agitated at 300 
rpm. Buffer (1% H2SO4) was added to stop the TMB reaction. After each 
incubation step, wells were washed with washing buffer (25mM TRIZMA, 

Table 1 ---- Biomarkers to assess extracellular 
matrix turnover in serum.

Biomarker Target Detection 
range 
(nmol/L)

Intra-assay and 
inter-assay 
variability in 
human serum (%)

Corresponding 
pathology

Reference

P1NP

C1M

Pro-C3

C3M

Pro-C5

C5M

Pro-C6

C6M

12-516

15-460

2.6-116

4-88

130-3120

1-28

0.15-58.39

3-210

4.4 and 10.3

10.1 and 6.7

4.11 and 11.03

2.2 and 2.15

3.46 and 5.09

4.3 and 9.13

4.8 and 15.2

4.1 and 10.11

24

20

25

21

26

22

27

23

Wound healing/
Fibrogenesis

Inflammation/
Collagen degradation

Wound healing/
Fibrogenesis

Inflammation/
Collagen degradation

Wound healing/
Fibrogenesis

Inflammation/
Collagen degradation

Wound healing/
Fibrogenesis

Inflammation/
Collagen degradation

Internal epitope in the N-terminal 
pro-peptide of type I collagen

Matrix metalloproteinase-2/9/13 
degraded type I collagen

Released N-terminal pro-peptide 
of type III collagen

Matrix metalloproteinase-9 
degraded type III collagen

Released C-terminal pro-peptide 
of type V collagen

Matrix metalloproteinase-2/9 
degraded type V collagen

C-terminal of type VI collagen

Matrix metalloproteinase-2/9 
degraded type VI collagen



2750mM NaCl, 0.036% Bronidox L5, 0.1% Tween 20) using a standardized 
ELISA plate washing machine (BioTek® Instruments, Microplate washer, 
ELx405 Select CW, Winooski, USA). An ELISA reader (VersaMAX; 
Molecular Devices, Wokingham Berkshire, UK) was used to read optical 
densities at 450nm and 650nm. A standard curve was plotted using a 
4-parametric mathematical fit model.

STATISTICAL ANALYSIS

One-way analysis of variance (ANOVA) was applied to compare differences 
in nominal and continuous data in table 2 and 4. Since we assume that 
marker levels are normally distributed in the general population, marker 
levels were compared using one-way (ANOVA) with post-hoc Fisher’s least 
significant difference test (not correcting for multiple comparisons) and 
with Bonferroni correction for multiple comparisons. Marker levels are 
presented as Tukey box plots. 

To evaluate the predictive power of the markers to differentiate 
between the different Montreal classes, univariate binary logistic 
regression analysis (method: enter) was conducted and receiver operator 
characteristics (ROC) curves were calculated for the markers alone 
(Table 3). When P values of both univariate logistic regression and ROC 
curves were <0.05, multivariate analysis was performed: 1. Using linear 
regression, unstandardized residual values corrected disease duration, 
perianal disease and medication use (5-aminosalicylates, corticosteroids, 
anti-Tumor Necrosis) were created.  Subsequently, multivariate backward 
(conditional) binary logistic regression was conducted by adding the 
marker and its corrected unstandardized residual value to the model, 
thereby determining the prognostic value of solely the marker. 2. 
Multivariate backward (conditional) binary logistic regression was 
conducted by adding the same confounders to the model, to determine 
the prognostic value of the marker in combination with the confounders. 
Correlations between marker ratios/levels and CRP were determined using 
a Pearson product-moment correlation coefficient. A P-value of ≤0.05 
was considered to be statistically significant. Marker levels and AUCs are 
presented as average±95% confidence interval. Statistical analysis was 
performed using Statistical Package for Social Sciences 22.0. Figures were 
designed using GraphPad Prism version 6.0.

ETHICAL CONSIDERATIONS

Patients gave written informed consent when participating in the 
University Medical Center Groningen IBD database for the use of patient 
data and serum. 



28Table 2 ---- Cohort demographics separated by 
Montreal Behavior classification. Nominal and 
continuous were compared using ANOVA. P values 
depict statistical differences between patients with 

Crohn’s disease and comparing patients with Crohn’s 
disease to controls. HBI: Harvey Bradshaw Index, 
NA: not applicable.

GENERAL

Gender (n (%) female)

Age at sample (years, mean
(minimum-maximum))

Disease duration at sample 
(years, mean (minimum-
maximum))

AGE AT DIAGNOSIS (N (%))

A1, <16 years

A2, 17-40 years

A3,>40 years

DISEASE ACTIVITY

Clinical disease activity (HBI,
% active disease (HBI≥5))

C-reactive protein (n (%) 
CRP >5mg/L)

Perianal disease (n (%))

SMOKING HISTORY (N (%))

Current

Used to smoke

Never

Missing

MEDICATION USE (N (%))

5-aminosalycilates

Corticosteroids

Immunosuppressants

Anti-Tumor Necrosis 
Factor

SURGERY (N (%))

Resection 

Cause of resection

• Therapeutic resistance

• Stenosis

• Intra abdominal fistula/
abscess

• Stenosis and abscess/
fistula

• Other

• Missing

Moment of resection

• Resection before sample

• Resection after sample

• Resection before and 
after sample

Re-resection because of 
stenosis/intra abdominal 
fistula/abscess (n (%))

Crohn’s 
disease 
N = 112

42 (37.5%)

41.9 (18-74)

11.6 (0-35)

12 (10.7%)

78 (69.6%)

22 (19.6%)

45 (40.2%)

31 (27.7%)

28 (25%)

38 (33.9%)

31 (27.7%)

39 (34.8%)

2 (1.8%)

8 (7.1%)

21 (18.8%)

65 (58.0%)

36 (32.1%)

73 (65.2%)

7 (6.3%)

45 (40.2%)

12 (10.7%)

5 (4.5%)

2 (1.8%)

2 (1.8%)

59 (52.7%)

7 (6.3%)

7 (6.3%)

19 (17.0%)

12 (30.0%)

38.4 (18-67)

8.1 (1-34)

4 (10.0%)

28 (70.0%)

8 (20.0%)

15 (37.5%)

14 (35.0%)

5 (12.5%)

12 (30.0%)

12 (30.0%)

15 (37.5%)

1 (2.5%)

4  (10.0%)

10 (25.0%)

20 (50.0%)

14 (35.0%)

9 (22.5%)

7 (17.5%)

0 (0%)

0 (0%)

0 (0%)

2 (5.0%)

0 (0%)

8 (20.0%)

1 (2.5%)

0 (0%)

0 (0%)

31 (56.4%)

43.8 (19-73)

14.1 (1-35)

7 (12.7%)

39 (70.9%)

9 (16.4%)

26 (47.3%)

13 (23.6%)

17 (30.9%)

21 (38.2%)

12 (21.8%)

20 (36.4)

1 (1.8%)

3 (5.5%)

9 (16.4%)

35 (63.6%)

14 (25.5%)

47 (85.5%)

0 (0%)

46 (83.6%)

0 (0%)

0 (0%)

0 (0%)

1 (1.8%)

35 (63.6%)

5 (9.1%)

7 (12.7%)

16 (29.1%)

6 (35.3%)

43.8 (23-74)

11.7 (0-20)

1 (5.9%)

11 (64.7%)

5 (29.4%)

4 (23.5%)

4 (23.5%)

6 (35.3%)

5 (29.4%)

7 (41.2%)

4 (23.5%)

1 (5.9%)

1 (5.9%)

2 (11.8%)

10 (58.8%)

8 (47.1%)

17 (100%)

0 (0%)

0 (0%)

11 (64.7%)

5 (29.4%)

0 (0%)

1 (5.9%)

16 (94.1%)

1 (5.9%)

0 (0%)

3 (17.6%)

0.391

0.162

0.002

0.772

0.199

0.435

0.070

0.521

0.681

0.412

0.412

0.222

0.000

0.000

0.000

0.001

3 (12.5%)

41.3 (19-60)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.056

0.271

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Non-
stricturing/
non-
penetrating 
(B1) N = 40

Stricturing 
(B2) N = 55

Penetrating 
(B3) N= 17

P 
value

Healthy 
controls
N= 24

P 
value
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PATIENT AND CONTROLS DEMOGRAPHICS

This cohort contains 112 patients suffering from Crohn’s disease and 24 
healthy controls (Table 2). Patients with Crohn’s disease were divided 
into non-stricturing/non-penetrating (n=40), stricturing (n=55) and 
penetrating (n=17). Disease duration was significantly different between 
non-stricturing/non-penetrating and stricturing disease. As to be 
expected, patients with stricturing and penetrating disease, showed 
higher incidences of surgery. Patients with stricturing disease underwent 
surgery because of stenosis, while patients with penetrating disease 
mainly underwent surgery because of fistulae or abscesses. Furthermore, 
patients with stricturing and penetrating disease more often underwent 
surgery before the serum sample was retrieved.  Moreover, the prevalence 
of re-resection because of stenosis or intra-abdominal fistulae/abscesses/
perforations was higher in stricturing and penetrating disease compared 
to non-stricturing/non-penetrating disease. 

Furthermore, patients were divided into two groups based on the 
biochemical activity of the disease (Active inflammation: CRP>5mg/L, 
without active inflammation: CRP<5mg/L) (Table 4). Importantly, 
distribution of disease behavior was not different between the groups. 

PENETRATING CROHN’S DISEASE IS CHARACTERIZED BY 
INCREASED MATRIX METALLOPROTEINASE MEDIATED 
BREAKDOWN OF TYPE III COLLAGEN AND INCREASED 
FORMATION OF TYPE V COLLAGEN

Levels of P1NP were equal among the groups. C1M levels were higher 
in all patients with Crohn’s disease compared to controls (64.8±10.0 
vs. 16.3±2.9 nmol/L (P< .001)). The balance between formation and 
degradation of type I collagen (P1NP/C1M ratio) was higher in controls 
compared to patients with Crohn’s disease (7.9±2.8 vs. 3.0±0.6 nmol/L 
(P< .001)), indicating net decreased type I collagen formation in Crohn’s 
disease (figure 1A). Pro-C3 serum concentrations were equal among 
patients with Crohn’s disease and controls. C3M levels were higher in 
penetrating disease (33.6±5 nmol/L) compared to non-penetrating/
non-stricturing and stricturing disease (25.8±2.2 (P= .004) and 
27.2±2.3 nmol/L (P= .018)), which indicates increased relative (matrix 
metalloproteinase-9 mediated) breakdown of type III collagen in 
penetrating Crohn’s disease. Moreover, C3M concentrations in patients 
with Crohn’s disease were higher compared to controls (27.7±1.6 vs. 
9.8±1.7 nmol/L (P< .001)). Collagen type III formation/degradation 
(Pro-C3/C3M) balance was lower in Crohn’s disease patients compared 

Results ---- 
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to controls (Pro-C3/C3M 1.0±0.2 vs. 0.5±0.1 (P< .001), figure 1B). Levels 
of Pro-C5 were higher in penetrating disease (1262.7±259.4 nmol/L) 
compared to non-penetrating/non-stricturing and stricturing disease 
(902.9±109.9 (P= .005) and 953.0±106.4 nmol/L (P= .015)). Moreover, all 
patients with Crohn’s disease had higher serum concentrations of Pro-C5 
compared to controls (982.2±76.8 vs. 311.9±50.2 nmol/L (P< .001)). For 
C5M, no significant differences were found between the groups. Equal 
levels of type V collagen degradation markers in patients with Crohn’s 
disease and controls, but increasing formation markers in Crohn’s disease 
and especially in penetrating disease results in a higher type V collagen 
formation/degradation balance (Pro-C5/C5M) in patients with Crohn’s 
disease compared to controls (179.8±14.8 vs. 55.4±11.2 (P< .001), figure 
2A). For Pro-C6, C6M and their ratio, no significant differences were 
observed between patients with Crohn’s disease and controls (figure 2B).

No statistical differences in any of the marker levels were found 
between patients with or without perianal disease within the same 
Montreal B class.

Figure 1 ---- Serum biomarker levels and ratios for 
Montreal classes B1 (non-stricturing/non-penetra-
ting), B2 (stricturing), B3 (penetrating) and healt-
hy controls. A: P1NP, C1M, P1NP/C1M, B: Pro-C3, 
C3M, Pro-C3/C3M. Significant differences using 

ANOVA with post-hoc Bonferroni correction for 
multiple comparisons are depicted as: *P< .05, 
**P< .01, ***P< .001. Non-Bonferroni corrected 
significant differences are depicted as: # P< .05. 
Marker levels are presented as Tukey box plots.

A

B
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PRO-C3/C3M RATIOS ARE SUPERIOR IN DIFFERENTIATING 
BETWEEN MONTREAL NON-STRICTURING/NON-
PENETRATING VS. STRICTURING AND PENETRATING

Logistic regression was used to determine the diagnostic power for the 
markers alone and for the formation/degradation ratios to differentiate 
between the Montreal behavior classes (Table 3). Without correcting 
or adjusting the model for confounders, the ratio between Pro-C3 and 
C3M (AUC: 0.815±0.109 (P< .001), figure 3), and C3M itself (AUC: 
0.738±0.140 (P= .005)) were best to differentiate between non-stricturing/
non-penetrating and penetrating disease. To differentiate between 
stricturing and penetrating disease, Pro-C3/C3M (AUC: 0.746±0.114 (P= 
.002), figure 3) and Pro-C6/C6M ratios (AUC: 0.714±0.125 (P= .008)) 
were superior. Using multivariate logistic regression and correcting for the 
impact of disease duration, age and medication use on the marker, C3M 
(AUC: 0.738±0.140 (P= .005)) for non-stricturing/non-penetrating vs. 
penetrating, AUC: 0.709±0.134 (P= .010) for stricturing vs. penetrating) 

Figure 2 ---- Serum biomarker levels and ratios for 
Montreal classes B1 (non-stricturing/non-pene-
trating), B2 (stricturing), B3 (penetrating) and 
healthy controls. A: Pro-C5, C5M, Pro-C5/C5M, 
B: Pro-C6, C6M, Pro-C6/C6M. Significant diffe-

rences after Bonferroni correction for multiple 
comparisons are depicted as: *P< .05, **P< .01, 
***P< .001. Non-Bonferroni correction significant 
differences are depicted as: # P<.05.  Marker 
levels are presented as Tukey box plots. 

B

A



32and Pro-C5 (AUC: 0.724±0.138, (P= .008) for non-stricturing/non-
penetrating vs. penetrating, AUC: 0.712±0.132 (P= .008) for stricturing 
vs. penetrating) were superior in differentiating between these Montreal 
behavior classes. Multivariate logistic regression for Pro-C3/C3M ratio 
with confounders was superior to differentiate between non-stricturing/
non-penetrating and penetrating disease (AUC: 0.882±0.089 (P< 
.001)), and to differentiate between stricturing and penetrating disease 
(AUC: 0.760±0.110 (P< .001)). None of the markers or ratios was able to 
differentiate between non-stricturing/non-penetrating and stricturing 
disease. Only combining Pro-C3/C3M and Pro-C6/C6M rations slightly 
increased the power to differentiate between stricturing and penetrating 
disease (AUC: 0.754±0.113 (P= .002)).  

ACTIVE INFLAMMATION IN CROHN’S DISEASE 
IS CHARACTERIZED BY INCREASED MATRIX 
METALLOPROTEINASE MEDIATED BREAKDOWN 
OF TYPE I, III AND VI COLLAGEN

P1NP levels were equal in patients with Crohn’s disease without and with 
active inflammation as defined by CRP >5mg/L. On the other hand, higher 
levels of C1M were observed in Crohn’s disease with active inflammation 
(113.2±26.1) compared to Crohn’s disease without active inflammation 
and controls (46.2±6.2 (P< .001) and 16.3±2.9 nmol/L (P< .001)). Type 
I collagen balance (P1NP/C1M) was lower in Crohn’s disease with active 
inflammation compared to Crohn’s disease without active inflammation 
and controls (P1NP/C1M 1.3±0.5 vs. 3.7±0.8 (P< .001) and 7.9±1.2 nmol/L 
(P= .001), figure 4A). Pro-C3 levels were higher in patients with inactive 
Crohn’s disease compared to controls (12.6±1.8 vs. 8.6±1.5 nmol/L (P= .030)). 
In line with C1M, higher levels of C3M were observed in Crohn’s disease 
with active inflammation (31.6±3.9 nmol/L), compared to Crohn’s disease 

Figure 3 ---- Receiver operating characteristic 
curve based on the univariate logistic regression 
model showing the diagnostic power of Pro-C3/

C3M to differentiate between non-stricturing/
non-penetrating (B1) and stricturing (B2) vs. 
penetrating (B3) disease.
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P1NP

C1M

P1NP/C1M 
ratio

Pro-C3

C3M

Pro-C3/C3M 
ratio

Pro-C5

C5M

Pro-C5/C5M 
ratio

Pro-C6

C6M

Pro-C6/C6M 
ratio

0.099

0.079

*0.019

0.301

*0.010

*0.002

*0.008

0.340

0.371

0.546

0.008

*0.008

0.709 
(0.575-0.843)

0.712 

(0.580-0.844)

*.010

*.008

*0.019

*0.010

*0.001

*0.008

*0.008

Biomarker AUC 
univariate 
logistic 
regression 
(95%CI)

P value 
AUC

AUC 
multivariate 
(marker 
+ residual 
value) 
logistic 
regression 
(95%CI)

P 
value 
AUC

AUC 
multivariate 
(marker + 
confounders) 
logistic 
regression 
(95%CI)

Confounders 
in final model

P value 
AUC

NON-STRICTURING/NON-PENETRATING (B1) VS. PENETRATING (B3) CROHN’S DISEASE

P1NP

C1M

P1NP/C1M 
ratio

Pro-C3

C3M

Pro-C3/C3M 
ratio

Pro-C5

C5M

Pro-C5/C5M 
ratio

Pro-C6

C6M

Pro-C6/C6M 
ratio

0.637 
(0.487-0.786)

0.582 
(0.433-0.732)

0.639 
(0.491-0.787)

0.693 
(0.557-0.828)

0.738 
(0.598-0.878)

0.815 
(0.706-0.923)

0.724 
(0.586-0.861)

0.610 
(0.463-0.758)

0.603 
(0.444-0.762)

0.484 
(0.329-0.639)

0.632 
(0.490-0.774)

0.649 
(0.503-0.794)

0.105

0.329

0.099

*0.022

**0.005

**0.000

*0.008

0.191

0.222

0.848

0.116

0.078

0.738 
(0.598-0.878)

0.724 
(0.586-0.861)

*0.005

*0.008

0.797 
(0.669-0.925)

0.794 
(0.669-0.919)

0.882 
(0.793-0.972)

0.724 
(0.586-0.861)

*0.000

**0.000

***0.000

*0.008

Age at sample (NS) 
Anti-TNF (NS)

Disease duration (NS)

Age at sample*
Immunosuppression (NS)

Steroids (NS)

Table 3 ---- Area under the curve analysis of the 
biomarkers. Significance in the logistic regression 
model is depicted as: *P< .05, ** P < .01, ***P 
< .001. No asterisk is shown when the logistic 

regression model was not significant or when the 
confounder was not significant in the final model. 
AUC: Area under the curve. CI: confidence interval. 
NS: not significant.

0.633 
(0.490-0.777)

0.642 
(0.495-0.789)

0.689 
(0.552-0.827)

0.583 
(0.445-0.722)

0.709 
(0.575-0.843)

0.746 
(0.632-0.860)

0.712 
(0.580-0.844)

0.577 
(0.432-0.722)

0.572 
(0.422-0.722)

0.451 
(0.307-0.596)

0.716 
(0.593-0.838)

0.714 
(0.590-0.839)

0.689 
(0.552-0.827)

0.709 
(0.575-0.843)

0.760 
(0.650-0.870)

0.712 
(0.580-0.844)

0.714 
(0.590-0.839)

STRICTURING (B2) VS. PENETRATING (B3) CROHN’S DISEASE



34without active inflammation and controls (26.1±1.6 (P= .002) and 9.8±1.7 
nmol/L (P< .001)). Pro-C3/C3M ratios were lower in patients with Crohn’s 
disease, compared to controls (1.0±0.2 vs. 0.5±0.1 (P<  .001), figure 4B). 
Contrary to P1NP and Pro-C3, higher levels of Pro-C5 were found in Crohn’s 
disease with active inflammation (1171.7±171.5 nmol/L) compared to Crohn’s 
disease without active inflammation and controls (909.6±80.4 (P= .002) 
and. 311.9±50.2 (P< .001)). For type V collagen degradation marker C5M, no 
differences were observed between the groups (figure 4C). Pro-C5/C5M ratios 
were higher in patients with Crohn’s disease compared to controls (179.8±14.8 
vs. 55.4±11.2 (P< .001), figure 4C). Pro-C6 levels were equal among the 
groups, whereas C6M was higher in Crohn’s disease with active inflammation 
(28.2±7.9 nmol/L), compared to Crohn’s disease without active inflammation 
and controls (12.8±1.1 (P< .001) and 13.8±2.8 (P< .001)). Pro-C6/C6M 
ratios were lower in patients with active inflammation compared to patients 
without active inflammation (0.4±0.1 vs. 0.8±0.1 (P< .001), figure 4D). 
Descriptive statistics of marker levels separated by Montreal behavior, active 
and inactive disease and controls are presented in supplementary table 1-3.

C1M (r2: 0.684, P< .001), C3M (r2: 0.390, P< .001), Pro-C5 (r2: 
0.0.288. P= .002), C5M (r2: 0.519, P< .001) and C6M (r2: 0.484, P< .001) 
correlated (independently from the underlying disease behavior) to CRP 
levels. P1NP/C1M ratios (r2: -0.226 P= .017), Pro-C3/C3M ratios (r2: -0.198, 
P= .036) and Pro-C6/C6M ratios (r2: -0.302, P< .001) ratios correlated 
negatively to CRP levels (supplementary figure 1). No correlation between 
clinical disease activity (HBI) and the markers was found. Furthermore, the 
differences in marker levels within the Montreal behavior classification were 
independent of the presence of inflammation since CRP (r2: 0.029, P= .762), 
and Harvey Bradshaw Index (r2: -0.087, P= .361) did not correlate to disease 
behavior according to the Montreal classification.
 

Figure 4 ---- Serum biomarker levels in CD pa-
tients with active inflammation (CRP >5mg/L) 
compared to CD without active inflammation 
(CRP <5mg/L) and healthy controls. A: P1NP, 
C1M, P1NP/C1M, B: Pro-C3, C3M, Pro-C3/
C3M, C: Pro-C5, C5M, Pro-C5/C5M B: Pro-C6, 
C6M, Pro-C6/C6M. Significant differences using 

ANOVA with post-hoc Bonferroni correction for 
multiple comparisons are depicted as: *P< .05, 
**P< .01, ***P< .001. Non-Bonferroni corrected 
significant differences are depicted as: # P< .05. 
Marker levels are presented as Tukey box plots.

A
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Crohn’s disease 
with CRP <5mg/l 
N = 81

GENERAL

Gender (n (%) female)

Age at sample (years, mean 
(minimum-maximum))

Disease duration at sample (years, 
mean (minimum- maximum))

AGE AT DIAGNOSIS (N (%)) 

A1, <16 years

A2, 17-40 years

A3, >40 years

DISEASE BEHAVIOR (N (%))

Non-stricturing/non-penetrating

Stricturing

Penetrating

DISEASE ACTIVITY

Clinical disease activity (HBI, 
% active disease (HBI≥5))

Perianal disease (n (%))

SMOKING HISTORY (N (%))

Current

Used to smoke

Never

Missing

MEDICATION USE (N (%))

5-aminosalycilates

Corticosteroids

Immunosuppressants

Anti-Tumor Necrosis Factor

SURGERY (N (%))

Resection

Cause of resection

• Therapeutic resistance

• Stenosis

• Intra abdominal fistula/abscess

• Stenosis and abscess/fistula

• Other 

• Missing

Moment of resection

• Resection before sample

• Resection after sample

• Resection before and after sample

Re-resection because of stenosis/intra 
abdominal fistula/abscess

32 (39.5%)

41.9 (18-74)

11.9 (0-35)

9 (11.1%)

57 (70.4%)

15 (18.5%)

26 (32.1%)

42 (51.9%)

13 (16.0%)

30 (37.0%)

19 (23.5%)

30 (37.0%)

21 (25.9%)

28 (34.6%)

1 (1.2%)

6 (7.4%)

14 (17.3%)

51 (63.0%)

27 (33.3%)

56 (69.1%)

6 (7.4%)

35 (43.2%)

9 (11.1%)

4 (4.9%)

0 (0%)

1 (1.2%)

45 (55.6%)

4 (4.9%)

7 (8.6%)

18 (22.2%)

10 (32.3%)

41.7 (19-73)

10.8 (1-32)

3 (9.7%)

21 (67.7%)

7 (22.6%)

14 (45.2%)

12 (41.9%)

4 (12.9%)

15 (48.4%)

9 (29.0%)

8 (25.8%)

10 (32.3%)

11 (35.5%)

2 (6.4%)

2 (6.5%)

7 (22.6%)

14 (45.2%)

9 (29.0%)

17 (54.8%)

1 (3.2%)

11 (35.5%)

2 (6.5%)

1 (3.2%)

1 (3.2%)

1 (3.2%)

14 (45.2%)

3 (9.7%)

0 (0%)

1 (3.2%)

0.478

0.881

0.553

0.881

0.435

0.273

0.542

0.563

0.861

0.521

0.088

0.663

0.115

0.689

0.154

0.017

3 (12.5%)

41.3 (19-60)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Crohn’s disease 
with CRP >5mg/l 
N= 31

P value Healthy 
controls 
N= 24

P value

Table 4 ---- Cohort demographics separated by 
CD with active inflammation and CD without 
active inflammation. Nominal and continuous 
were compared using ANOVA. P values depict 

statistical differences between patients with Crohn’s 
disease and comparing patients with Crohn’s disease 
to controls. HBI: Harvey Bradshaw Index, NA: not 
applicable.

0.047

0.982

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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The present study is the first to show that serum levels of formation and 
degradation products of collagens can be used to differentiate between 
penetrating versus non-stricturing/non-penetrating and stricturing Crohn’s 
disease in the terminal ileum using a competitive ELISA system based on 
a extracellular matrix neo-epitope biomarker platform.32 Furthermore, 
it is the first study that investigates serum markers for turnover of type 
V and VI collagen in Crohn’s disease combined to the previously studied 
collagen type I and III.33–35 Our study provides insight into the differences 
in turnover of extracellular matrix in the different phenotypes of Crohn’s 
disease and compared this to healthy controls. Furthermore, by comparing 
Crohn’s disease with and without elevated CRP we provide insight into 
extracellular matrix turnover during active inflammation. 

Our results show that penetrating Crohn’s disease in the 
terminal ileum is characterized by increased matrix metalloproteinase-9 
mediated breakdown of type III collagen (C3M) and that this is reflected 
in the serum of these patients (figure 1).  A trend for increased matrix 
metalloproteinase-2/9/13 mediated type I collagen degradation was 
observed. Furthermore, our results show that active inflammation 
(which is characterized by increased matrix metalloproteinase mediated 
breakdown of collagens12,13,36), most likely contributes to the development 
of penetrating Crohn’s disease amongst others by causing a disturbed 
collagen formation/degradation balance (figure 4). Relative overexpression 
of matrix metalloproteinase-3 and -9 in acutely inflamed fistulae of 
patients with and without Crohn’s disease compared to healthy colon, was 
previously reported by Kirkegaard et al.13 Using gelatin zymography, they 
showed increased amounts of active matrix metalloproteinase-2 in Crohn’s 
disease fistulae specimens compared to healthy colon.13 Furthermore, 
Efsen et al. reported increased matrix metalloproteinase-3 and -9 activity 
in Crohn’s disease fistulae compared to non-Crohn’s disease fistulae.36 
Moreover, they reported that up to 50% of the total protease activity in 
Crohn’s disease’s fistulae is attributable to matrix metalloproteinases.36 
Increased C3M serum levels in patients with penetrating (Montreal 
B3) Crohn’s disease, compared to non-stricturing/non-penetrating 
and stricturing disease using the same markers was recently found in 
a Swiss IBD cohort as well.37 Next to showing a formation/degradation 
misbalance in penetrating Crohn’s disease, we could show that active 
inflammation (defined by CRP>5mg/l) leads to an altered collagen 
formation/degradation balance (figure 4). During active inflammation, 
CRP is almost exclusively excreted by hepatocytes as part of the acute 
phase response upon stimulation by IL-6, TNF and IL-1β originating at 
the site of inflammation.30,38 Production of pro-inflammatory cytokines by 
innate immune cells like monocytes, neutrophils, mast cells, eosinophils 

Discussion ---- 



38and basophils goes along with production of matrix metalloproteinases 
at the site of inflammation and explains the increased levels of matrix 
metalloproteinase mediated degradation markers during active 
inflammation.39,40 CRP is a widely used marker to monitor disease activity 
in Crohn’s disease which correlates well with disease activity as well as 
with fecal calprotectin.30 The association between a high number of flares 
and penetrating Crohn’s disease has been reported before and is in line 
with the hypothesis that penetrating Crohn’s disease is partly caused by 
matrix metalloproteinase overactivity.5,12 The association between marker 
levels and disease phenotype reported in this study was independent of 
the presence of active inflammation. The overlap in increased matrix 
metalloproteinase activity in penetrating (reported in this study and 
previously) as well as in active Crohn’s Disease (this study) further 
confirms the importance to strive for mucosal healing (treat to target 
principle) in Crohn’s disease patients to prevent complications. 

We aimed to establish whether these collagen formation and 
degradation markers are able to distinguish between the subclasses of 
the Montreal disease behavior classification. According to the Montreal 
Behavior classification, patients are categorized into the class of the most 
severe phenotype (non-stricturing/non-penetrating<stricturing<penetrati
ng) they have had or have since they were diagnosed with Crohn’s disease.2 
This comprises that patients in this study not necessarily had a stenosis or 
fistula when the serum sample was taken. Furthermore, this means that 
patients that were classified as penetrating could have had a history of 
stricturing disease. To affirm that the differences in marker levels were due 
to the disease, patients were strictly selected. By only selecting patients 
with Crohn’s disease in the terminal ileum, the bulk of disease was limited 
to this anatomic region. The differences we observed are thereby due to 
differences in extracellular matrix turnover within this region and not 
due to large differences in disease affected intestine between e.g. patients 
with ileocolonic disease or only ileal disease. Furthermore, the included 
patients’ disease behavior was stable during follow-up, which substantially 
confirms the Montreal behavior class in which they were classified. To 
rule out the effects of surgery, patients that had any kind of surgery 6 
months before the sample was taken were not included. De Simone et al. 
previously showed that intestinal resection in Crohn’s disease patients 
with active disease reduces serum levels of type III collagen formation 
markers 6 months after surgery compared to levels from serum taken just 
before surgery.33 Furthermore, non-Crohn’s disease related fibrotic and 
autoimmune disease, and all forms of malignancy (except for skin cancer 
and hematological disease) were excluded. 

Interestingly, levels of formation markers for type I, III, and VI 
collagen were hardly influenced by disease activity or in the penetrating 
phenotype, whereas Pro-C5 levels increased along with increasing CRP 
in patients with Crohn’s disease. On the other hand, degradation markers 



39of type I, III and VI collagen increased along with increasing CRP in 
patients with Crohn’s disease, whereas C5M is not influenced by active 
inflammation or penetrating Crohn’s disease. This suggests a net decrease 
in type I, III and VI collagen and a net increase in type V collagen in the 
extracellular matrix of the ileum during longstanding and often flaring 
Crohn’s disease. These results are in line with those of Graham et al., who 
showed a relative decrease in type I collagen and a relative increase of 
type V collagen in intestinal strictures compared to normal ileum.14 An 
interesting but unexpected finding is that the measured formation and 
degradation levels and ratios are not different between patients with non-
penetrating/non-stricturing (inflammatory) and stricturing disease. Their 
levels of C1M, C3M and Pro-C5 are however different from the healthy 
controls. This implicates that turnover balance of type I, III, V and VI 
collagen is equal between non-stricturing/non-penetrating and stricturing 
disease and suggests that the final development of stenosis (the majority of 
patients with Crohn’s disease progress towards a penetrating or stricturing 
phenotype during the disease course (48% by five years after diagnosis and 
up to 70% 10 years after diagnosis3) may depend on other factors. These 
factors could be other components of extracellular matrix, namely (other 
types of ) collagens, laminin or fibronectin.17 Stricturing of the intestine 
depends not only on excessive deposition of extracellular matrix, but also 
on enhanced matrix stiffness by increased crosslinking in the extracellular 
matrix, which may contribute to the stricture becoming symptomatic.41 

Intra-abdominal fistulae are very often surrounded by fibrosis. 
Therefore, patients with penetrating disease most likely partly overlap 
in biomarker profile with patients having stricturing disease. However, 
these patients did develop penetrating disease, amongst others due 
to matrix metalloproteinase over-activity. These fistulae, abscesses or 
perforations arose despite the thickened intestinal wall and therefore 
might have required even more inflammation-mediated activity of matrix 
metalloproteinases compared to fistulae, abscesses or perforations that 
arose in a non-fibrosis affected intestinal wall. This hypothesis can only be 
validated in a prospective longitudinal cohort in which marker levels from 
before and after surgery can be correlated to the resected specimen. 

Patients with perianal disease were not separately grouped in 
the final analysis since no differences in marker levels between patients 
with and without perianal disease within one Montreal behavior class 
were found. Furthermore, when comparing patients classified as non-
stricturing/non-penetrating to patients with non-stricturing/non-
penetrating, stricturing or penetrating disease with perianal disease, 
no differences were found. As previously reported, intra-abdominal 
fistulae are very often surrounded by fibrosis and the wall of the terminal 
ileum contains relatively more extracellular matrix compared to the 
wall of the anus.42,43 We therefore hypothesize that the quantity of 
matrix metalloproteinase-over activity (due to inflammation) needed to 



40penetrate the (fibrotic) wall of the intestine is higher compared the matrix 
metalloproteinase activity needed to penetrate the wall of the perianal 
region. Furthermore, matrix metalloproteinase degraded fragments 
released in the perianal region might not reach the systemic circulation as 
easily as degraded fragments from intra-abdominal fistulae. These reasons 
could explain why the existence of perianal disease cannot be observed 
using these markers. Smith et al. who studied the Vienna classification 
based on serological and genetic markers in 231 well-characterized Crohn’s 
disease patients found that patients with perianal fistulae or abscesses 
were different from those with intra-abdominal penetrating disease.2,4 
However, they did not check for differences in formation or degradation 
products of collagen, or for levels of matrix metalloproteinases. 

Previously hypothesized differences in pathophysiology between 
possibly ischemic anastomotic strictures and more fibrotic primary 
intestinal strictures might appear in differences in marker levels in 
our study. In our cohort, 16 of the 55 patients with stricturing disease 
underwent one or more re-resections because of recurrent stenosis. No 
differences in marker levels between patients with stricturing disease 
with and without re-resection were observed. Furthermore, pathology 
reports of the re-resections were checked on the occurrence of ischemia 
in the resected stenosis. In none of the 11 pathology reports that were 
retrospectively available, pathologists reported signs of ischemia. 
Pathologists reported mainly active inflammation, granulomatous and 
fibrosis in the resected specimens. The literature describes reduced blood 
flow in active Crohn’s disease, compared to inactive Crohn’s disease and 
controls.44 However, Angerson et al. showed that patients with Crohn’s 
disease that developed higher grades of neo-terminal ileal recurrence (at 
least 5 aphthous ulcers) had similar levels of blood flow as patients with 
active Crohn’s ileitis. These levels were lower than controls.45 Furthermore, 
literature describing histopathology of intestinal re-resection specimens 
or the role of ischemia on IBD pathogenesis, does not report a role for 
ischemia specifically in recurrent Crohn’s disease.45,46 Based on our 
observations and the literature, we are not convinced that ischemia plays a 
specific role in recurrence of stenosis in Crohn’s disease.

Since the study is retrospective, disease behavior was classified 
according to retrospectively available imaging (MRI, CT, X-ray with 
barium contrast), endoscopic images and reports and pathology reports 
of intestinal resections. Even though we do believe that the current sub-
classification is sound enough to establish whether these markers are 
able to differentiate between these phenotypes, it would be superior to 
have data from cross-sectional imaging to confirm the current state of 
the disease. Another limitation to this study is the relatively small sample 
size, especially the group with penetrating disease. This causes lack of 
power to detect a sound effect of medication use, smoking behavior, age 
and disease duration on biomarker levels. Ideally this would be examined 



41in a prospective longitudinal cohort. Furthermore, one cannot confirm 
whether these markers are only produced in the fistulating parts of the 
intestine, in the inflamed intestinal tissue of Crohn’s disease patients with 
penetrating disease or if they derive from a secondary source. Patients 
with penetrating Crohn’s disease generally suffer from more complicated 
and severe intestinal (but also extraintestinal) disease.5 The combination 
of more severe intestinal and extraintestinal disease activity in penetrating 
Crohn’s disease could also explain the increased matrix metalloproteinase 
mediated breakdown of collagens.8 The collagen degradation markers 
used in this study are designed to target specific matrix metalloproteinase 
degraded protein peptides that derive from those parts of the body in 
which these matrix metalloproteinases are active because of the disease.47

In conclusion, based on serological collagen formation and 
degradation makers, penetrating Crohn’s disease is associated with 
increased matrix metalloproteinase-9 mediated breakdown of type 
III collagen. A trend for increased matrix metalloproteinase-2/9/13 
mediated type I collagen degradation was observed. Active inflammation 
in Crohn’s disease is also associated with increased breakdown of type I, 
III and VI collagen. The overlap in increased matrix metalloproteinase 
mediated degradation in penetrating as well as in active Crohn’s confirms 
the importance to strive for mucosal healing to prevent complications 
as fistulae. A disturbed collagen type III balance mainly characterizes 
penetrating Crohn’s disease; therefore Pro-C3/C3M ratios are 
superior in differentiating between penetrating Crohn’s disease versus 
inflammatory and stricturing Crohn’s disease. Prospective longitudinal 
studies are warranted to validate this study and to investigate if these 
biomarkers could predict the disease course and guide therapy to prevent 
complications in Crohn’s disease.48,49
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45Supplementary figure 1 ----  Correlation between 
C-reactive protein level and each biomarker or 
formation/degradation ratio. R2 and p values were 

determined using Pearson correlation coefficient. 
The slope of the correlation is shown when the 
correlation was significant.
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48ABSTRACT
BACKGROUND AND AIMS ----- Anti-tumor 

necrosis factor (TNF) therapy is effective in 
inducing remission in Crohn’s Disease (CD) 
in 60% of patients. However, no serological 
biomarkers are available which can predict early 
response to anti-TNF. We aimed to investigate 
serological markers of collagen turnover 
reflecting tissue inflammation as predictors of 
response to anti-TNF therapy.

CONCLUSIONS ----- Baseline levels of C4M can 
identify responders to anti-TNF therapy within 
the first 14 weeks of treatment. These markers 
could be used as biomarkers for response to anti-
TNF and could aid in early therapy decision-
making. Validation in larger well-defined 
cohorts is needed.  

RESULTS ----- Seventeen (81%) patients treated with 
IFX were in remission at week 14 and 15 (71%) 
patients treated with ADA were in remission at 
week 8. Serum C4M at baseline was increased in 
non-responders compared to responders (IFX: 
35.0±2.4 vs. 23.2±2.6, P=0.04, ADA: 53.0±3.2 
vs. 34.1±2.8, P=0.006). C4M levels at baseline 
predicted response in both cohorts (IFX: OR 39 
(95% CI 2.4-523.9) P=0.02, cut-off 35.2 nmol/l; 
ADA: OR 26 (95% CI 1.8-332.5), P=0.01, cut-
off 46.9 nmol/l). CRP was not able to predict 
response to anti-TNF.

METHODS ----- In two retrospective observational 
cohorts, markers for matrix metalloproteinase 
degraded type III and IV collagens (C3M, C4M) 
and for formation of type III and IV collagens 
(PRO-C3, PRO-C4) were measured in serum 
and compared with standard C-reactive protein 
(CRP) in patients with active CD who started 
infliximab (IFX, n=21) or adalimumab (ADA, 
n=21). Disease activity was classified by Harvey 
Bradshaw index (active disease≥5), and response 
was defined as clinical remission. 
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Anti-tumor necrosis factor (anti-TNF) agents such as infliximab (IFX) and 
adalimumab (ADA) are effective in inducing and maintaining clinical and 
endoscopic remission in luminal and fistulizing Crohn’s Disease (CD).1–3 
Up to 30% of patients with CD who start anti-TNF have no or insufficient 
response after 14 weeks of treatment, and there are no available 
biomarkers which can predict primary non-response.4 As new medical 
therapeutic options such as anti-integrin α4β7 (vedolizumab) or anti-
interleukin (IL)-12 and IL-23 (ustekinumab) have become available for 
patients with CD, the need for biomarkers that predict treatment response 
increases.5 Also, increasing evidence suggests that early ileocecal resection 
in non-stricturing CD could be considered a reasonable alternative to 
infliximab therapy.6 Biomarkers that predict the response to anti-TNF may 
help in the decision to switch class of therapy or to recommend surgery.6

C-reactive protein (CRP), a valuable biomarker of disease activity 
in CD, can discriminate between responders and non-responders to 
anti-TNF, but conflicting results are reported.7–10 CRP which is almost 
exclusively excreted by hepatocytes as part of the acute phase response 
upon stimulation by IL-1 and IL-6, and by TNF originating from the site 
of inflammation, is a relatively indirect inflammatory marker as it is not 
produced in the organ in which the inflammation takes place.7,11 Instead, 
biomarkers that are produced at the site of inflammation may be superior 
in predicting response to anti-TNF. 

A disturbed balance in the remodeling of extracellular 
matrix (ECM) contributes to the pathophysiology of CD.12 Matrix 
metalloproteinases (MMPs) are collagenases which are upregulated upon 
inflammation in active CD.13 These enzymes are produced at the site of 
inflammation by inflammatory cells such as macrophages and T cells.12 As 
shown previously, levels of MMP-9 degraded collagen type III (C3M) are 
elevated in patients with CD with active inflammation (defined as CPR≥5) 
compared CD without active inflammation (defined as CRP<5) and to 
healthy controls.13,14 Type IV collagen is the most abundant collagen of the 
basement membrane. Epithelial damage upon inflammation leads to an 
increase in permeability of the intestinal basement membrane, which is 
largely restored upon infliximab therapy.15,16 Markers of MMP-mediated 
degradation of collagen type III (C3M)17 and IV (C4M)18 might be superior 
in predicting response to anti-TNF compared to CRP. 

Several studies reported increased mucosal and submucosal 
fibrosis in ileocecal resection specimens from patients with CD who 
required surgery following IFX treatment failure, when compared 
to patients who were IFX naïve and underwent primary ileocecal 
resection.19,20 Increased mRNA expression of pro-collagen peptidases 
has been associated with primary infliximab non-response.20 Therefore, 

Introduction ---- 



50formation products of type III (PRO-C3)21 and type IV (PRO-C4)22 
collagen might also be suitable biomarkers for early detection of patients 
who do not respond to anti-TNF. 

In this pilot study, we aimed to provide a proof of concept by 
showing that biomarkers of ECM turnover can predict response to anti-
TNF within the first eight to fourteen weeks of anti-TNF treatment.
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STUDY DESIGN AND POPULATION 
IFX (GRONINGEN) AND ADA (AARHUS) COHORT

This retrospective observational pilot study was designed to compare 
serum levels of collagen formation and degradation markers between 
responders versus non-responders to anti-TNF in two independent 
cohorts of patients with CD, starting IFX (Groningen) and ADA 
(Aarhus) remission induction therapy. Sera from patients with biopsy-
confirmed CD who started IFX induction therapy between November 
2009 and March 2016 (Remicade®, Janssen Biologics B.V., Leiden, 
Holland; intra-venous infusions of 5 mg/kg body weight) were collected 
from the database of the IBD center of the University Medical Center 
Groningen, Netherlands (UMCG, single center, Table 1). Blood samples 
were collected before patients received the infusion at baseline and 
two, six and fourteen weeks after treatment was initiated. After 
retrieval, samples were centrifuged for 10 minutes (2000 G at room 
temperature), pipetted in 0.5ml cryovials and stored at -80°C until 
further analysis. Harvey Bradshaw Index (HBI) scores were collected 
from baseline and at week 14. Sera from patients with biopsy-confirmed 
CD who received ADA induction therapy between January 2009 and 
October 2012 (Humira®, Abbott, Chicago, IL, USA; subcutaneous 
injections of 160 mg at baseline, 80 mg at week 2, and then 40 mg 
every week or every other week) were collected at the department 
of Hepatology and Gastroenterology at Aarhus University Hospital, 
Denmark (AUH, single center, Table 1).23 Blood samples were collected 
before patients received the infusion at baseline and one and eight 
weeks after treatment was initiated. After retrieval, samples were 
centrifuged for 10 minutes (300 G at 20°C), pipetted in 1.5 ml cryovials 
and stored at -80°C until further analysis. HBI scores were documented 
at baseline and at week 8.

Inclusion criteria were: Patients with active disease (HBI ≥5) 
at baseline receiving either IFX or ADA for at least 14 weeks were 
included.24 Exclusion criteria were: 1. No HBI available. 2. Resection 
due to intra-abdominal stenosis or fistulae. 3. Autoimmune and fibrotic 
diseases not associated with CD and malignancy (except for all types 
of skin cancer and hematologic disease). 4. Any kind of (also non-CD 
related) surgery or balloon dilatation within 6 months before a serum 
sample was taken or during the induction phase. 5. Solely peri-anal 
disease indication for starting IFX (figure 1). Disease activity was based 
on HBI (Active disease: HBI ≥5). Clinical response was defined as 
clinical remission based on an HBI <5 at week 8 (ADA cohort), or at 
week 14 (IFX cohort).

Materials and Methods ----- 
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BIOMARKER ASSAYS

Neo-epitope fragments of extracellular matrix synthesis and degradation 
were assessed by solid phase competitive enzyme-linked immunosorbent 
assays (ELISAs). The markers included in this study are markers for MMP 
degraded collagens type III and IV (C3M, C4M) and formation of type III 
and IV collagens (PRO-C3, PRO-C4).

96-well plates pre-coated with streptavidin (Roche Diagnostic cat. No. 
11940279, Hvidovre, Denmark) were coated with a biotinylated antigen against 
the biomarker for 30 minutes at room temperature. All samples were diluted 
in incubation buffer containing 1% bovine serum albumin (Sigma Aldrich, cat. 
No. a-7906, ≥98 purity). Samples and controls were incubated in the antigen 
and streptavidin pre-coated plates with horseradish peroxidase-conjugated 
monoclonal antibodies for 1-3 hours at 4°C/20°C or for 20 hours at 4°C with 
agitation at 300rpm, according to manufacturer’s protocols. Subsequently, Te-
tramethylbenzidine (TMB, Kem-En-Tec cat. No. 438OH, Taastrup, Denmark) 
was added (100µl/well), plates were incubated for 15 minutes at room tem-
perature, and agitated at 300 rpm. Stopping Buffer (1% H2SO4) was added to 

Table 1 ---- Demographics separated by cohort IFX: 
infliximab, ADA: adalimumab. aFishers exact test, 
bindependent sample t-test, cchi-square test.

17 (81.0%)

37.7 (22.6 -66.1)

6.5 (0.3-28.4)

0 (0%)

18 (85.7%)

3 (14.3%)

3 (14.3%) + 2 (9.5%)

3 (14.3%) +1 (4.8%)

11 (52.4%) + 1 (4.8%)

18 (85.7%)

3 (14.3%)

0 (0%)

6 (28.6%)

16 (76.2%)

1 (4.8%)

7 (33.3%)

17 (81.0%)

10 (47.6%)

38.5 (20.1 -67.9)

5.5 (0.1-12.2)

0 (0%)

15 (71.4%)

6 (28.6%)

2 (9.5%) 

8 (38.1%)

7 (33.3%) + 4 (19.0%)

19 (90.5%)

2 (9.5%)

0 (0%)

4 (19.0%)

10 (47.6%)

0 (0%)

0 (0%)

12 (57.1%)

0.05a

0.87b

0.54b

0.45c

 

0.26c

 

>0.99c

0.73a

0.11

>0.99c

0.01a

0.18a

IFX (N=21) ADA (N=21) P value

GENERAL

Gender (n(%) female)

Age at start anti-TNF (years, mean 
(minimum-maximum))

Disease duration start anti-TNF 
(years, mean (minimum-maximum))

AGE AT DIAGNOSIS (N(%))

A1 (<16)

A2 (17-40)

A3 (>40)

DISEASE LOCATION START ANTI-TNF (N(%))

L1 Ileum (+L4)

L2 Colon (+L4)

L3 Ileocolon (+L4)

DISEASE BEHAVIOR START ANTI-TNF (N(%))

• Non-stricturing/non-penetrating

• Stricturing

• Penetrating

Peri-anal disease

Anti-TNF-naïve

MEDICATION WHEN STARTING ANTI-TNF (N(%))

Mesalazine

Steroids

Immunosuppressives



53Figure 1 ---- Inclusion flow-chart of patients in the 
infliximab (IFX) and adalimumab (ADA) cohort.

IFX cohort

ADA cohort

63 patients treated in UMCG with IFX because of CD between 
May 2007 and December 2015 with ≥3 samples available from 
the induction phase who recieved IFX for at least 14 weeks

23 patients treated in ADA at AUH because of CD between Ja-
nuary 2009 and October 2012 with ≥3 samples available from 
the induction phase who recieved ADA for at least 14 weeks

• 23 without HBI available
• 8 with resection due to stenosis or fistula
• 1 started IFX in remission
• 2 with medical history of non-CD related fibrosis/malignancy
• 4 surgery/balloon dilatation during the induction phase or 

<6 months before
• 4 solely perianal disease indication

• 0 without HBI available
• 2 with resection due to stenosis or fistula
• 0 started IFX in remission
• 0 with medical history of non-CD related fibrosis/malignancy
• 0 Surgery/balloon dilatation during the induction phase or 

<6 months before
• 0 Solely perianal disease indication
• 0 started IFX in remission

21 IFX patients included

21 ADA patients included

17 Resp.

15 Resp.

4 Non-resp.

6 Non-resp.



54stop the TMB reaction. After each incubation step, wells were washed with 
washing buffer (25mM TRIZMA, 50mM NaCl, 0.036% Bronidox L5, 0.1% 
Tween 20) using a standardized ELISA plate washing machine (BioTek® 
Instruments, Microplate washer, ELx405 Select CW, Winooski, USA). An 
ELISA reader (VersaMAX; Molecular Devices, Wokingham Berkshire, UK) 
was used to read optical densities at 450nm and 650nm. A standard curve 
was plotted using a 4-parametric mathematical fit model.

STATISTICAL ANALYSIS

All data was considered non-parametric. Categorical data from the IFX vs. 
the ADA cohort and from responders vs. non-responders were compared 
using a Pearson Chi-square test or Fisher’s exact test where needed, whereas 
continuous data were compared using a Mann-Whitney U test (Tables 2 and 
3). Differences between responders and non-responders in CRP, marker lev-
els and ratios were compared using a Mann-Whitney U test post-hoc Bonfer-
roni correction for multiple comparisons. Longitudinal differences between 
marker levels/ratios from baseline versus week x were compared using the 
Friedman test with post-hoc Wilcoxon signed-rank test and Bonferroni 
correction for multiple comparisons. Marker levels are presented as mean 
and standard error of the mean. Spearman’s rank correlation coefficient was 
used to determine correlation between the markers/ratios and HBI/CRP 
(Supplementary table 1 and 2). Receiver-operator-characteristics (ROC) 
curves were calculated using MedCalc for Windows (MedCalc Software, 
Ostend, Belgium, version 14.8.1) for markers which were different between 
responders and non-responses. Optimal cut-off concentrations for each co-
hort were determined by MedCalc aiming at a combination of high sensitivi-
ty and specificity. Cut-off concentrations were used to determine Odds ratios 
(OR, with 95% confidence interval (95%CI)) and sensitivity/specificity using 
Fisher’s exact contingency analysis. GraphPad Prism version 6.0 (La Jol-
la, CA, USA) was used to design figures and for Fisher’s exact contingency 
analysis. Analysis of patient characteristics and markers compared to CRP/
HBI was performed using Statistical Package for Social Sciences 23.0 (SPSS 
Inc., Chicago, IL, USA). P values of <0.05 were considered significant.

ETHICAL CONSIDERATIONS

All patients from the Aarhus cohort provided written informed consent, 
and the study protocol was approved by the Central Denmark Region 
Committees on Biomedical Research Ethics [journal no. 20080092, 
journal no. 20060197(registered at ClinicalTrials.gov (NCT00955123)), 
and journal no. 20040150]. All patients from the Groningen cohort gave 
written informed consent for the use of patient data and serum (approved 
by the Institutional Review Board UMCG, IRB no. 08/279) from the 
University Medical Center Groningen IBD database and biobank. 
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COHORT CHARACTERISTICS

Twenty-one patients were included in the IFX cohort, and 21 patients were 
included in the ADA cohort. At baseline, patients in the IFX cohort used 
significantly more systemic steroids compared to the patients in the ADA 
cohort (Table 1). A trend for more female patients and for patients with ileal 
disease in the IFX cohort in contrast to more male patients and patients 
with colonic disease in the ADA cohort was observed (Table 1). Baseline 
biomarker levels were equal between IFX and ADA for CRP, C3M/PRO-C3 
and C4M/PRO-C4. Baseline levels of PRO-C3 (11.4±1.1 vs. 16.1±0.8, 
P=0.001), C3M (12.2±1.1 vs. 17.4±2.2, P=0.04), PRO-C4 (274.1±36.3 vs. 
510.5±99.6, P=0.04) and C4M (25.8±2.4 vs. 38.8±2.9, P=0.001) were higher 
in the ADA cohort compared to the IFX cohort. Seventeen (81%) patients 
responded in the IFX cohort, and 15 (71%) patients responded in the ADA 
cohort (supplementary figure 1). No differences in baseline characteristics 
were observed between responders and non-responders in the IFX or the 
ADA cohort. Especially, steroid use was not different between responders 
and non-responders in the IFX cohort or the ADA cohort.

DEGRADATION FRAGMENTS OF TYPE IV 
AND TYPE III COLLAGEN ARE ELEVATED IN 
ANTI-TNF NON-RESPONDERS

Increased C4M and Pro-C4 concentrations at baseline were observed 
in the IFX and in the ADA cohort in non-responders compared to 
responders. Collagen type IV formation marker C4M was increased 
in non-responders in both cohorts compared to responders (IFX: 
35.0±2.4 vs. 23.2±2.6, P=0.04, ADA: 53.0±3.2 vs. 34.1±2.8, P=0.006). 
Baseline levels of the collagen type IV formation marker PRO-C4 were 
also increased in non-responders to anti-TNF (IFX: 465.8±90.5 vs. 
219.4±25.3, P=0.011, ADA: 867.4±324.2 vs. 391.5±62.3, P=0.05) compared 
to responders. Baseline C3M/PRO-C3 ratios were not elevated in non-
responders at baseline in the IFX cohort (1.9±0.8 vs. 1.1±0.1, P=0.26), 
whereas they were increased in non-responders in the ADA cohort (1.7±0.5 
vs. 0.9±0.1, P=0.013). CRP levels were equal at baseline in both cohorts. 

ANTI-TNF THERAPY DIFFERENTLY ALTERS THE 
TURNOVER OF COLLAGEN TYPE III AND IV IN 
RESPONDERS VERSUS NON-RESPONDERS

After initiation of therapy, levels of PRO-C4 remained increased in non-
responders to anti-TNF in both the IFX (466.0±121.5 vs. 257.1±24.2, 

Results ---- 



56Table 2 ---- Demographics separated by response 
IFX: infliximab, ADA: adalimumab, NA: non 
applicable. aFishers exact test, bindependent 
sample t-test, cchi-square test.

3 (75.0%)

35.7 
(25.4- 52.9)

8.3 
(0.3-28.4)

 

0 (0%)

4 (100.0%)

0 (0%)

 

0 (0%) +
0 (0%)

1 (25.0%) + 
0 (0%)

3 (75.0%) + 
0 (0%)

 

4 (100.0%)

0 (0%)

0 (0%)

 

1 (25.0%)

 

2 (50.0%)

0 (0%)

0 (0%)

1 (25.0%)

1 (25%)

0 (0%)

1 (25%)

3 (75%)

14 (82.4%)

38.2 
(22.6 -66.1)

6.1 
(0.5-16.4)

 

0 (0%)

14 (82.4%)

3 (17.60%)

 

3 (17.6%) + 
2 (11.8%) 

2 (11.8%) + 
1 (5.9%)

8 (47.1%) + 
1 (5.9%)

 

14 (82.4%)

3 (17.6%)

0 (0%)

 

3 (17.6%)

 

3 (17.6%)

0 (0%)

0 (0%)

5 (29.4%)

15 (88.2%)

1 (5.9%)

6 (35.3%)

14 (82.4%)

>0.99a

0.75b

0.59b

 

>0.99c

0.77c 

 

>0.99c

>0.99a

 

0.23c

>0.99a

0.28a

>0.99a

>0.99a

>0.99a

3 (50.0%)

32.9 
(20.1 -58.9)

4.08 
(0.5-9.4)

 

0 (0%)

5 (83.3%)

1 (16.7%)

 

0 (0%) + 
0 (0%)

3 (50.0%) + 
0 (0%)

2 (33.3%) + 
1 (16.7%)

 

4 (66.7%)

2 (33.3%)

0 (0%)

 

0 (0%)

 

NA

1 (16.7%)

3 (50%)

0 (0%)

0 (0%)

3 (50%)

7 (46.7%)

40.7 
(21.5 -67.9)

6.0
 (0.1-12.2)

 

0 (0%)

10 (66.7%)

5 (33.3%)

 

2 (13.3%) + 
0 (0%)

5 (33.3%) + 
0 (0%)

5 (33.3%) + 
3 (20%)

 

15 (100.0%)

0 (0.0%)

0 (0%)

 

0 (0%)

 

NA

3 (20.0%)

7 (46.7%)

0 (0%)

0 (0%)

9 (60%)

>0.99a

0.31b

0.37b

 

0.62c

 

0.77c

 

0.07c

 

NA

 
 

NA

>0.99a

>0.99a

NA

NA

>0.99a

Non-resp 
(N=4)

P 
value

Resp 
(N=15)

Non-resp 
(N=6)

P 
value

Resp 
(N=17)

ADA (N=21)IFX (N=21)

GENERAL

Gender (n(%) female)

Age at anti-TNF (years, mean 
(minimum-maximum))

Disease duration anti-TNF (years,
mean (minimum-maximum))

AGE AT DIAGNOSIS (n(%))

A1 (<16)

A2 (17-40)

A3 (>40)

DISEASE LOCATION ANTI-TNF (n(%))

Ileal (L1) + upper GI (L4)

Colonic (L2) + upper GI (L4)

Ileocolonic (L3) + upper GI (L4)

DISEASE BEHAVIOR ANTI-TNF (n(%))

Non-stricturing/non-penetrating (B1)

Stricturing (B2)

Penetrating (B3)

SURGERY 

Resection before anti-TNF (n(%))

Cause of resection before 
starting anti-TNF (n(%))

• Persistent inflammation

• Stenosis

• Intra/abdominal fistula/
abces/perforation (with stenosis)

Peri-anal disease

Anti-TNF-naïve

MEDICATION WHEN STARTING ANTI-TNF

Mesalazine

Steroids

Immunosuppressives



57Figure 2 ---- Serum biomarker levels and ratios 
responders versus non-responders to anti-TNF 
in the IFX cohort. Significant differences after 
Bonferroni correction for multiple comparisons 
are depicted as: *P<.05, **P<.01 (in black for dif-
ferences between responders and non-responders, 

in blue/purple for differences among responders/
non-responders compared to baseline). Non-Bon-
ferroni corrected significant differences are de-
picted as: (*). Marker levels are presented as mean 
and standard error of the mean. 

Non-responders

Responders



58Figure 3 ---- Serum biomarker levels and ratios 
responders versus non-responders to anti-TNF in 
the ADA cohort. Significant differences are de-
picted as: *P<.05, **P<.01 (in black for differences 
between responders and non-responders, in blue/

purple for differences among responders/non-re-
sponders compared to baseline). Non-Bonferroni 
corrected significant differences are depicted as: 
(*).  Marker levels are presented as mean and 
standard error of the mean.

Non-responders

Responders



59P=0.05 (Figure 2)) and the ADA cohort at week 6 and 8 respectively 
(472.6±63.2 vs. 288.3±39.7, P=0.03 (Figure 3)) compared to responders. 
C4M levels were increased in non-responders at week 2 in the IFX cohort 
(29.3±2.5 vs. 21.8±2.1, P=0.01) and at week 8 in the ADA cohort (42.2±4.4 
vs. 27.9±2.1 P=0.01). In line with this, C3M levels remained increased 
in non-responders in the IFX (16.6±3.5 vs. 10.6±1.0, P=0.01) and ADA 
(19.0±4.1 vs. 9.9±1.4, P=0.03) cohort at week 6 and 8 respectively. 

TYPE IV COLLAGEN DEGRADATION LEVELS 
AT BASELINE PREDICT RESPONSE TO ANTI-TNF

In both cohorts, degradation marker C4M at baseline was able to predict 
response to anti-TNF (IFX: C4M cut-off concentration: 35.2 nmol/l, 
OR 39 (95%CI: 2.41-523.90), P=0.02, sensitivity: 0.93, specificity: 0.75; 
ADA: C4M cut-off concentration: 46.9 nmol/l, OR 26 (95%CI: 1.8-332.5), 
P=0.01, sensitivity: 0.93, specificity: 0.67, Table 3). In contrast CRP levels 
in neither the IFX nor the ADA cohort were able to predict response. 
Although not significant in both cohorts, similar trends were observed 
in both cohorts for the collagen type IV formation marker at baseline 
(IFX: PRO-C4 cut-off concentration: 339.2 nmol/l, OR 18 (95% CI: 1.53-
246.1), P=0.04, sensitivity: 0.92, specificity: 0.60; ADA: PRO-C4 cut-
off concentration: 409.7 nmol/l, OR 11.0 (95%CI: 0.98-143.80), P=0.11, 
Table 3). During the induction phase, C3M levels at week 6-8 were able 
to predict response to anti-TNF in both cohorts (IFX C3M cut-off value: 
14.0 nmol/l, OR: 14.00 (95%CI: 1.38-190.60), P=0.05, sensitivity: 0.93, 
specificity: 0.50; ADA C3M cut-off concentration: 14.1 nmol/l, OR: 14.7 
(95%CI: 1.2-191.1), P= 0.04, sensitivity: 0.92, specificity: 0.57, Table 4).

MARKERS CORRELATE TO CRP BUT NOT TO HBI

Both the IFX as well as in the ADA cohort, no correlation was found 
between the HBI versus markers, their ratios and CRP (Supplementary 
figure 1). Negative correlation was found between CRP and PRO-C3 in the 
IFX cohort at week 14 (r: -0.60, P=0.01) and in the ADA cohort at week 8 
(r: -0.52, P=0.03). Furthermore, (non-significant) correlation was found 
in between CRP and PRO-C4 in both cohorts (IFX: r: 0.79, P<0.001; 
ADA: r: -0.054, P=0.8). 
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Table 4 ---- Contingency analysis during anti-TNF 
induction therapy. IFX: infliximab, ADA: adali-
mumab, CI: confidence interval.

IFX

C3M wk 6 (IFX) / wk 8 (ADA)

C3M/ProC3 wk 2

C3M/ProC3 wk 8

ProC4 wk 1

C4M wk 6 (IFX) / wk 8 (ADA)

ProC4 wk 6 (IFX) / wk 8 (ADA)

ADA

C3M wk 6 (IFX) / wk 8 (ADA)

C3M/ProC3 wk 2

C3M/ProC3 wk 8

ProC4 wk 1

C4M wk 6 (IFX) / wk 8 (ADA)

ProC4 wk 6 (IFX) / wk 8 (ADA)

13.99 nmol/l

1.3 nmol/l

 

 

25.58 nmol/l

381.63 nmol/l

14.13 nmol/l

1.1 nmol/l

334.52 nmol/l

33.96 nmol/l

385.22 nmol/l

14.67 (1.17-191.10)

21.00 (1.80-284.10)

7.50 (0.88-96.42)

52.00 (2.31-656.50)

19.50 (1.67-265.10)

0.04

0.03

0.15

0.01

0.04

0.92

0.88

0.93

0.87

0.57

 

0.75

 

0.80

0.75

13.99 nmol/l

1.3 nmol/l

 

 

25.58 nmol/l

381.63 nmol/l

0.05

0.02

 

0.09

0.08

0.93

0.94

 

0.50

1.00

 

SpecSensP valueOdds ratio + 95%CICut-off

Table 3 ---- Contingency analysis at baseline
IFX: infliximab, ADA: adalimumab, CI: 
confidence interval.

IFX

C3M

Pro-C3

C3M/Pro-C3

C4M

Pro-C4

C4M/Pro-C4

ADA 

C3M

Pro-C3

C3M/Pro-C3

C4M

Pro-C4

C4M/Pro-C4

13.0 nmol/l

16.0 nmol/l

1.6

35.2 nmol/l

339.2 nmol/l

0.1

16.0 nmol/l

16.0 nmol/l

0.8 nmol/l

46.9 nmol/l

409.7 nmol/l

0.1 nmol/l

7.5 (0.8-105.0)

0 (0-4.5)

6 (0.6-51.0)

39 (2.4-523.9)

18 (1.5-246.1)

3 (0.4-43.8)

8.0 (0.8-105.7)

0.4 (0.03-3.9)

14.7 (1.2-191.1)

26.0 (1.8-332.5)

11.0 (1.0-143.8)

0.9 (0.1-6.8)

0.25

>0.99

0.20

0.02

0.04

0.59

0.13

0.61

0.04

0.01

0.11

>0.99

0.93

0.92

 

0.9167

0.9286

 

 

 

 

0.75

0.60

 

 

 

0.57

0.67

 

 

SpecSensP valueOdds ratio + 95%CICut-off
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In the present pilot study, we show that serological biomarkers for 
degradation of type IV collagen at baseline could identify patients with active 
CD who will respond to anti-TNF therapy. MMP-2, -9 and -12 degraded 
collagen type IV (C4M) levels measured at baseline could predict response to 
anti-TNF in both infliximab and adalimumab treated patients. Furthermore, 
MMP-9 degraded collagen type III levels (C3M) measured during the 
induction phase (week 6-8) could predict response to anti-TNF. These 
results were be reproduced in two independent cohorts of two different 
ant-TNF treatments in which patient characteristics and response based on 
reproducible HBI scores were well defined.25 Due to small sample sizes and 
differences between the cohorts, predictive values are based on different cut-
off values within each cohort and therefore need further validation. 

None of the markers that are currently used in clinical practice to 
monitor inflammation are direct derivates of tissue inflammation. CRP is 
the most commonly used inflammatory marker; however, CRP is produced 
and secreted by hepatocytes during inflammation upon stimulation by 
IL-1 and IL-6, and by TNF originating from the site of inflammation.11 In 
contrast, serological markers for post-translational modification of the 
ECM (both formation and degradation), are produced and released by 
the disease-affected tissue directly.26 As shown in this study, biomarkers 
which reflect post-translational modifications of the ECM can be used to 
predict response to anti-TNF. Since CRP has been extensively validated as 
a biomarker of active inflammation for patients with CD, the combination 
of CRP and serological markers for formation and degradation of collagen 
type IV might be optimal for clinical use and in prediction of response to 
anti-TNF in patients with CD. As serological markers for collagen formation 
and degradation are not drug specific, these markers may be suitable to 
monitor response to other biologicals in patients with CD or UC as well. 

Serological markers that indicate collagen degradation are 
produced by MMP-mediated cleavage of collagens at the site of 
inflammation. The antibodies used in these assays recognize the MMP 
cleaved neo-epitope specifically. For C4M, the neo-epitope is cleaved off 
by MMP-2, -9 and -12. For C3M, the neo-epitope is cleaved off by MMP-9. 
MMP-9 protein activity is upregulated in inflamed IBD mucosa, compared 
to non-inflamed IBD and control mucosa.13,27 Mucosal MMP expression 
in response to IFX was previously investigated by Di Sabatino et al. They 
showed that mucosal MMP-3, MMP-12 mRNA and protein expression 
decreased after treatment in patients with CD who responded to IFX. 
Furthermore, they showed that no change in MMP expression was found 
in non-responders and that down-regulation of MMP-3 and MMP-12 
correlates to improvement of the histology score.28 Another study showed 
that serum levels of MMP-9 decrease upon IFX induction treatment in 

Discussion ---- 



62patients with active luminal CD or fistulizing CD and observed a trend 
for lower MMP-9 levels at week 6 and 10 in responders to IFX.29 These 
data are in line with the decreasing concentrations of MMP-cleaved 
degradation products of collagen III and IV measured in responders in 
this study. De Bruyn et al. showed that MMP-9 is a surrogate marker 
to assess mucosal healing in CD.30,31 These results are in line with the 
decreased C3M levels (a surrogate marker for MMP-9 activity) in 
responders in the IFX and ADA cohort in our study. 

Our results show that responders could be differentiated from 
non-responders, based on levels of degradation markers of collagen 
type IV (C4M), already at baseline, before anti-TNF therapy was 
administered. Baseline PRO-C4 concentrations were different between 
responders and non-responders in both cohorts, but the prediction 
model was only statistically significant in the IFX cohort. Non-fibrillar 
collagen type IV is, as everywhere in the body, the main component of the 
basement membrane forming the barrier between the epithelium on the 
intestinal luminal side and the lamina propria of the intestine.32 Serum 
concentrations of collagen IV are decreased in patients with inflammatory 
bowel disease as previously reported by Koutroubakis et al. 33 They suggest 
altered collagen type IV metabolism in patients with IBD, but do not 
clarify whether a decrease in circulating collagen type IV corresponds to 
a decrease in serum formation or degradation products of collagen type 
IV. Our results show increased serum levels of formation and degradation 
products of collagen type IV in non-responders compared to responders, 
indicating increased turnover of collagen type IV in non-responders. 
Increased turnover of collagen type IV might reflect a decrease in the 
amount of collagen type IV that is deposited in the basement membrane of 
the affected intestine, and may indicate a more severe disease phenotype 
in which the mucosa is severely affected. Intestinal barrier function 
is impaired in patients with CD compared to healthy controls.34 An 
important role for TNF in intestinal homeostasis, barrier function and 
pathogenesis has been suggested.35 The role of anti-TNF was confirmed 
in studies which showed that intestinal permeability normalizes following 
successful anti-TNF (infliximab) therapy in patients with active Crohn’s 
disease.36 Our data indicate that an increase in collagen type IV turnover 
in non-responders (and therefore a decrease in net deposited collagen 
type IV), is associated with non-response to anti-TNF, perhaps due to 
a decrease in deposited collagen type IV leading to impaired intestinal 
barrier function.33 Non-response to anti-TNF might be explained by the 
inability of the intestine to restore the intestinal basement membrane, 
which predominantly consists of collagen type IV, and thereby the inability 
to restore its barrier. 

Our results furthermore show that response to anti-TNF can be 
predicted based on serum levels of MMP-9 degraded collagen type III at 
week 6-8 after start of therapy. Increased C3M concentrations in non-



63responders to anti-TNF indicate less suppression of MMP-9 activity upon 
induction therapy and thereby less suppression of tissue inflammation 
compared to responders. This is in line with C4M serum concentrations 
measured in responders versus non-responders. These results (C3M 
and C4M) further confirm that tissue inflammation (i.e. MMP activity) 
is reduced upon anti-TNF therapy and that the degree of reduction of 
tissue inflammation is indicative of response to anti-TNF. Based on serum 
concentrations of biomarkers for interstitial collagen type III determined 
during the anti-TNF induction phase, one cannot conclude whether 
anti-TNF is pro- or anti-fibrotic on the long term. Measuring markers 
reflecting formation and degradation of interstitial collagen (collagen 
type I and III) in a cohort of patients with CD in remission, might be 
suitable to answering this question. Ideally, concentrations of formation 
and degradation markers of interstitial collagens would be correlated 
(and thereby validated) to quantification of fibrosis by imaging (either by 
ultrasound, computed tomography enterography, or magnetic resonance 
enterography). Unfortunately, intestinal fibrosis cannot be adequately 
quantified by imaging so far.37

A major limitation of this study is its sample size. Even though the 
results observed in the IFX cohort could be reproduced in a comparable 
ADA cohort, these cohorts would ideally have been larger. Patients with 
different disease location (ileal, colonic or ileocolonic) and disease behavior 
(non-stricturing/non-penetrating (majority), stricturing (9.5-14.3%) 
were combined in this pilot study, causing variation. We have previously 
observed differences in serological biomarkers of ECM formation and 
degradation between non-stricturing/non-penetrating, stricturing or 
penetrating disease in patients with solely ileal disease.13 The surface area 
of the inflammation affected region presumably correlates to biomarker 
levels (especially levels of the by MMP-activity formed neo epitopes). 
Ideally one would validate the predicting value of these biomarkers in 
response to anti-TNF for each of the phenotypes within the Montreal 
classification (behavior and location) in a larger cohort. Because the 
sample sizes of both cohorts were small, high variation in marker levels 
between the two cohorts was observed. Differences in baseline biomarker 
concentrations between the cohorts, lead to differences in cut-off 
concentrations (used to determine sensitivity and specificity) between the 
two cohorts, as these were calculated per cohort per marker. This variation 
might be explained by the difference in steroid use at baseline between 
the two cohorts. The generalizability of this study remains therefore to be 
validated. This pilot study intended to be a proof of concept showing that 
biomarkers of ECM turnover can predict response to anti-TNF and was not 
intended to define final reference concentrations. 

Furthermore, in this retrospective cohort study endoscopic data was 
not available since colonoscopy was not routinely performed after remission 
induction with IFX/ADA. Only from a few patients, fecal calprotectin levels 



64were available after remission induction with anti-TNF. For prospective 
validation of these markers as markers for mucosal healing, correlation 
to the simple endoscopic score for CD (SES-CD) and fecal calprotectin 
are needed. It is known that the SES-CD correlates closest with fecal 
calprotectin, followed by CRP, blood leukocytes and the CDAI.38 This data 
was however not available in this pilot. 

Next to this, this study included patients who received ADA 
or IFX for at least 14 weeks. Hereby, we did not include primary non-
responders who ended treatment before week 14. Ideally, this subgroup 
would be included and a biomarker would  be valid to discriminate 
between all subgroups, namely primary non-responders, non-responders 
at week 8-14 and responders. Furthermore, this study lacks the correlation 
and correction of biomarker levels and IFX/ADA drug concentrations in 
plasma. This might explain part of the observed variation. Determining 
trough levels and antibodies against IFX/ADA was not considered 
necessary in the patients included in this study within the first 14 weeks 
of anti-TNF treatment as patients had sufficient clinical response. The 
probability that patients developed antibodies to infliximab within the 
first 14 weeks is small.39 However, we cannot exclude that responders had 
higher drug levels compared to non-responders. 

In summary, we are the first to show that clinical response to anti-
TNF for patients with active CD can be predicted at baseline based on a 
serological marker for MMP degraded collagen type IV (C4M) at baseline 
and based on MMP-9 degraded collagen type III (C3M) measured during 
the induction phase (week 6-8). The results of this study are promising 
but need validation. Especially correlation to endoscopic mucosal healing, 
fecal calprotectin, imaging, histology of the basement membrane in 
biopsies from endoscopy, as well as response profiles for each of the 
disease phenotypes (inflammatory, stricturing and penetrating CD) are 
needed before they can be used in clinical practice.
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68Supplementary table 1 ---- Correlation between HBI 
and biomarkers. IFX: infliximab, ADA: adalimumab.

Supplementary table 2 ---- Correlation between CRP and 
HBI/biomarkers IFX: infliximab, ADA: adalimumab.

IFX HBI baseline

IFX HBI week 14

 

ADA HBI baseline

ADA HBI week 8

Correlation Coefficient

P value

Correlation Coefficient

P value

Correlation Coefficient

P value

Correlation Coefficient

P value

-0.156

0.647

0.058

0.824

0.029

0.899

0.305

0.205

0.392

0.233

0.417

0.096

-0.11

0.643

0.398

0.102

0.029

0.933

0.428
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-0.005

0.985

0.224

0.372

0.358

0.279
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-0.113
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0.298

0.419
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0.46
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0.35
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-0.583
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0.36
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C4M/
PRO-C4

PRO-C4C4MC3M/
PRO-C3

ProC3C3MCRP
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70ABSTRACT 

CONCLUSIONS ----- The VICM biomarker was time 
dependently reduced in CD patients responding 
to anti-TNF treatment. We suggest that VICM 
may be used as an early predictor of response to 
anti-TNF in patients with CD. 

RESULTS ----- Compared with baseline, VICM 
serum levels were reduced by anti-TNF in the 
infliximab cohort (week 2, 6, and 14) as well in 
the adalimumab cohort (week 1 and 8). VICM 
serum levels were statistically significantly 
lower in the responders compared with non-
responders (infliximab: week 6, P<0.05 [area 
under the curve (AUC)=0.90]; adalimumab: 
week 1 P<0.01 [AUC=0.91], and week 8 P<0.05 
[AUC=0.86]), and were able to predict response 
to treatment (between 1-6 weeks after treatment) 
with an odds ratio from 22 to 42.5. C-reactive 
protein did not predict response to treatment. 

METHODS ----- Serum VICM levels were measured 
by ELISA in two independent cohorts of 
patients with Crohn’s disease who were treated 
with anti-TNF treatment (infliximab: n=21 
or adalimumab: n=21). The response was 
determined as achieving clinical remission 
defined according to the Harvey Bradshaw 
index (HBI, <5 responders) at week 14 for 
the infliximab cohort and week 8 for the 
adalimumab cohort. 

BACKGROUND & AIMS ----- In Crohn’s disease 
(CD), 30-40% of patients do not respond 
to anti-TNF treatment. Currently, there are 
no biomarkers with adequate sensitivity to 
separate responders from non-responders at an 
early stage. Citrullinated and MMP-degraded 
vimentin (VICM) is a biomarker of activated 
macrophages. We investigated if an early change 
in serum VICM predicted the clinical outcome of 
anti-TNF treatment in CD patients.
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Crohn’s disease (CD) is a chronic inflammatory disease that can affect 
the entire gastrointestinal tract. Drugs targeting tumour necrosis factor 
α (anti-TNF) including infliximab and adalimumab are widely used in 
the treatment of CD.1 Although anti-TNF therapy has revolutionized the 
management of CD, 10-40% of CD patients starting anti-TNF do not 
achieve an adequate response to the treatment.2–5 Consequently, there is 
a need for biomarkers that can predict the outcome of anti-TNF in the 
first weeks of treatment or preferably even before treatment initiation. 
C-reactive protein (CRP), reflecting acute inflammation, is currently 
the most studied serum biomarker to monitor IBD disease activity.6,7 
However, blood levels of novel tissue-derived biomarkers reflecting tissue 
remodelling and inflammation may be superior to CRP in monitoring 
disease activity.8,9 Biomarkers in the form of matrix metalloproteinases 
(MMPs) generated extracellular matrix (ECM) fragments, which 
specifically quantify the tissue remodelling resulting from the inflammatory 
process may to a high degree reflect the anti-inflammatory and mucosal 
regenerative effect of anti-TNF treatment.10–13

 Increased MMP activity contributes to the pathogenesis of CD 
and is associated with accelerated disease activity.14–16 Increased levels 
of the MMP degraded and citrullinated fragment of vimentin (VICM) 
were previously found to be highly associated with Crohn’s disease and 
other inflammatory driven diseases.10,17,18 In addition, VICM is a marker 
of activated macrophages which play a central role in IBD pathogenesis.19 
Increased expression of activated macrophages is found in the mucosa in 
active CD inflammation and may facilitate the development of chronic 
inflammation.20,21 Mucosal migration of macrophages thereby attenuates 
healing of the mucosa as macrophages produce high amounts of TNF and 
IL-23.20 Because anti-TNF reduces the numbers of activated macrophages, 
we hypothesised that changes in VICM levels could predict the outcome 
of anti-TNF treatment in CD.22,23 We evaluated the predictive value of 
changes in VICM serum levels for response to anti-TNF treatment in two 
independent cohorts of patients with CD.

Introduction ---- 
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STUDY DESIGN AND POPULATION

Infliximab cohort
Serum from 21 patients with biopsy confirmed Crohn’s disease who 
started induction therapy with infliximab (Remicade, Janssen Biologics 
B.V., Leiden, Holland; intra-venous infusions of 5 mg/kg body weight) 
was retrospectively collected from the database of the IBD Center of 
the University Medical Center Groningen (UMCG, single center, the 
Netherlands), from November 2009 to March 2016. Clinical response 
was evaluated at week 14 after induction by applying the Harvey 
Bradshaw Index (HBI) disease activity score. Retrospectively available 
serum samples during induction therapy at baseline (week 0), and weeks 
2, 6 and 14 were collected. Serum was always retrieved before a patient 
received infliximab. 

Adalimumab cohort
Serum from 21 patients with Crohn’s disease from Aarhus University 
Hospital (AUH, single center, Denmark) was included retrospectively. 
The HBI disease activity score was applied to evaluate disease activity.24 
The patients received adalimumab (n=21) (subcutaneous injections of 
160 mg on day 0, 80 mg 2 weeks later, and then 40 mg every other week) 
(Humira, Abbott, Chicago, IL, USA). Retrospectively available serum 
samples during induction therapy at baseline (week 0), and weeks 1, and 
8 were investigated. Serum was always taken before a patient received 
the adalimumab injection. Clinical response was evaluated based on 
HBI score at week 8.

Exclusion criteria
Exclusion criteria for both cohorts were: clinical remission (HBI<5) 
or inactive disease at baseline, age <18, history of resection due to 
complicated disease phenotypes (intra-abdominal stenosis or fistula), 
no HBI data available at the end of induction, any kind of (also non-
CD related) surgery or balloon dilatation within 6 months before a 
sample serum sample was taken or during the induction phase and 
solely peri-anal disease indication, malignancy (except for all types 
of skin cancer) no patients were, however diagnosed with any form of 
skin cancer at inclusion (Figure 1). Further exclusion criteria specific 
for the infliximab cohort: other fibrotic disease (e.g. liver fibrosis/
cirrhosis), autoimmune diseases not associated with Crohn’s disease, 
and hematologic disease. Further exclusion criteria specific for the 
adalimumab cohort: pregnancy, no informed consent, unable to 
understand/read Danish, heart failure. 

Materials and Methods ----- 



73Figure 1 ----  Flowchart for the two patient cohorts 
with exclusion criteria.

IFX cohort

ADA cohort

63 patients treated in UMCG with IFX because of CD between 
May 2007 and December 2015 with ≥3 samples available from 
the induction phase who recieved IFX for at least 14 weeks

23 patients treated in ADA at AUH because of CD between Ja-
nuary 2009 and October 2012 with ≥3 samples available from 
the induction phase who recieved ADA for at least 14 weeks

• 23 without HBI available
• 8 with resection due to stenosis or fistula
• 1 started IFX in remission
• 2 with medical history of non-CD related fibrosis/malignancy
• 4 surgery/balloon dilatation during the induction phase or 

<6 months before
• 4 solely perianal disease indication

• 0 without HBI available
• 2 with resection due to stenosis or fistula
• 0 started IFX in remission
• 0 with medical history of non-CD related fibrosis/malignancy
• 0 surgery/balloon dilatation during the induction phase or 

<6 months before
• 0 solely perianal disease indication
• 0 started IFX in remission

21 IFX patients included

21 ADA patients included

17 Resp.

15 Resp.

4 Non-resp.

6 Non-resp.



74Definition of response and non-response to anti-TNF treatment
Patient achieving clinical remission (HBI<5) were defined as responders 
at week 14 (infliximab cohort) and week 8 (adalimumab cohort). Patients 
who did not achieve clinical remission were defined as non-responders.

BIOMARKER ASSAY

At Nordic Bioscience (Herlev, Denmark) serum VICM (Lot. TO1505A) 
concentrations (a fragment of citrullinated and MMP degraded vimentin) 
were assessed by solid phase competitive enzyme linked immunosorbent 
assays (ELISAs)25. In brief, pre-coated wells with streptavidin (Roche 
Diagnostic’s cat. No. 11940279, Hvidovre, Denmark) were coated with a 
biotinylated antigen. Samples and controls were added to the wells and 
were incubated with horseradish peroxidase-conjugated monoclonal 
antibodies for 20 hours at 4°C. Subsequently, Tetramethylbenzidine 
(TMB, Kem-En-Tec cat. No. 438OH, Taastrup, Denmark) was added. Stop 
buffer (1% H2SO4) was added to stop the TMB reaction. An ELISA reader 
(VersaMAX; Molecular Devices, Wokingham Berkshire, UK) was used to 
read optical densities at 450nm and 650nm. A standard curve was plotted 
using a 4-parametric mathematical fit model.
 This assay has an intra-assay CV% of <10% and inter-assay CV% 
of <15%. Plates were rejected and reruns if they did not meet the intra/
inter assay criteria. Assay controls were used to assess the intra and inter 
variations between 10 plates. The measurement range is 1.03ng/mL to 
217.6 ng/mL. Samples below the lower limit of detection (LLOQ) were 
therefore set to 1.03ng/mL.

STATISTICAL ANALYSIS

To achieve normal distribution, log-transformation of the data was applied 
prior to statistical analysis. Student t-test or paired t-test for normally 
distributed data was applied for analysing statistical differences between 
responders and non-responders for the individual time points and 
differences from baseline levels to the different time points respectively. 
If a normal distribution was not achieved by log transformation, Mann-
Whitney U-test or Wilcoxon test was applied to analyse differences 
between responders and non-responders for the individual time points and 
differences from baseline levels to the different time points for non-normal 
distributed data, respectively. The Bonferroni correction was applied to 
correct for multiple testing. Biomarker levels are presented as non-log 
transformed data with mean and standard error of the mean (SEM). 
 For the purpose of assessing the predictive power of the biomarker 
to differentiate between responders and non-responders to anti-TNF, 
receiver operating characteristic (ROC) curves were calculated. Odds ratios 
were calculated using the ROC-curve defined cut-off values to perform 



75contingency analysis. A P value of ≤0.05 was considered statistically 
significant. Statistical analysis was performed using Graphpad Prism 7.03 
and MedCalc. Figures were made using GraphPad Prism version 7.03.

ETHICAL CONSIDERATIONS

All patients from the Aarhus cohort provided written informed consent, 
and the study protocol was approved by the Central Denmark Region 
Committees on Biomedical Research Ethics ( journalno.20080092). All 
patients from the Groningen cohort gave written informed consent when 
participating in the University Medical Centre Groningen IBD ethical 
approved database and for biobank (IRB no. 08/279) for the use of patient 
data and serum. 
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BASELINE CHARACTERISTICS

The two cohorts were similar when comparing the patient demographics 
(Table 1). No statistically significant differences were observed between 
responders and non-responders in the two cohorts (Table 2). Serum 
VICM correlated positively with CRP in the infliximab cohort (r=0.62, 
P<0.001), but not in the adalimumab cohort (r=0.15, P=0.54). There were 
no differences in baseline VICM levels between responders and non-
responders, neither among patients treated with infliximab nor those 
treated with adalimumab.

VICM LEVELS ARE REDUCED IN PATIENTS 
WITH CROHN’S DISEASE WHO RECEIVE ANTI-TNF

VICM and CRP serum levels decreased during the course of anti-
TNF treatment. In infliximab-treated patients, VICM was statistically 
significant reduced at week 6 (P=0.023) and week 14 (P=0.04) compared 
to baseline. In the adalimumab cohort, VICM was significantly reduced 
at week 8 (P=0.009), compared to baseline but not at week 1 (P=0.53) 
(Figure 2). CRP levels decreased in both groups from anti-TNF treatment. 
In the infliximab cohort, there was a significant drop in CRP levels at 

Results ---- 

Table 1 ----  Patient demographics for both cohorts.

17 (81.0%)

37.7 (22.6 -66.1)

6.54 (0.3-28.4)

 

0 (0%)

18 (85.7%)

3 (14.3%)

 

5 (23.8%)

4 (19.0%)

12 (57.1%)

 

18 (85.7%)

3 (14.3%)

0 (0%)

6 (28.6%)

10 (47.6%)

38.5 (20.1 -67.9)

5.45 (0.1-12.2)

 

0 (0%)

15 (71.4%)

6 (28.6%)

 

2 (9.5%)

8 (38.1%)

11 (52.4%)

 

19 (90.5%)

2 (9.5%)

0 (0%)

4 (19.0%)

0.052

0.867

0.544

 

0.454

 

0.264

 

>0.999

 

 

0.719

P-valueadalimumab cohort 
(N= 21)

infliximab cohort 
(N= 21)

GENERAL

Gender (n (%) female)

Age at start of treatment (years, mean 
(minimum-maximum))

Disease duration start treatment 
(years, mean (minimum-maximum))

AGE AT DIAGNOSIS (N (%))

A1 (<16)

A2 (17-40)

A3 (>40)

DISEASE LOCATION START IFX (N (%))

L1 Ileum

L2 Colon

L3 Ileocolonic

DISEASE BEHAVIOR START IFX (N (%))

Non-stricturing/non-penetrating

Stricturing

Penetrating

Perianal disease



77week 2 (P=0.023) and week 6 (P=0.003) compared to baseline, and for 
the adalimumab cohort, CRP levels were significantly reduced at week 1 
(P=0.002) and week 8 (P=0.004) compared to baseline (Figure 2). 

VICM LEVELS ARE REDUCED IN RESPONDERS 
TO ANTI-TNF TREATMENT IN CD 

In both cohorts, VICM serum levels were statistically significantly reduced 
at different timepoints in patients who responded to anti-TNF treatment 
compared to baseline (infliximab week 2 (P=0.48), week 6 (P=0.039) week 
14 (P=0.23); adalimumab week 1 (P=0.33), and week 8 (P=0.003)). There 
were no significant changes in VICM levels in non-responding patients 
compared to baseline. VICM levels were significantly lower in responders 
compared to non-responders at week 6 (P=0.046) in the infliximab treated 

Table 2 ----  demographics of patients according to 
anti-TNF treatment and response to treatment.

3 (75.0%)

35.7 
(25.4- 52.9)

8.3 
(0.27-28.4)

 

0 (0%)

4 (100%)

0 (0%)

 

0 (0%)

1 (25.0%)

3 (75.0%)

 

4 (100.0%)

0 (0%)

0 (0%)

1 (25.0%)

 

1 (25.0%)

 

2 (50.0%)

0 (0%)

0 (0%)

14 (82.4%)

38.20 
(22.58 -66.09)

6.2
(0.5-16.4)

 

0 (0%)

14 (82.4%)

3 (17.60%)

 

5 (29.4%)

3 (17.7%)

9 (53.0%)

 

14 (82.4%)

3 (17.60%)

0 (0%)

5 (29.4%)

 

3 (17.6%)

 

3 (17.6%)

0 (0%)

0 (0%)

>0.99

0.752

0.59
 

>0.99

 

0.772

 

>0.99

>0.99

 

>0.99

 

0.228

3 (50.00%)

32.85 
(20.12 -58.86)

4.1 
(0.5-9.4)

 

0 (0%)

5 (83.3%)

1 (16.70%)

 

0 (0%)

3 (50.0%)

3 (49.7%)

 

4 (66.7%)

2 (33.3%)

0 (0%)

1 (16.7%)

 

0 (0%)

 

NA

7 (46.7%)

40.7 
(21.5 -67.9)

6.0
(0.1-12.2)

 

0 (0%)

10 (66.7%)

5 (33.3%)

2 (13.3%)

5 (33.3%)

8 (53.3%)

 

15 (100.0%)

0 (0%)

0 (0%)

3 (20.0%)

 

0 (0%)

 

NA

>0.99

0.308

0.374
 

0.623

 

0.768

 

0.071

>0.99

 

NA

 

 

P 
value

Responders 
(N=15)

Non-
responders 
(N=6)

P 
value

Responders 
(N= 17)

Non-
responders 
(N= 4)

Infliximab cohort (N= 21) Adalimumab cohort (N= 21)

GENERAL

Gender (n (%) female)

Age at start treatment (years, 
mean (minimum-maximum))

Disease duration start treatment 
(years, mean (minimum-maximum))

AGE AT DIAGNOSIS (N (%))

A1 (<16)

A2 (17-40)

A3 (>40)

DISEASE LOCATION START TREATMENT (N (%))

Ileal (L1)

Colonic (L2)

Ileocolonic (L3)

DISEASE BEHAVIOR START IFX (N (%))

Non-stricturing/
non-penetrating (B1)

Stricturing (B2)

Penetrating (B3)

Peri-anal disease, (n (%))

SURGERY (N (%))

Resection before IFX (n (%))

Cause of resection 
before starting IFX

• Persistent inflammation

• Stenosis

• Intra/abdominal fistula/abscess
/perforation (with stenosis)
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Figure 2 ---- Representation of the VICM biomarker 
serum level during the course of anti-TNF treat-
ment in CD. Asterisks indicate the level of signifi-

cance, *:P<05, **:P<0.01, ***:P<0.001 compared to 
baseline. Error bars indicate standard error of the 
mean (SEM).

Infliximab cohort

Adalimumab cohort

patients and at week 1 (P=0.007) and week 8 (P=0.048) in adalimumab 
treated patients (Figure 3).
 Anti-TNF treatment reduced CRP levels in both cohorts for respond-
ers ((infliximab week 2 (P=0.094), week 6 (P=0.023) week 14 (P=0.69); 
adalimumab week 1 (P<0.001), and week 8 (P<0.001)) and non-responders 
(infliximab week 2 (P=0.25), week 6 (P=0.066) week 14 (P=0.53); adali-
mumab week 1 (P=0.016), and week 8 (P=0.38)) compared to baseline. How-
ever, no significant differences in the changes in CRP levels were observed 
when comparing responders with non-responding patients (Figure 3).

DECREASED VICM SERUM LEVELS PREDICT 
RESPONSE TO ANTI-TNF TREATMENT IN CD

A clinically relevant cut off value of 12.5 ng/ml for VICM was identified by 
ROC-curve analysis for the infliximab and adalimumab cohort (Figure 4, 
Table 3). Using this cut off, VICM levels were able to discriminate respond-
ers from non-responders at week 6 (AUC: 0.89 [CI: 0.75-1.00], specificity: 
75%, sensitivity: 88%, P<0.01) for the infliximab cohort and week 1 (AUC: 
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Figure 3 ----  Representation of the VICM and 
CRP biomarkers ability to predict response to an-
ti-TNF. Responders and non-response to anti-TNF 
treatment in CD. Asterisks * indicate the level 
of significance, *:P<05, **:P<0.01, ***:P<0.001 
at different timepoints compared to baseline. (*) 

indicates borderline significance. Hashtags (#) in-
dicate the level of significance #:P<05, ##:P<0.01 
between responders and non-responders at a giv-
en time point. Error bars indicate standard error 
of the mean (SEM).

Infliximab cohort

Adalimumab cohort

0.91 [CI: 0.78-1.00], specificity: 87%, sensitivity: 100%, P<0.01) and week 
8 (AUC: 0.86 [CI: 0.68-1.00, specificity: 86%, sensitivity: 40%, P<0.05) 
for the adalimumab cohort (Figure 4, Table 3). 
 A cut off value for serum levels <12.5ng/mL in the period between 
week 1 and week 6 for both cohorts predicted response to treatment. 
Patients with VICM levels below this cut off were 22.5 to 42.0 times more 
likely to be responders to anti-TNF compared to those with a VICM level 
>12.5ng/ml (infliximab cohort week 6: OR=22.5, [CI:1.93-303]; adali-
mumab cohort week 1: OR=42.0 [CI:3.76-501]) (Table 3). Comparable 
analysis using CRP levels to predict the treatment outcome could not pre-
dict response to treatment for either cohort (Table 3). 
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Figure 4 ----  Representation of the biomarkers 
VICM and CRP diagnostic accuracy to predict 
response to anti-TNF by ROC-curve analysis.

Infliximab cohort

Adalimumab cohort

Table 3 ---- ROC-curve analysis and odds ratio 
calculations for early prediction of response.

INFLIXIMAB COHORT

Responders vs. non-responders

VICM (wk 6)

CRP (wk 2)

ADALIMUMAB COHORT

Responders vs. non-responders

VICM (wk 1)

CRP (wk 1)

VICM (wk 8)

CRP (wk 8)

 

<12.5 ng/mL

<6 mg/L

 

<12.5 ng/mL 

<6 mg/L

<12.5 ng/mL

<6 mg/L

 

0.90 (0.76-1.00) 

0.81 (0.47-1.00) 

 

0.91 (0.78-1.00)

0.67 (0.31-86)

0.86 (0.68-1.00)

0.79 (0.50-1.00)

75

33

 

100

33

100

67

 

88

87

87

93

71

93

 22(CI: 1.93-303)

 13 (CI: 0.91-198)

42 (CI: 3.76-501)

0.93 (CI: 0.09-15.4)

2.44 (CI: 0.30-16.5)

2.18 (CI:0.22-30.6)

0.008

0.205

<0.001

0.57

0.42

0.52

P valueOdds ratioSpec.%Sens.%AUC (CI)Cut-off
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In this study, we investigated if the biomarker VICM could predict 
the response to anti-TNF treatment. To summarize, our main finding 
was that VICM may be used as a pharmacodynamic biomarker that 
predicts the response to anti-TNF treatment in patients with CD with 
an AUC of 0.86-0.91. 
 An unmet clinical need in the treatment of CD is non-invasive 
biomarkers that can accurately predict the therapeutic efficacy of a 
given treatment modality and such biomarkers could aid clinicians in 
selecting optimal treatment options.5 Changes in VICM serum levels 
in the induction phase of anti-TNF treatment may provide an early 
identification of responders and non-responders to treatment, and hereby 
assist clinicians in making decisions to switch drugs in the 30-40% of CD 
patients who will not respond to anti-TNF in the early treatment phase.2,3 
 VICM was previously demonstrated to be a biomarker of activated 
macrophages in vitro and serum VICM levels are reduced in rheumatoid 
arthritis patients treated with anti-GM-CSF, leading to diminished 
activation of macrophages.19,26,27 Therefore, the results obtained from 
this study are in agreement with previous data demonstrating that 
VICM is attenuated by therapies that diminish inflammation and 
macrophage activity.19,26–28 Activated macrophages contributes to the 
chronic inflammation in CD by producing a plethora of proinflammatory 
cytokines, including TNF and IL-23, converging into sustained 
macrophage activation and recruitment of other inflammatory cells.20,22,23,29

 Our study demonstrates that VICM may be a valuable biomarker 
for monitoring and predicting the outcome of anti-TNF treatment in CD. 
Changes in VICM levels performed better than CRP in predicting the 
outcome of anti-TNF treatment. Thus, VICM may offer additional value to 
monitoring response to treatment and to predicting early response, within 
the first weeks, in CD patients by identifying those who are more likely to 
have a sustained response, and those patients who may potentially benefit 
from dose escalation or a different treatment. We can only speculate 
to what extent changes in VICM levels also can be used to predict the 
outcome of other treatment modalities. Our findings of high VICM 
levels in non-responding patients may indicate that a lack of response 
to anti-TNF in CD patients corresponds with insufficient suppression of 
macrophage activity from this treatment.
 A major strength of this study is the inclusion of two independent 
well characterised CD patient cohorts treated with anti-TNF, and VICM 
performed equally well as a biomarker of early response in both cohorts. A 
limitation of the study is the sample size of both cohorts despite significant 
findings, which should be validated in larger cohorts, preferably > 100 
patients. In addition, the ability of VICM to predict a prolonged anti-TNF 
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83response should be investigated in a CD cohort treated for more than 
14 weeks. Future studies should also focus on evaluating VICM and its 
association with endoscopic and histological disease activity to address 
whether VICM can predict mucosal healing in CD patients treated with 
biologics including anti-TNF, anti-α4β7 integrin and anti-IL-23 therapies 
or immunosuppressants.
 In conclusion, the reduction in VICM serum levels, but not 
reduction in CRP levels, can predict early response to anti-TNF treatment 
in patients with CD. Thus, VICM may help to facilitate early decision-
making of the best possible treatment option for CD patients. 
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90ABSTRACT

CONCLUSIONS ----- Expression of genes involved 
in post-translational modification of collagen 
in intestinal fibrosis affected terminal ileum of 
patients with CD reveals a plethora of drug targets. 
Inhibition of post-translational modification 
and/or processing of collagens might attenuate 
fibrosis formation in the intestine in CD. Which 
compound has the highest potential will depend 
on a combination anti-fibrotic efficacy and safety, 
especially since some of the enzymes play key roles 
in the physiology of collagen.  

 

RESULTS ----- mRNA expression of collagen type I 
(COL1A1, 0.75±0.16 vs. 56.92±33.09, P=0.02, 76-
fold) and III (COL3A1, 2.45±0.73 vs.41.82±97.04, 
P=0.02 58-fold) was increased in the fibrosis-
affected part. mRNA expression of proteins 
involved in both intra- and extracellular post-
translational modification of collagens (prolyl- 
and lysyl hydroxylases, lysyl oxidases, chaperones) 
and expression of collagen-degrading enzymes 
(MMPs and cathepsin K) or collagen receptors 
were also upregulated in the fibrosis-affected part. 
A literature search on these upregulated genes 
revealed several potential anti-fibrotic drugs. 

METHODS ----- Human fibrotic and non-fibrotic 
terminal ileum was obtained from patients 
with CD undergoing ileocecal resection due to 
stenosis. Genes involved in the modification or 
degradation/binding of collagen were analyzed 
using a custom-made microfluidic card-based low-
density 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.

BACKGROUND ----- Crohn’s disease (CD) is complicated 
by intestinal fibrosis that causes symptomatic stenosis 
in 70 % of patients. Pharmacological therapies 
against intestinal fibrosis are not available. We have 
investigated whether pathways involved in collagen 
processing (such as post-translational modification) 
are upregulated in intestinal fibrosis, and if so, which 
targets in the pathways can be inhibited in order to 
modulate the excessive extracellular matrix formation. 
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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.1 Intestinal fibrosis mainly occurs in Crohn’s 
Disease (CD, 70%), but can also occur in Ulcerative Colitis (UC, 1.5-
11.2%), upon radiation injury, or upon chronic allograft dysfunction after 
intestinal transplantation.2–6 In CD thickening of the intestinal wall causes 
symptomatic fibrotic stenosis due to narrowing of the lumen that requires 
surgery. In UC it will lead to thickening and shortening of the colon.7 The 
mechanisms 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 intestinal 
fibrosis as well. So far, no pharmacological therapies against intestinal 
fibrosis are available.

The interstitial matrix of the intestine consists of the fibrillary 
collagens type I, III and V, and in addition collagen type VI.8 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.9 Additionally, 
intestinal ECM (as ECM of any other organ) consists of fibronectin and 
presumably of elastin, as well as the proteoglycans decorin, biglycan 
and fibromodulin.10,11 An increase in especially the amount of interstitial 
collagens is accompanied with thickening and stiffening of the intestinal 
wall thereby causing stenosis due to the luminal stricture of the 
intestine.12 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 transcription 
of procollagen mRNA in the nucleus, leading to synthesis of three 
polypeptide α-chains on ribosomes which are released into the 
endoplasmic reticulum for post-transcriptional modification.13,14 Within 
the endoplasmic reticulum, certain lysine and proline residues from the 
α-chains are hydroxylated by lysyl hydroxylases (LHs) 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.13 Triple helix formation requires the aid of 
chaperones like heat shock protein 47 (HSP47) and FK506 Binding 
Protein 10.15,16 Procollagens are then transported out of the cell via 
the Golgi-apparatus. In the extracellular space the N- and C- terminal 
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92propeptides 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 by 
metalloproteinases (MMPs). MMPs are Zn2+ dependent endopeptidases 
which can degrade a plethora of ECM proteins, including collagen.17  
Degradation products of ECM can have chemotactic 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. 
Matrix metalloproteinase 1, 2, 3 and 9 activity is elevated in 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).18,19

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 
transforming growth factor β (TGF-β) pathway.20,21 However, also genes 
involved in the assembly of the ECM comprise targets that can inhibit 
ECM formation or alter its molecular structure in such a way that ECM 
will be faster degraded.22 Here we show an upregulation of mRNA 
expression of genes involved in the processing of collagen in intestinal 
fibrosis affected terminal ileum of patients with CD. These results reveal 
possible drug targets which are reviewed in this paper.
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FIBROSIS AFFECTED 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-)resection because of stenosis was obtained. All the included 
patients with CD had purely stricturing phenotype (Montreal B2, Table 
1). The fibrotic/stenotic and the non-fibrosis affected (resection margin) 
were macroscopically identified. Non-fibrotic non-CD affected tissue was 
obtained from patients undergoing right-sided hemicolectomy because of an 
adenocarcinoma (non-cancer affected ileal resection margin, Supplementary 
Table 1). Immediately after resection, samples were fixed in Tissue-Tek® 
(O.C.T. Compound, Sakura® Finetek) in the operation room and frozen in 
isopentane on dry ice. They were stored at -80 °C until further use. 

ISOLATION OF RNA

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

REVERSE TRANSCRIPTION AND
TAQMAN® GENE EXPRESSION ASSAYS

Equal amounts of RNA were reverse transcribed using the Reverse 
Transcription System (Promega). Subsequently, complementary DNA 
was used for quantitative real-time polymerase chain reaction (RT-qPCR) 
in a custom-made microfluidic card-based low-density array (Applied 
Biosystems, Foster City, CA) which enables measurement of the expression 
of 44 genes simultaneously (supplementary table 3). RT-qPCR was 
performed loading 100 ng of copyDNA per sample using the ViiA™ 7 Real-
Time PCR System (Applied Biosystems). The following settings were used: 
50 °C for 2 min, 95 °C for 10 min, and the next two steps were repeated 
for 50 cycles: 95 °C for 12 s and 60 °C for 1 min. Threshold cycle numbers 
higher than 40 were excluded from analysis. Patients were removed from 
the analysis if there was no detectable expression (Ct>40) in either the 
one of the pairs. The number of included patients per gene is shown in 
table 1. Delta-Ct values were calculated using GAPDH as reference gene. 
Expression in the figures is presented as 2-∆Ct on a logarithmic scale. 

Methods ----- 



94ETHICAL CONSIDERATIONS

Patients gave written informed consent for anonymous 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 lichaamsmateriaal”, Research Code University Medical 
Center Groningen, http://www.rug.nl/umcg/research/documents/
research-code-info-umcg-nl.pdf ).

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 compare 
analysis of fibrotic vs. non-fibrotic ileum from the one patient with CD 
for gene expression as well as quantification of IHC. A Mann-Whitney U 
test was used to compare with CD affected non-fibrotic ileum to non-CD 
affected non-fibrotic ileum and to compare age at surgery. Differences 
were considered significant at a P value of <0.05. Averages ± standard 
error of the mean (SEM), are presented in text and figures. 

LITERATURE SEARCH

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 stricturing 
phenotype by a custom-made microfluidic card-based low-density 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 
in vivo/in silico, in vivo in animals or in vivo in humans are separately 
listed in Table 3.
 



95Table 2 ---- non-fibrotic CD vs. fibrotic CD.

PLOD1

PLOD2

PLOD3

P4HA1

P4HA2

P4HA3

P4HB

P3H1

P3H2

P3H2

ACTA2

LOX

LOXL1

LOXL2

LOXL3

LOXL4

SERPINH1

ADAMTS2

ADAMTS3

ADAMTS14

BMP1

PCOLCE

PCOLCE2

COL1A1

COL1A2

COL3A1

COL4A1

COL5A1

COL6A1

FN1

ELN

FKBP10

SLC39A13

DCN

BGN

FMOD

MMP1

MMP13

MMP14

TIMP1

CTSK

DDR1

DDR2

COLGALT1

MRC2

0.08±0.02

0.228±0.042

0.073±0.01

0.532±0.279

2.989±0.86

0.035±0.012

0.232±0.115

0.081±0.035

3.508±1.541

0.097±0.027

0.187±0.073

0.239±0.074

0.015±0.007

0.03±0.014

0.08±0.03

0.092±0.03

0.006±0.002

0.07±0.013

1.036±0.715

0.137±0.105

0.748±0.155

0.582±0.132

2.446±0.733

0.372±0.118

0.032±0.003

0.278±0.058

0.694±0.198

0.011±0.004

0.061±0.017

0.024±0.004

8.181±5.131

0.139±0.043

0.18±0.089

0.183±0.122

0.244±0.07

2.397±1.233

0.652±0.258

0.103±0.016

0.259±0.127

0.027±0.004

0.116±0.062

0.55±0.215

0.673±0.2

0.432±0.141

2.787±1.642

34.584±26.596

0.408±0.146

3.857±3.157

1.927±1.542

62.349±40.138

1.726±0.699

6.937±5.685

12.373±9.682

0.077±0.039

0.151±0.079

0.788±0.287

1.4±1.079

0.042±0.02

0.731±0.337

50.139±45.047

3.161±2.483

56.919±33.085

46.386±33.371

141.819±97.043

7.073±4.019

0.743±0.511

5.389±3.044

8.155±3.951

0.133±0.082

0.61±0.262

0.09±0.021

38.35±23.784

5.146±2.874

1.671±0.649

2.677±1.795

3.486±1.933

217.918±195.116

36.475±29.744

0.287±0.123

1.879±1.055

0.052±0.013

0.901±0.441

6.87

2.95

5.95

5.24

11.57

11.65

16.63

23.65

17.77

17.72

37.11

51.76

5.05

4.98

9.89

15.16

7.33

10.38

48.39

23.10

76.08

79.65

57.99

18.99

23.56

19.39

11.76

12.17

10.03

3.70

4.69

36.99

9.29

14.63

14.30

90.92

55.97

2.79

7.24

1.94

7.74

7

7

7

7

7

6

7

7

7

7

7

7

6

6

6

6

6

6

7

6

7

7

7

7

7

7

7

6

6

6

7

6

6

6

6

7

7

6

7

5

7

0.016

0.047

0.016

0.016

0.016

0.031

0.031

0.016

0.016

0.016

0.016

0.016

0.031

0.031

0.031

0.031

0.063

0.031

0.016

0.156

0.016

0.016

0.016

0.016

0.016

0.016

0.016

0.031

0.031

0.031

0.016

0.031

0.031

0.031

0.031

0.016

0.016

0.313

0.016

0.125

0.016

P valueNFold induction2-ΔCT 

Fibr CD
2-ΔCT 
Non-fibr CD

Gene symbol
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COHORT CHARACTERISTICS

In this descriptive cohort study, seven patients with fibro-stenotic CD who 
underwent ileocecal resection and four patients with adenocarcinoma who 
underwent right-sided hemicolectomy, were included. All patients with 
CD had a stricturing disease phenotype and had either ileal (n=4 (57.1%)) 
or ileocolonic (n=3 (42.9%)) disease. On average they were 33.6 years 
old (range 21.1-54.5) and suffered from CD for 6.4 years (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 hemicolectomy due to 
adenocarcinoma were included at a mean age of 73.1 years (range 69.1-
78.2). These patients were significantly older then the patients with CD 
(P=0.008). All included patients with CD were female. 

Results ---- 

Figure 1 ----  mRNA expression of procolla-
gens 1-6 [A], of extracellular matrix molecules 
biglycan (BGN), decorin (DCN), elastin (ELN), 
fibromodulin (FMOD), fibronectin (FN1) [B], 
and of Alpha-actin-2 (ACTA2) in fibrotic versus 

non- fibrotic terminal ileum of patients with CD.  
Significant differences are depicted as: *P< .05, 
**P< .01. Marker levels are presented as average ± 
standard error of the mean.

A
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C
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EXPRESSION OF FIBROSIS MARKERS IS 
INCREASED IN MACROSCOPICALLY FIBROSIS-
AFFECTED TERMINAL ILEUM 

Using a custom-made microfluidic card-based low-density array, 
mRNA expression of a variety of ECM proteins were investigated. 
mRNA expression of procollagens type I, III, IV, V and IV was 
increased. Especially expression of collagen type I (COL1A1, 0.75±0.16 
vs. 56.92±33.09, P=0.02, 76-fold) and III (COL3A1, 2.45±0.73 
vs.41.82±97.04, P=0.02 58-fold) was increased in the fibrosis affected 
part (Figure 1A). mRNA expression of other ECM proteins such as 
elastin (ELN 0.01±0.004 vs. 0.13±0.08, P=0.03, 12-fold increase), 
fibronectin (FN1 0.69±0.20 vs. 8.16±3.96, P=0.02, 12-fold) and 
biglycan (BGN 0.14±0.043 vs. 5.15±2.87, P=0.031, 37-fold), was 
increased as well (Figure 1B). mRNA expression of alfa-smooth muscle 

Table 1 ----  Characteristics of patients with CD. 
From patients with CD undergoing ileocecal 
resection, fibrotic ± non-fibrotic (resection 
margin) terminal ileum was obtained.

GENERAL

Gender, % female

Age at surgery, years (mean, min-max)

Disease duration, years, (mean, min-max)

MONTREAL AGE AT DIAGNOSIS (N (%))

17-40 years (A2)

>40 years (A3)

MONTREAL DISEASE BEHAVIOR (N (%))

Stricturing disease (B2)

DISEASE LOCATION (N (%))

Terminal ileum (L1)

Ileocolon (L3)

C-REACTIVE PROTEIN BEFORE OPERATION (N (%))

C-reactive protein >5mg/L

C-reactive protein <5mg/L

Missing

CLINICAL DISEASE ACTIVITY BEFORE OPERATION (N (%))

Disease in remission

Mild disease

Moderate disease

Severe disease

MEDICATION (N (%))

Corticosteroids

Thiopurines

Anti-TNF

Anti-IL12/23

7 (100%)

33.6 (21.1-54.5)

6.4 (1.8-16.0)

6 (85.7%)

1 (14.3%)

7 (100%)

4 (57.1%)

3 (42.9%)

1 (14.3%)

5 (71.4%)

1 (14.3%)

0 (0%)

0 (0%)

3 (42.9%)

4 (57.1%)

4 (57.1%)

4 (57.1%)

1 (14.3%)

1 (14.3%)

CD (n=7)



99actin (generally considered as a marker for myofibroblasts), was also 
elevated in the fibrosis affected region (ACTA2, 3.51±1.54 vs. 62.35±40.14, 
P=0.016, 18-fold, Figure 1C). 

Figure 2 ----  mRNA expression of lysyl hydroxy-
lases 1-3 (PLOD1-3) [A], of prolyl 4-hydroxylases 
(P4HA1 and P4HB) [B], of prolyl 3-hydroxylases 
(P3H1, P3H2, P3H3) [C], and of heat shock 
protein 47 (SERPINH1) and of FK506 Bind-

ing Protein 10 (FKBP10) [D] in fibrotic versus 
non- fibrotic terminal ileum of patients with CD.  
Significant differences are depicted as: *P< .05, 
**P< .01. Marker levels are presented as average ± 
standard error of the mean.

A

B

C
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EXPRESSION OF INTRA-CELLULAR AND 
EXTRACELLULAR 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. Expression of lysyl 
hydroxylases 1-3 (PLOD1, 0.08±0.02 vs. 0.55±0.22, P=0.02, 7-fold; 
PLOD2, 0.23±0.04 vs. 0.67±0.2, P=0.05, 3-fold; PLOD3, 0.07±0.01 vs. 
0.43±0.14, P=0.02, 6-fold), prolyl 4-hydroxylases (P4HA1, 0.53±0.28 
vs. 2.79±1.64, P=0.02, 5-fold); P4HB, 2.99±0.86 vs 34.58±26.60, 
P=0.02, 12-fold) and prolyl-3-hydroxylases 1-3 (P3H1, 0.04±0.01 vs. 
0.41±0.15, P=0.03, 12-fold; P3H2, 0.23±0.12 vs. 3.86±3.16, P=0.03, 
16-fold; P3H3, 0.08±0.04 vs.1.92±1.54, P=0.02, 24-fold) was increased 
in the fibrosis affected area (Figure 2A-C). Expression of P4HA2 and 
P4HA3 was not detectable. Expression of chaperones HSP47 and 
FK506 binding protein 10 (SERPINH1, 0.08±0.03 vs. 0.79±0.29, 
P=0.031, 9-fold; FKBP10, 0.06±0.02, vs 0.61±0.26, P=0.031, 10-
fold) was also increased (Figure 2D). In the extracellular space, 
N- and C- terminal propeptides are cleaved off by a disintegrin and 
metalloproteinase with thrombospondin motifs 2 and 14 (ADAMTS2, 
0.09±0.03 vs. 1.4±1.08, P=0.03, 15-fold; ADAMTS14, 0.01±0.002 vs. 
0.04±0.02, P=0.06, 7-fold) and bone morphogenetic protein 1 (BMP1, 
0.07±0.01 vs. 0.731±0.337, P=0.031, 10-fold) respectively, which mRNA 
expression was upregulated in the fibrosis affected area. Also, the 
expression of collagen receptors discoidin domain receptor tyrosine 
kinase 2 (DDR2, 0.259±0.127 vs. 1.879±1.055, P=0.016, 7-fold) and 
of mannose receptor C type 2 (MRC2, 0.116±0.062 vs. 0.901±0.441, 
P=0.016, 7-fold) was increased in the fibrosis affected tissue. 



101Figure 3 ----  mRNA expression of A Disintegrin 
and Metalloproteinase with Thrombospondin 
motifs (ADAMTS2, ADAMTS14) and bone mor-
phogenic protein 1 (BMP1) [A], of procollagen 
C-endopeptidase enhancers (PCOLCE, PCOLCE2) 
[B], and of lysyl oxidases (LOX, LOXL1-4) [C] 

in fibrotic versus non- fibrotic terminal ileum 
of patients with CD. Significant differences are 
depicted as: *P< .05, **P< .01. Ns: not significant. 
Marker levels are presented as average ± standard 
error of the mean.

A

B

C
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Figure 4 ----  mRNA expression of collagen degrad-
ing enzymes matrix metalloproteinase (MMP1, 
MMP14) and cathepsin K (CTSK) [A], and of 
tissue inhibitor of matrix metalloproteinase 1 

(TIMP1) [B]. Significant differences are depicted 
as: *P< .05, **P< .01. Marker levels are presented 
as average ± standard error of the mean.

A

B



103EXPRESSION OF MATRIX METALLOPROTEINASES 
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 matrix metalloproteinases. MMP1 
(0.18±0.12 vs. 2.68±1.80, P=0.031, 15-fold) and MMP14 (0.24±0.07 vs. 
3.49±1.93, P=0.031, 14-fold) were upregulated, as well as TIMP (2.40±1.23 
vs. 217.92±195.12, P=0.016, 91-fold). For all in these results described 
genes, no differences between non-CD non-fibrotic tissue and non-fibrotic 
CD was observed (Supplementary Table 2). 



104
To our knowledge, this is the first study examining the expression of 
genes coding for enzymes involved in the processing (such as post-
translational modifications) of collagens in intestinal fibrosis in 
Crohn’s disease. Comparing Crohn’s disease affected fibrotic versus 
non-fibrotic terminal ileum from the same patient using a custom-
made microfluidic card-based low-density array, reveals a gene 
signature with potential drug targets. A literature search revealed 
several drugs which interfere with the processing of collagens which 
could be candidates for drug treatment against intestinal fibrosis 
(Table 3). Some of these drugs are already clinically used for other 
(fibrotic) conditions, whereas some were only tested either in vivo in 
animals or in vitro in cell culture models. Others were only tested in 
biochemical models such as binding assays to determine biochemical 
half maximal binding concentrations or were identified 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.23,24

The expression of enzymes involved in the intracellular and 
extracellular post-translational modifications of collagens (see Table 
3) has never been described for intestinal fibrosis in CD. However, 
expression of several collagens and post-translational modulators of 
collagens was assessed in colorectal cancer associated fibrosis using 
comparative liquid chromatography with mass spectrometry.25 In 
a study by Afik et al., PLOD1-3 and P4HA1 protein expression was 
upregulated in colorectal cancer-associated fibrosis compared to 
more distal non-fibrosis-affected colon tissue, which is in line with 
our results. This study also reports on increased protein expression 
of biglycan (BGN) and fibronectin (FN1) in colorectal cancer-
associated fibrosis, which is in line with our results.25 Upregulation 
of PLOD1-3 mRNA was also observed in fibrotic conditions such as 
idiopathic pulmonary fibrosis.26 Furthermore, upregulation of LOXL-
2 has been reported in renal fibrosis and inhibition of LOXL-2 by 
several inhibitors in mice in vivo successfully reduced the expression 
of fibrosis markers in several studies.27,28 A relative increase in 
protein expression of collagen type III over type I in fibrostenotic 
CD compared to inflamed or non-disease affected intestinal tissue 
which was reported previously, was not observed in this cohort.29,30 
In contrast, mRNA expression of collagen type I was upregulated 
76-fold, whereas the mRNA expression of collagen type III was 
upregulated 56-fold. 

Discussion ---- 



105INTRACELLULAR POST-TRANSLATIONAL MODIFICATIONS

Pharmacological inhibition of the intracellular post-translational 
modifications (lysyl hydroxylase, prolyl-3 and -4 hydroxylase and 
glycosyltransferase, Table 3) could inhibit collagen formation and 
thereby fibrosis, but these enzymes are pivotal to human physiology. 
Therefore, the inhibition should be very enzyme specific and ideally 
be targeted to the fibrosis affected area in order to be effective without 
causing severe side effects. The 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 syndromic disorders in musculoskeletal or connective tissues 
such as osteogenesis imperfecta type VIII (mutation in P3H1), Bruck 
syndrome type 2 (mutation in PLOD2 resulting in a form of osteogenesis 
imperfecta), Ehlers-Danlos syndrome type VIA (mutation in PLOD1) and 
severe myopia in the absence of musculoskeletal abnormalities (P3H2).22 
No mutations are found in genes coding for the P4HA a-subunits, perhaps 
indicating that loss of PH4 enzyme function leads to a premature death 
of the embryo.22 Pharmacological inhibition of lysyl hydroxylases 1-3 by 
minoxidil upon stimulation with TGF-β was tested in vitro in primary 
human fibroblasts by Zuurmond et al. Even though a concentration-
and time-dependent reduction in LH1-3 mRNA was observed, no effect 
on the total number of pyridinoline cross-links in the collagen matrix 
was observed and they therefore conclude minoxidil is unlikely to be 
anti-fibrotic in these concentrations.31 Shao et al. did observe an anti-
fibrotic effect of minoxidil in mice in bleomycin-induced pulmonary 
fibrosis without reporting side effects in these animals.26 Side effects 
of minodoxil when used systemically in humans are however severe 
which makes further testing unattractive. However, specific inhibition 
of lysyl hydroxylase-2 (PLOD-2) could be attractive as reduction of the 
pyridinoline cross-links between collagen molecules facilitates easier 
degradation by endogenous proteinases (i.e. MMPs and cathepsin K). This 
because cross-linked collagen can only be degraded effectively by MMP-
13 and cathepsin K, in contrast to non-crosslinked collagen that can be 
degraded by several MMPs.22 Inhibition of another hydroxylase, the prolyl 
4-hydroxylase, was tested by administering two small-molecular inhibitors 
(both Phenanthrolinones, see Table 3) 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.33,34 
However, prolyl 4-hydroxylase inhibition will only be effective as an anti-
fibrotic target when the inhibition is constantly maintained since collagen 
will be rapidly hydroxylated after P4H activity is restored.32 



106Table 3 ---- Literature search for possible drug tar-
gets in collagen processing in intestinal fibrosis.  

Targeting drugs tested in vitro/in silico

Pre-transcriptional acting anti-fibrotic drugs

- Lysyl hydroxylase 1-3 inhibition by Minoxidil31

- 1,4 dihydrophenonthrolin-4-one-3-carboxylic 
acid and 8-(N-butyl-N-ethylcarbamoyl)-1,4-di-
hydrophenathrolin-4- one-3-carboxylic acid32 
- Short-hairpin RNAs (shP4HA2-1 and shP-
4HA2-2)69

- Not known

- Carminic acid70

- AK778 and its cleavage product Col00371 
- HSP47 small interfering RNA (siRNA)72 
- Four Small Molecule Chemical Inhibitors73

- siRNA mediated knockdown77,78

-  Peptidyl prolyl isomerase inhibition 
by tacrolimus15,79

- ADAMTS-2: TIMP-345

- α2-Macroglobulin81

- Acidic dipeptide hydroxamate82

Not known

- β-aminoproprionitrile (β-APN)83,84 

- LOX inhibitory monoclonal antibody47

- LOXL2 with an inhibitory 
monoclonal antibody (AB0023)85,86

-  LOXL2 (2-chloropyridin-4-yl)methanamine87

Not relevant as this will not work anti-fibrotic

- Several genetic deletion studies performed, no 
pharmacological inhibitors are known88,89

Not relevant as this will not work anti-fibrotic 

- Pyrazolopyrimidine derivatives90 

- DDR1-IN-191 
- Actinomycin D92 
- Monoclonal antibodies against DDR193 
-Dasatinib/imatinib/nilotinib62,94

- Not Known

Protein

Collagen 

Lysyl hydroxylases 1-3

Prolyl 4-Hydroxylases

Prolyl 3-hydroxylases 
(Leprecans)

Procollagen 
galactosyltransferase 1

Heat shock protein 47

FK506 Binding Protein 10

A Disintegrin and Metal-
loproteinase with Thrombo-
spondin motifs

Bone Morphogenetic 
Protein 1

Procollagen 
C-Endopeptidase Enhancer

Lysyl oxidases

Matrix metalloproteinases 

Tissue inhibitors of Matrix 
metalloproteinases 

Cathepsin K

Discoidin Domain Receptor 
Tyrosine Kinase 1 and 2 

Mannose Receptor C Type 2

Gene

SYNTHESIS

Procollagens 1-6 including alfa 1-3 
helices 

INTRA-CELLULAR POST-TRANSLATIONAL MODIFICATIONS

Procollagen lysyl hydroxylases 
(PLOD1-3)

Prolyl 4-Hydroxylases (P4HA1-A3)

Prolyl 3-hydroxylases (P3H1, 2)

Collagen Beta(1-O) 
Galactosyltransferase 1 (COLGALT1)

INTRA-CELLULAR ASSEMBLY OF THE TRIPLE HELIX

Serpin Family H Member 1 
(SERPINH1)

FKBP Prolyl Isomerase 10 
(FKBP10)

EXTRACELLULAR CLEAVAGE OF PROPEPTIDES

A Disintegrin and Metalloproteinase 
with Thrombospondin motifs 
(ADAMTS)

Bone Morphogenetic Protein 1 
(BMP1)

Procollagen C-Endopeptidase 
Enhancer 1-2 (PCOLCE/PCOLCE2)

ASSEMBLY INTO COLLAGEN FIBRILS BY CROSSLINKING OF COLLAGENS

Lysyl oxidases (LOX, LOXL1-4)

COLLAGEN DEGRADING ENZYMES 

Matrix metalloproteinases (MMP)

Tissue inhibitors of Matrix 
metalloproteinases (TIMP1-4)

Cathepsin K (CTSK)

COLLAGEN RECEPTORS

DDR tyrosine Kinase 1 and 2 
(DDR1, 2)

Mannose Receptor C Type 2 
(MRC2)
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Targeting drugs tested in vivo in animals 

Pre-transcriptional acting anti-fibrotic drugs

- Lysyl hydroxylase 1-3 inhibition by Mi-
noxidil26

- 1,4 dihydrophenonthrolin-4-one-3-car-
boxylic acid and 8-(N-butyl-N-ethyl-
carbamoyl)-1,4-dihydrophenathrolin-4- 
one-3-carboxylic acid32

- Not known

- Not known

- HSP47 small interfering RNA 
(siRNA)38,74–76

- Tacrolimus40,41,79

- Not known

- Not known

- Not known

- LOX inhibitory monoclonal ab/M6447,85

- LOXL2 inhibitory monoclonal antibody 
(AB0023, humanized variant AB0024)85,86 - 
PXS-S2B, a small-molecule selective LOXL2 
inhibitor - PAT-1251, a small-molecule 
selective LOXL2 inhibitor

- Several genetic deletion studies performed, 
no pharmacological inhibitors are known88,89

- Dasatinib95,96, but is also reported to lung 
vascular toxicity and predisposes to pulmo-
nary hypertension97

- Not Known

Targeting drugs tested in vivo in human

Pre-transcriptional acting anti-fibrotic drugs

- Minoxidil is an FDA-approved anti-hypertensive 
agent and registered for topical use to treat alopecia

- Not known

- Not known

- Not known

- Not known

- Tacrolimus is used as immunosuppressant for several 
indications, was not tested as anti-fibrotic drug in 
human so far80

- Not known

- Not known

- Not known

- Simtuzumab (anti-LOXL-2 monocolnal antibodie) 
was tested in phase II trials for primary sclerosing 
cholangitis, NASH induced liver-fibrosis, idiopathic 
pulmonary fibrosis, Second-Line Treatment of Me-
tastatic KRAS Mutant Colorectal Adenocarcinoma and 
metastatic pancreatic adenocarcinoma 50–53

 

- Not Known

- Actinomycin D is clinically used as anti-tumor anti-
biotic98 - Dasatinib/ imatinib/inilotinib are currently 
used to treat chronic myeloid leukemia, as well as 
several fibrotic conditions

- Not Known



108INTRACELLULAR 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.16,35–37 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 endoplasmic reticulum stress-mediated apoptosis of the collagen-
producing cells.34 Another study shows that local (submesothelial) 
delivery of Hsp47 siRNA conjugated with cationized gelatin microspheres 
could suppresses peritoneal fibrosis in mice.38 The use of microRNA and 
small siRNA for several indications in vivo in human has progressed to 
several clinical phase II and III trials.39 The activity of the other collagen 
chaperone 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 
specifically mediating the dimerization of LH2.15 Thereby, tacrolimus does 
not only inhibit the collagen 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 
(CCl4) induced liver fibrosis in rats by inhibiting synthesis of type I 
collagen polypeptides, without affecting expression of collagen mRNAs.40 
Results are however conflicting since both Patsenker et al. (liver fibrosis 
induced by CCl4 and bile duct ligation) and Frizell et al. (liver fibrosis 
induced by CCl4) showed that tacrolimus was not able to inhibit fibrosis 
formation but even enhanced the fibrogenesis in the  liver.41,42 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.43 No studies were found investigating the incidence of 
stricturing Crohn’s disease in patients receiving tacrolimus versus other 
immunosuppressives. Cohort studies from kidney transplant recipients 
show that tacrolimus as the current standard calcineurin inhibitor therapy 
post-renal transplantation, is not superior in preventing progression to 
interstitial fibrosis compared to cyclosporin or sirolimus.44

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 



109of an irreversibly stable collagenous ECM and thereby making it more 
easy degradable by collagenases that are able to degrade cross-linked 
collagen.45 In vitro 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 α1(I) chains were observed.45 
Administration of TIMP-3 in vivo in a model for fibrosis has not been  
performed so far. Inhibition of bone morphogenic protein-1 proteinase 
activity (BMP-1) was only tested in vitro using(modified forms of ) α2-
macroglobulin and acidic dipeptide hydroxamate. Also, these compounds 
have not been tested in in vivo models for 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 inhibition of BMP-1. In chronic pressure overload 
induced cardiac fibrosis, PCOLCE2-null hearts demonstrated a decreased 
collagen content and a lower muscle stiffness compared to wildtype 
chronic pressure overloaded hearts.46

ASSEMBLY INTO COLLAGEN FIBRILS BY CROSSLINKING 
OF COLLAGENS

The general hypothesis is that targeting extracellular cross-linking by lysyl 
oxidases (including lysyl oxidase-like (LOXL)) might cause an increase in 
net degradation of collagen and other ECM molecules thereby resulting 
in 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.47,48 In vivo studies on liver fibrosis showed that LOXL2 
mediates collagen crosslinking and fibrotic matrix stabilization during 
liver fibrosis, and independently promotes fibrogenic differentiation of 
hepatic progenitor cells. By blocking these two convergent profibrotic 
pathways, therapeutic LOXL2 inhibition attenuates both parenchymal 
and biliary fibrosis and promotes fibrosis reversal.49 However, even 
though inhibition of LOX(L) was very promising in pre-clinical in vitro 
and in vivo studies, several phase-II studies testing the effect of LOXL2 
monoclonal antibody simtuzumab did not show an anti-fibrotic or 
antimetastatic effect.50–53  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 been performed yet. 

COLLAGEN DEGRADING ENZYMES 

Collagenases such as MMPs or CTSK which are upregulated in CD-
associated fibrosis, likely do not have a direct anti-fibrotic effect as they 



110have, besides their role in the degradation of ECM, chemotactic properties 
as well.17,19  Especially MMP-9 is suggested to play a role in intestinal 
fibrosis and fistulae formation. Inhibition of MMP-9 in a heterotopic 
transplant model for intestinal fibrosis did reduce collagen content 
of the intestinal graft after induction of fibrosis by transplantation.54 
Furthermore, expression of MMP-9 is a marker of mucosal healing, 
and increased local or serologic expression of MMP-9 is related to 
penetrating CD.54–56 Because inhibition of MMP-9 could simultaneously 
inhibit degradation of ECM and reduce fistulae associated fibrosis, this 
therapy may be superior for stricturing or penetrating CD compared to 
the currently immunosuppressive agents. However, the importance of 
Mmp-9 in intestinal inflammation in mice was recently questioned.57 
Very well controlled studies comparing intestinal (colonic) inflammation 
induced by dextran sodium sulphate (DSS, both acute and chronic) and 
2,4,6-trinitrobenzenesulfonic acid (TNBS) between Mmp-9 knockout 
and wildtype mice, did not show a difference 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 et al. suggest 
that upregulation of MMP-9 is rather a consequence than a cause 
of inflammation of the colon and question the fact whether MMP-9 
represents a disease target in IBD.57 Differences in the pathophysiology 
of fibrosis between colon and (terminal) ileum, and pathophysiological 
differences between the models used by de Bruyn et al. and Goffin et al. 
allow further testing of MMP-9 inhibitors for stricturing and penetrating 
CD.54,57 Several MMP inhibitors are tested in clinical trials as it was 
hypothesized that metastasis of cancer could be reduced by inhibition 
of MMP-mediated degradation of tumor associated fibrosis thereby 
reducing cancer progression.58 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.58 Especially since ECM remodeling 
is believed to be part of the pathophysiology of IBD, further testing of 
inhibitors of (other) MMPs still holds promise.59 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 nephropathy-induced interstitial fibrosis, no amelioration 
of renal fibrosis was observed in Timp-1 knockout mice.60 

COLLAGEN RECEPTORS

Similar to other tyrosine kinase receptors, DDR kinase receptors (DDR1 
and -2) regulate fundamental cellular processes such as adhesion, 
migration, proliferation and differentiation. Furthermore they influence 
ECM remodeling via activation of MMPs.61 DDR1 is mostly found in 



111epithelial cells, whereas DDR2 is confined to cells of mesenchymal 
origin.61 Inhibition of DDRs by tyrosine kinase inhibitors (dasatinib/
imatinib/inilotinib, which are currently clinically used to treat chronic 
myeloid leukemia) has anti-fibrotic potential.62 A significant decrease in 
collagen deposition of injured arteries of DDR1-null mice was observed.63 
Furthermore, type I collagen-dependent upregulation of DDR2 expression 
in hepatic stellate cells (HSC) establishes a positive feedback loop in 
activated stellate cells, leading to further proliferation and enhanced 
invasive activity of HSC.64 

CONCLUSIONS

Therapeutic inhibition of fibrosis for patients with CD is not yet possible, 
but several drugs acting on factors involved in both pre- and post-
transcriptional regulation of deposition of collagens and other extra-
cellular 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 which is uniquely expressed in a fibro-stenotic intestine 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 fibrosis-relevant endpoints, are 
warranted.23,65 Furthermore, the best route of application of the drug 
should be determined. This might be intravenous, but could also be oral 
e.g. making use of sustained release by the ColoPulse technology (film 
coated tablets of targeted delivery in the lower intestinal tract) or topical 
administration for more distal (radiation-induced) fibrosis.66,67 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%), 
recurrence mainly occurs at non-strictureplasty sites in 90% percent of 
patients (whereas the site-specific recurrence rate was 3%).68 Furthermore, 
caution should be taken upon anti-fibrotic therapy, because disturbance 
of the balance between collagen formation 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 in vitro and in vivo models for (CD-associated) intestinal fibrosis. 
In conclusion, inhibition of post-translational modification of collagens 
might be suitable to inhibit fibrosis formation in the intestine in CD. 



112ACKNOWLEDGEMENTS ----- We would like 
to thank the students from 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. 

FUNDING ----- This work was performed independently 
of the obtained funding. The University Medical 
Center Graduate School for medical sciences 
supports the MD/PhD program of WTvH. 



113
1.  Piersma B, Bank RA, Boersema M. Signaling in Fi-

brosis: TGF-β, WNT, and YAP/TAZ Converge. Front 
Med. 2015;2(September):1-14.

2.  Hamama S, Gilbert-Sirieix M, Vozenin M-C, et al. 
Radiation-induced enteropathy: molecular basis of 
pentoxifylline-vitamin E anti-fibrotic effect involved 
TGF-β1 cascade inhibition. Radiother Oncol. 
2012;105(3):305-312.

3.  Rieder F, Fiocchi C, Rogler G. Mechanisms, Man-
agement, and Treatment of Fibrosis in Patients 
With Inflammatory Bowel Diseases. Gastroenterolo-
gy. 2017;152:340-350.

4.  Fishbein TM, Gondolesi GE, Kaufman SS. Intestinal 
transplantation for gut failure. Gastroenterology. 
2003;124(6):1615-1628.

5.  De Bruyn JR, Meijer SL, Wildenberg ME, et al. 
Development of fibrosis in acute and longstanding 
ulcerative colitis. J Crohn’s Colitis. 2015:966-972.

6.  Baron TH. Benign and Malignant Colorectal 
Strictures. Colonoscopy Princ Pract Second Ed. 
2009:689-702.

7.  Cosnes J, Bourrier  a., Nion-Larmurier I, et al. 
Factors affecting outcomes in Crohn’s disease over 
15 years. Gut. 2012;61(8):1140-1145.

8.  Graham MF, Diegelmann RF, Elson CO, et al. Colla-
gen content and types in the intestinal strictures of 
Crohn’s disease. Gastroenterology. 1988;94(2):257-
265.

9.  Groulx JF, Gagné D, Benoit YD, et al. Collagen VI 
is a basement membrane component that regulates 
epithelial cell-fibronectin interactions. Matrix Biol. 
2011;30(3):195-206.

10.  Leeb SN, Vogl D, Grossmann J, et al. Autocrine 
fibronectin-induced migration of human colonic fi-
broblasts. Am J Gastroenterol. 2004;99(2):335-340.

11.  Allan  a, Wyke J, Allan RN, et al. Plasma fibronectin 
in Crohn’s disease. Gut. 1989;30(5):627-633.

12.  Johnson L a, Rodansky ES, Sauder KL, et al. Matrix 
stiffness corresponding to strictured bowel induces 
a fibrogenic response in human colonic fibroblasts. 
Inflamm Bowel Dis. 2013;19(5):891-903.

13.  Myllyharju J, Kivirikko KI. Collagens, modifying 
enzymes and their mutations in humans, flies and 
worms. Trends Genet. 2004;20(1):33-43.

14.  Karsdal M a, Nielsen MJ, Sand JM, et al. Extra-
cellular matrix remodeling: the common denom-
inator 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(2):70-92.

15.  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 hydroxy-
lase 2. Proc Natl Acad Sci. 2016;113(26):7142-7147.

16.  Honzawa Y, Nakase H, Matsumura K, et al. IL17 
Promotes HSP47 Expression and Intestinal 
Fibrosis in Crohn’s Disease. Gastroenterology. 
2011;140(5):493.

17.  Ravi A, Garg P, Sitaraman S V. Matrix metallopro-
teinases in inflammatory bowel disease: boon or a 
bane? Inflamm Bowel Dis. 2007;13(1):97-107.

18.  Baugh MD, Perry MJ, Hollander AP, et al. Matrix 
Metalloproteinase Levels Are Elevated in Inflammato-
ry Bowel Disease. Gastroenterology. 1999;117:814-822.

19.  Warnaar N, Hofker HS, Maathuis MHJ, et al. 
Matrix metalloproteinases as profibrotic factors in 

terminal ileum in Crohn’s disease. Inflamm Bowel 
Dis. 2006;12(9):863-869.

20.  Rockey DC, Bell PD, Hill JA. Fibrosis — A Common 
Pathway to Organ Injury and Failure. N Engl J Med. 
2015;372(12):1138-1149.

21.  Holvoet T, Devriese S, Castermans K, et al. Treat-
ment of Intestinal Fibrosis in Experimental Inflam-
matory Bowel Disease by the Pleiotropic Actions 
of a Local Rho Kinase Inhibitor. Gastroenterology. 
2017;153(4):1054-1067.

22.  Gjaltema RAF, Bank RA. Molecular insights into 
prolyl and lysyl hydroxylation of fibrillar collagens 
in health and disease. Crit Rev Biochem Mol Biol. 
2017;52(1):74-95.

23.  Bettenworth D, Rieder F. Medical therapy of stric-
turing Crohn’s disease: what the gut can learn from 
other organs - a systematic review. Fibrogenesis 
Tissue Repair. 2014;7(1):5.

24.  Bettenworth D, Rieder F. Reversibility of Stricturing 
Crohnʼs Disease—Fact or Fiction? Inflamm Bowel 
Dis. 2016;22(1):241–247.

25.  Afik R, Zigmond E, Vugman M, et al. Tumor mac-
rophages are pivotal constructors of tumor collagen-
ous matrix. J Exp Med. 2016;213(11):2315-2331.

26.  Liu W, Rao S, Fang H, et al. Lysyl Hydroxylase 
Inhibition by Minoxidil Blocks Collagen Dep-
osition and Prevents Pulmonary Fibrosis via 
TGF-β1/Smad3 Signaling Pathway. Med Sci Monit. 
2018;24:8592-8601.

27.  Stangenberg S, Saad S, Schilter HC, et al. Lysyl 
oxidase-like 2 inhibition ameliorates glomeruloscle-
rosis and albuminuria in diabetic nephropathy. Sci 
Rep. 2018;8(1):1-10.

28.  Cosgrove D, Dufek B, Meehan DT, et al. Lysyl oxi-
dase like-2 contributes to renal fibrosis in Col4α3/
Alport mice. Kidney Int. 2018;94(2):303-314.

29.  Lawrance IC, Maxwell L, Doe W. Inflammation 
location, but not type, determines the increase 
in TGF-beta1 and IGF-1 expression and collagen 
deposition in IBD intestine. Inflamm Bowel Dis. 
2001;7(1):16-26.

30.  Wegrowski J, Lafuma C, Lefaix L, et al. Modifica-
tion of collagen and noncollagenous proteins in ra-
diation-induced muscular fibrosis. Exp Mol Pathol. 
1988;48(3):273-285.

31.  Zuurmond A-MM, van der Slot-Verhoeven AJ, Van 
Dura EA, et al. Minoxidil exerts different inhibitory 
effects on gene expression of lysyl hydroxylase 1, 2, and 
3: implications for collagen cross-linking and treat-
ment of fibrosis. Matrix Biol. 2005;24(4):261-270.

32.  Franklin TJ, Morris WP, Edwards PN, et al. Inhibi-
tion of prolyl 4-hydroxylase in vitro and in vivo by 
members of a novel series of phenanthrolinones. 
Biochem j. 2001;353:333-338.

33.  Xu C, Bailly-Maitre B, Reed JC. Review series 
Endoplasmic reticulum stress: cell life and death 
decisions. J Clin Invest. 2005;115(10):2656-2664.

34.  Kawasaki K, Ushioda R, Ito S, et al. Deletion of 
the collagen-specific molecular chaperone Hsp47 
causes endoplasmic reticulum stress-mediated 
apoptosis of hepatic stellate cells. J Biol Chem. 
2015;290(6):3639-3646.

35.  Nakase H, Honzawa Y, Chiba T. Heat shock protein 
47 is a new candidate molecule as anti-fibrotic 
treatment of Crohn’s disease. Aliment Pharmacol 
Ther. 2010;31(8):926-7; author reply 927-8.

36.  Honzawa Y, Nakase H, Takeda Y, et al. Heat shock 
protein 47 can be a new target molecule for intesti-

REFERENCES ----



114nal fibrosis related to inflammatory bowel disease. 
Inflamm Bowel Dis. 2010;16(12):2004-2006.

37.  Honzawa Y, Nakase H, Shiokawa M, et al. Involve-
ment of interleukin-17A-induced expression of heat 
shock protein 47 in intestinal fibrosis in Crohn’s 
disease. Gut. 2014;63(12):1902-1912.

38.  Obata Y, Nishino T, Kushibiki T, et al. HSP47 siR-
NA conjugated with cationized gelatin microspheres 
suppresses peritoneal fibrosis in mice. Acta Bioma-
ter. 2012;8(7):2688-2696.

39.  Chakraborty C, Sharma AR, Sharma G, et al. Ther-
apeutic miRNA and siRNA: Moving from Bench 
to Clinic as Next Generation Medicine. Mol Ther - 
Nucleic Acids. 2017;8(September):132-143.

40.  Manojlovic Z, Blackmon J, Stefanovic B. Tacrolimus 
(FK506) Prevents Early Stages of Ethanol Induced 
Hepatic Fibrosis by Targeting LARP6 Depend-
ent Mechanism of Collagen Synthesis. PLoS One. 
2013;8(6).

41.  Frizell E, Abraham A, Doolittle M, et al. FK506 
Enhances fibrogenesis in in vitro and in vivo 
models of liver fibrosis in rats. Gastroenterology. 
1994;107(2):492-498.

42.  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. J 
Hepatol. 2011;55(2):388-398.

43.  McSharry K, Dalzell AM, Leiper K, et al. System-
atic review: The role of tacrolimus in the manage-
ment of Crohn’s disease. Aliment Pharmacol Ther. 
2011;34(11-12):1282-1294.

44.  Oberbauer R. Progression of Interstitial Fibrosis 
in Kidney Transplantation. Clin J Am Soc Nephrol. 
2016;11(12):2110-2112.

45.  Wang W-M, Ge G, Lim NH, et al. TIMP-3 inhibits 
the procollagen N-proteinase ADAMTS-2. Biochem 
J. 2006;398(3):515-519.

46.  Baicu CF, Zhang Y, Van Laer AO, et al. Effects of the 
absence of procollagen C-endopeptidase enhancer-2 
on myocardial collagen accumulation in chron-
ic pressure overload. Am J Physiol Circ Physiol. 
2012;303(2):H234-H240.

47.  Erler JT, Bennewith KL, Nicolau M, et al. Lysyl 
oxidase is essential for hypoxia-induced metastasis. 
Nature. 2006;440(7088):1222-1226.

48.  Levental KR, Yu H, Kass L, et al. Matrix Crosslink-
ing Forces Tumor Progression by Enhancing Integ-
rin Signaling. Cell. 2009;139(5):891-906.

49.  Ikenaga N, Peng ZW, Vaid KA, et al. Selective 
targeting of lysyl oxidase-like 2 (LOXL2) suppress-
es hepatic fibrosis progression and accelerates its 
reversal. Gut. 2017;66(9):1697-1708.

50.  Muir AJ, Levy C, Janssen HLA, et al. Simtuzumab 
for Primary Sclerosing Cholangitis: Phase 2 Study 
Results With Insights on the Natural History of the 
Disease. Hepatology. 2018;69(2):684-698.

51.  Raghu G, Brown KK, Collard HR, et al. Efficacy 
of simtuzumab versus placebo in patients with 
idiopathic pulmonary fibrosis: a randomised, dou-
ble-blind, controlled, phase 2 trial. Lancet Respir 
Med. 2017;5(1):22-32.

52.  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(4):1140-1153.

53.  Dong H, Benson AB, Kudrik F, et al. A Phase II 
Randomized, Double-Blind, Placebo-Controlled 
Study of Simtuzumab or Placebo in Combina-

tion with Gemcitabine for the First-Line Treat-
ment of Pancreatic Adenocarcinoma. Oncologist. 
2017;22(3):241-e15.

54.  Goffin L, Fagagnini S, Vicari A, et al. Anti-MMP-9 
Antibody: A Promising Therapeutic Strategy 
for Treatment of Inflammatory Bowel Disease 
Complications with Fibrosis. Inflamm Bowel Dis. 
2016;22(9):2041-2057.

55.  van Haaften WT, Mortensen JH, Karsdal MA, et al. 
Misbalance in type III collagen formation/degrada-
tion as a novel serological biomarker for penetrating 
(Montreal B3) Crohn’s disease. Aliment Pharmacol 
Ther. 2017;46(1):26-39.

56.  de Bruyn M, Arijs I, De Hertogh G, et 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. J Crohns Colitis. 2015;9(12):1079-
1087.

57.  De Bruyn M, Breynaert C, Arijs I, et al. Inhibition 
of gelatinase B/MMP-9 does not attenuate colitis in 
murine models of inflammatory bowel disease. Nat 
Commun. 2017;8(May):1-15.

58.  Vandenbroucke RE, Libert C. Is there new hope for 
therapeutic matrix metalloproteinase inhibition? 
Nat Rev Drug Discov. 2014;13(12):904-927.

59.  Shimshoni E, Yablecovitch D, Baram L, et al. ECM 
remodelling in IBD: innocent bystander or partner 
in crime? The emerging role of extracellular molec-
ular events in sustaining intestinal inflammation. 
Gut. 2014;64:367-372.

60.  Kim H, Oda T, López-Guisa J, et al. TIMP-1 
deficiency does not attenuate interstitial fibrosis 
in obstructive nephropathy. J Am Soc Nephrol. 
2001;12(4):736-748.

61.  Leitinger B. Transmembrane Collagen Receptors. 
Annu Rev Cell Dev Biol. 2011;27(1):265-290.

62.  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 
J Pharmacol. 2008;599(1-3):44-53.

63.  Hou G, Vogel W, Bendeck MP. The discoidin 
domain receptor tyrosine kinase DDR1 in arterial 
wound repair. J Clin Invest. 2001;107(6):727-735.

64.  Olaso E, Ikeda K, Eng FJ, et al. DDR2 receptor 
promotes MMP-2–mediated proliferation and 
invasion by hepatic stellate cells. J Clin Invest. 
2001;108(9):1369-1378.

65.  Vermeire S, Sands BE, Bonovas S, et al. Identifica-
tion of Endpoints for Development of Antifibrosis 
Drugs for Treatment of Crohn’s Disease. Gastroen-
terology. 2018;155(1):76-87.

66.  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. 
PLoS One. 2015;10(7):1-17.

67.  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(2):193-198.

68.  Yamamoto T, Fazio VW, Tekkis PP. Safety and 
efficacy of strictureplasty for Crohn’s disease: a 
systematic review and meta-analysis. Dis Colon 
Rectum. 2007;50(11):1968-1986.

69.  Xiong G, Deng L, Zhu J, et al. Prolyl-4-hydroxylase 
α subunit 2 promotes breast cancer progression and 
metastasis by regulating collagen deposition. BMC 
Cancer. 2014;14(1):1-12.



11570.  Chang AY, Noble RE. Carminic acid, a non-com-
petative inhibitor kidney UDP-glucose: galactosyl-
hydroxylysine-collagen glucosyltransferase. Int J 
Biochem. 1982;14:691-694.

71.  Ito S, Ogawa K, Takeuchi K, et al. A small-molecule 
compound inhibits a collagen-specific molecular 
chaperone and could represent a potential remedy 
for fibrosis. J Biol Chem. 2017;292(49):20076-
20085.

72.  Ruigrok MJR, Xian JL, Frijlink HW, et al. 
siRNA-mediated protein knockdown in preci-
sion-cut lung slices. Eur J Pharm Biopharm. 
2018;133(July):339-348.

73.  Thomson CA, Atkinson HM, Ananthanarayanan VS. 
Identification of small molecule chemical inhibitors 
of the collagen-specific chaperone Hsp47. J Med 
Chem. 2005;48(5):1680-1684.

74.  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(1):34-46.

75.  Otsuka M, Shiratori M, Chiba H, et al. Treatment of 
pulmonary fibrosis with siRNA against a colla-
gen-specific chaperone HSP47 in vitamin A-coupled 
liposomes. Exp Lung Res. 2017;43(6-7):271-282.

76.  Kitamura H, Yamamoto S, Nakase H, et al. Role 
of heat shock protein 47 in intestinal fibrosis of 
experimental colitis. Biochem Biophys Res Commun. 
2011;404(2):599-604.

77.  Staab-Weijnitz CA, Fernandez IE, Knüppel L, et 
al. FK506-binding protein 10, a potential novel 
drug target for idiopathic pulmonary fibrosis. Am J 
Respir Crit Care Med. 2015;192(4):455-467.

78.  Liang X, Chai B, Duan R, et al. Inhibition of 
FKBP10 Attenuates Hypertrophic Scarring 
through Suppressing Fibroblast Activity and 
Extracellular Matrix Deposition. J Invest Dermatol. 
2017;137(11):2326-2335.

79.  Nagano J, Iyonaga K, Kawamura K, et al. Use 
of tacrolimus, a potent antifibrotic agent, in 
bleomycin-induced lung fibrosis. Eur Respir J. 
2006;27(3):460-469.

80.  Scott LJ, McKeage K, Keam SJ, et al. Tacrolimus; A 
Further Update of its Use in the Management of Or-
gan Transplantation. Drugs. 2003;63(12):1247-1297.

81.  Zhang Y, Ge G, Greenspan DS. Inhibition of 
bone morphogenetic protein 1 by native and 
altered forms of α2-macroglobulin. J Biol Chem. 
2006;281(51):39096-39104.

82.  Kallander LS, Washburn D, Hilfiker MA, et al. Re-
verse Hydroxamate Inhibitors of Bone Morphogenet-
ic Protein 1. ACS Med Chem Lett. 2018;9(7):736-740.

83.  Trackman PC, Kagan HM. Nonpeptidyl amine in-
hibitors are substrates of lysyl oxidase. J Biol Chem. 
1979;254(16):7831-7836.

84.  Tang SS, Trackman PC, Kagan HM. Reaction of 
aortic lysyl oxidase with ??-aminopropionitrile. J 
Biol Chem. 1983;258(7):4331-4338.

85.  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(9):1009-1017.

86.  Rodriguez HM, Vaysberg M, Mikels A, et al. Mod-
ulation of lysyl oxidase-like 2 enzymatic activity 
by an allosteric antibody inhibitor. J Biol Chem. 
2010;285(27):20964-20974.

87.  Hutchinson JH, Rowbottom MW, Lonergan D, et 
al. Small Molecule Lysyl Oxidase-like 2 (LOXL2) 
Inhibitors: The Identification of an Inhibitor 
Selective for LOXL2 over LOX. ACS Med Chem Lett. 

2017;8(4):423-427.
88.  Breynaert C, de Bruyn M, Arijs I, et 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. J Crohn’s Colitis. 2016;10(11):1336-1350.

89.  Kim H, Oda T, López-Guisa J, et al. TIMP-1 
deficiency does not attenuate interstitial fibrosis 
in obstructive nephropathy. J Am Soc Nephrol. 
2001;12(4):736-748.

90.  Gao M, Duan L, Luo J, et al. Discovery and opti-
mization of 3-(2-(Pyrazolo[1,5- a ]pyrimidin-6-yl) 
ethynyl)benzamides as novel selective and orally 
bioavailable discoidin domain receptor 1 (DDR1) 
inhibitors. J Med Chem. 2013;56(8):3281-3295.

91.  Kim HG, Tan L, Weisberg EL, et al. Discovery of a 
potent and selective ddr1 receptor tyrosine kinase 
inhibitor. ACS Chem Biol. 2013;8(10):2145-2150.

92.  Siddiqui K, Kim GW, Lee DH, et al. Actinomycin 
D identified as an inhibitor of discoidin domain re-
ceptor 2 interaction with collagen through an insect 
cell based screening of a drug compound library. 
Biol Pharm Bull. 2009;32(1):136-141.

93.  Carafoli F, Mayer MC, Shiraishi K, et al. Structure 
of the discoidin domain receptor 1 extracellu-
lar region bound to an inhibitory Fab fragment 
reveals features important for signaling. Structure. 
2012;20(4):688-697.

94.  Bantscheff M, Eberhard D, Abraham Y, et al. Quan-
titative chemical proteomics reveals mechanisms 
of action of clinical ABL kinase inhibitors. Nat 
Biotechnol. 2007;25(9):1035-1044.

95.  Yilmaz O, Oztay F, Kayalar O. Dasatinib attenuated 
bleomycin-induced pulmonary fibrosis in mice. 
Growth Factors. 2015;33(5-6):366-375.

96.  Mohammadalipour A, Karimi J, Khodadadi I, et 
al. Dasatinib prevent hepatic fibrosis induced by 
carbon tetrachloride (CCl4) via anti-inflammatory 
and antioxidant mechanism. Immunopharmacol 
Immunotoxicol. 2017;39(1):19-27.

97.  Guignabert C, Phan C, Seferian A, et al. Dasat-
inib induces lung vascular toxicity and predis-
poses to pulmonary hypertension. J Clin Invest. 
2016;126(9):3207-3218.

98.  Hill CR, Cole M, Errington J, et al. Characterisation 
of the clinical pharmacokinetics of actinomycin D 
and the influence of ABCB1 pharmacogenetic vari-
ation on actinomycin D disposition in children with 
cancer. Clin Pharmacokinet. 2014;53(8):741-751.



116Supplementary Table 1 ----  Characteristics non-CD 
non-fibrotic controls.

Gender, % female

Age at surgery, years (mean, min-max)

SURGERY

Right-sided hemicolectomy because of adenocarcinoma

2 (50%)

73.1 (69.1-78.2)

4 (100%)

Control
(n=4)



117Supplementary table 2 ---- Non-CD non-fibrotic vs 
non-fibrotic CD.

PLOD1

PLOD2

PLOD3

P4HA1

P4HA2

P4HA3

P4HB

P3H1

P3H2

P3H3

ACTA2

LOX

LOXL1

LOXL2

LOXL3

LOXL4

SERPINH1

ADAMTS2

ADAMTS3

ADAMTS14

BMP1

PCOLCE

PCOLCE2

COL1A1

COL1A2

COL3A1

COL4A1

COL5A1

COL6A1

FN1

ELN

FKBP10

SLC39A13

DCN

BGN

FMOD

MMP1

MMP13

MMP14

TIMP1

CTSK

DDR1

DDR2

COLGALT1

MRC2

0.055±0.025

0.129±0.038

0.079±0.022

0.348±0.14

1.65±0.678

0.023±0.011

0.216±0.206

0.054±0.038

2.411±1.837

0.058±0.037

0.27±0.193

0.106±0.069

0.012±0.007

0.035±0.021

0.062±0.044

0.084±0.066

0.007±0.006

0.067±0.027

0.604±0.458

0.514±0.459

0.281±0.18

0.329±0.229

1.831±1.355

0.15±0.114

0.016±0.007

0.201±0.134

0.402±0.297

0.024±0.021

0.029±0.012

0.014±0.004

4.681±2.568

0.202±0.149

0.129±0.098

0.08±0.035

0.166±0.098

2.287±1.85

0.606±0.451

0.064±0.021

0.141±0.102

0.024±0.004

0.039±0.017

0.08±0.02

0.228±0.042

0.073±0.01

0.532±0.279

2.989±0.86

0.035±0.012

0.232±0.115

0.081±0.035

3.508±1.541

0.097±0.027

0.187±0.073

0.239±0.074

0.015±0.007

0.03±0.014

0.08±0.03

0.092±0.03

0.006±0.002

0.07±0.013

1.036±0.715

0.137±0.105

0.748±0.155

0.582±0.132

2.446±0.733

0.372±0.118

0.032±0.003

0.278±0.058

0.694±0.198

0.011±0.004

0.061±0.017

0.024±0.004

8.181±5.131

0.139±0.043

0.18±0.089

0.183±0.122

0.244±0.07

2.397±1.233

0.652±0.258

0.103±0.016

0.259±0.127

0.027±0.004

0.116±0.062

0.485

0.073

0.842

0.649

0.218

0.562

0.297

0.867

0.297

0.297

0.649

0.158

0.762

0.905

0.248

0.643

> 0.9999

0.829

0.715

0.476

0.158

0.158

0.382

0.109

0.109

0.485

0.218

0.762

0.333

0.248

> 0.9999

0.562

0.448

0.610

0.562

0.715

0.782

0.333

0.218

> 0.9999

0.382

P value2-ΔCT Non-fibr CD2-ΔCT Non-CD non-fibrGene symbol
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PLOD1

PLOD2

PLOD3

P4HA1

P4HA2

P4HA3

P4HB

P3H1

P3H2

P3H3

GAPDH

ACTA2

LOX

LOXL1

LOXL2

LOXL3

LOXL4

SERPINH1

ADAMTS2

ADAMTS3

ADAMTS14

BMP1

PCOLCE

PCOLCE2

COL1A1

COL1A2

COL3A1

COL4A1

COL5A1

COL6A1

FN1

ELN

FKBP10

SLC39A13

YWHAZ

ACTB

DCN

BGN

FMOD

MMP1

procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1

procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2

procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3

prolyl 4-hydroxylase, alpha polypeptide I

prolyl 4-hydroxylase, alpha polypeptide II

prolyl 4-hydroxylase, alpha polypeptide III

prolyl 4-hydroxylase, subunit beta

prolyl 3-hydroxylase 1

prolyl 3-hydroxylase 2

prolyl 3-hydroxylase 3

glyceraldehyde-3-phosphate dehydrogenase

alpha-actin-2/alpha smooth muscle actin

lysyl oxidase

lysyl oxidase-like 1

lysyl oxidase-like 2

lysyl oxidase-like 3

lysyl oxidase-like 4

serpin peptidase inhibitor, clade H (heat shock protein 47), member 1, 
(collagen binding protein 1)

ADAM metallopeptidase with thrombospondin type 1 motif, 2

ADAM metallopeptidase with thrombospondin type 1 motif, 3

ADAM metallopeptidase with thrombospondin type 1 motif, 14

bone morphogenetic protein 1

procollagen C-endopeptidase enhancer

procollagen C-endopeptidase enhancer 2

collagen, type I, alpha 1

collagen, type I, alpha 2

collagen, type III, alpha 1

collagen, type IV, alpha 1

collagen, type V, alpha 1

collagen, type VI, alpha 1

fibronectin 1

elastin

FK506 binding protein 10, 65 kDa

solute carrier family 39 (zinc transporter), member 13

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation pro-
tein, zeta polypeptide

actin, beta

decorin

biglycan

fibromodulin

matrix metallopeptidase 1 (interstitial collagenase)

Hs00609368_m1

Hs00168688_m1

Hs00153670_m1

Hs00914594_m1

Hs00188349_m1

Hs00420085_m1

Hs00168586_m1

Hs00223565_m1

Hs00216998_m1

Hs00204607_m1

Hs99999905_m1

Hs00426835_g1

Hs00942480_m1

Hs00935937_m1

Hs00158757_m1

Hs01046945_m1

Hs00260059_m1

Hs00241844_m1

Hs00247973_m1

Hs00610744_m1

Hs00365506_m1

Hs00241807_m1

Hs00170179_m1

Hs00203477_m1

Hs00164004_m1

Hs00164099_m1

Hs00943809_m1

Hs00266237_m1

Hs00609088_m1

Hs01095585_m1

Hs00365052_m1

Hs00355783_m1

Hs00222557_m1

Hs00378317_m1

Hs03044281_g1

Hs01060665_g1

Hs00370385_m1

Hs00959143_m1

Hs00157619_m1

Hs00899658_m1

Supplementary table 3 ---- Set up of custom-made 
microfluidic card-based low-density array (Ap-
plied Biosystems, Foster City, CA).

Assay IDGene nameGene symbol

MMP13

MMP14

TIMP1

matrix metallopeptidase 13 (collagenase 3)

matrix metallopeptidase 14 (membrane-inserted)

TIMP metallopeptidase inhibitor 1

Hs00233992_m1

Hs00237119_m1

Hs99999139_m1



119CTSK

DDR1

DDR2

COLGALT1

MRC2

cathepsin K

discoidin domain receptor tyrosine kinase 1

discoidin domain receptor tyrosine kinase 2

collagen beta(1-O)galactosyltransferase 1

mannose receptor, C type 2

Hs00166156_m1

Hs00233612_m1

Hs00178815_m1

Hs00430696_m1

Hs00195862_m1
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122ABSTRACT ---- Intestinal fibrosis (IF) is a major 
complication of inflammatory bowel disease. 
IF research is limited by the lack of relevant 
in vitro and in vivo models. We evaluated 
precision-cut intestinal slices (PCIS) prepared 
from human, rat, and mouse intestine as ex vivo 
models mimicking the early-onset of (human) 
IF. Precision-cut intestinal slices prepared from 
human (h), rat (r), and mouse (m) jejunum, 
were incubated up to 72 h, the viability of PCIS 
was assessed by ATP content and morphology, 
and the gene expression of several fibrosis 
markers was determined. The viability of rPCIS 
decreased after 24 h of incubation, whereas 
mPCIS and hPCIS were viable up to 72 h of 
culturing. Furthermore, during this period, 
gene expression of heat shock protein 47 and 
plasminogen activator inhibitor 1 increased in 
all PCIS in addition to augmented expression 
of synaptophysin in hPCIS, fibronectin (Fn2) 
and Tgf-β1 in rPCIS, and Fn2 and connective 
tissue growth factor (Ctgf) in mPCIS. Addition 
of TGF-β1 to rPCIS or mPCIS induced the 
gene expression of the fibrosis markers Pro-
collagen1a1, Fn2, and Ctgf in both species. 
However, none of the fibrosis markers was 
further elevated in hPCIS. We successfully 
developed a novel ex vivo model that can mimic 
the early-onset of fibrosis in the intestine using 
human, rat, and mouse PCIS. Furthermore, in 
rat and mouse PCIS, TGF-β1 was able to even 
further increase the gene expression of fibrosis 
markers. This indicates that PCIS can be used as 
a model for the early-onset of IF.
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Intestinal fibrosis (IF) is a major complication that can occur 
in inflammatory bowel disease (IBD), after radiation therapy or 
transplantation. IF is a result of chronic inflammation or injury and 
originates from inflammatory and immune processes acting simultaneously 
on many different cell types.1 The imbalance between inflammation/injury 
and tissue repair leads to excessive accumulation of collagen, fibronectin, 
and other extracellular matrix (ECM) proteins.2 Due to the luminal 
structure of the intestine, thickening of its wall by fibrosis causes stenosis, 
eventually requiring surgical intervention.3 In Crohn’s Disease (CD), 
progressive IF leads to symptomatic bowel strictures and stenosis due to 
narrowing of the lumen in 30% of patients.4 Despite major pharmacological 
advances in the inflammatory component of the disease, the incidence of 
stricture formation in CD has not markedly changed in the past 10 years.5 
CD patients that barely suffer from inflammation can still have extensive 
degrees of fibrosis and stenosis and vice versa.6 These findings suggest 
that distinct mechanisms of inflammation and restitution/fibrosis exist. 
Up to now, the mechanism underlying IF is still not fully understood and 
there is no pharmacological therapy to prevent and/or cure the fibrotic 
state. Lack of knowledge about the mechanism of IF is a considerable 
limitation in developing antifibrotic drugs because suitable drug targets 
need to be unraveled. Furthermore, the currently used (human) in vitro 
and animal in vivo models, mainly rodent, are not representative for the 
(patho)physiology of IF in human.7 The in vivo animal models provoke 
substantial discomfort to the animals and require large numbers of animal 
experiments.8 In addition, available in vitro and cell-culture models cannot 
imitate the physiologic milieu, especially not cell-cell and cell-extracellular 
matrix interactions between fibroblasts, stellate cells, bone-marrow-derived 
cells, fibrocytes, and pericytes.9 One of the most important profibrotic 
cytokines in IF is transforming growth factor- β1 (TGF-β1).10 Through the 
phosphorylation of Smad proteins, TGF-β1 can activate the downstream 
signaling including the expression of plasminogen activator inhibitor 1 (PAI-
1).11 Many of its downstream effects leading to deposition of extracellular 
matrix (ECM), are mediated by connective tissue growth factor (CTGF).5,12 
Phenotypically altered resident fibroblasts can turn into myofibroblasts that 
start to express alpha-smooth muscle actin (αSMA) and to produce excessive 
amounts of ECM. This ECM mainly consists of collagen, fibronectin 
(FN2), and elastin (ELA).13 The maturation of collagen is facilitated by 
heat shock protein 47 (HSP47) for which collagen is the only substrate.14 
Furthermore, stellate cells which have been confirmed to play a role in liver 
fibrosis (Synaptophysin (SYN) is a marker), are proposed to play a role in 
intestinal fibrosis.7,15,16 To be able to study the complex interplay between 
various intestinal cell types, an ex vivo (human) system which can mimic 

Introduction ---- 



124the multicellular process, namely precision-cut intestinal slices (PCIS), 
was used.17 PCIS have been used as a model to study drug metabolism18, 
xenobiotic interactions, and drug transport.19–21 Furthermore, precision-cut 
tissue slices from various organs have been successfully used as a model 
to study fibrosis and the efficacy of antifibrotic compounds.22 In PCIS, all 
intestinal cell types are kept in their original tissue-matrix environment 
and structure. Thus, cell–cell and cell-ECM interactions are retained. 
Furthermore, the villus and microvillus organization is preserved, which is 
essential for the migration and transformation of intestinal cells.21–23

The aim of this study was to evaluate PCIS prepared from human, 
rat, and mouse, as a novel model to mimic the early-onset of (human) IF. 
This model could be used to unravel the mechanism of intestinal fibrosis 
as well as to test the efficacy of antifibrotic compounds ex vivo. First, the 
viability and morphology of PCIS were studied during culture. Second, 
the gene expressions of above-mentioned fibrosis markers (CTGF, αSMA, 
Pro-collagen 1a1 (COL1A1), FN2, HSP47, ELA, PAI-1, TGF-β1, and SYN) 
were determined in PCIS in the presence and absence of the fibrogenic 
factor TGF-β1.
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PREPARATION OF RAT AND MOUSE INTESTINAL CORES

Adult nonfasted male Wistar rats and C57BL/6 mice were used (Harlan 
PBC, Zeist, The Netherlands). The rats and mice were housed on a 12 h 
light/dark cycle in a temperature and humidity-controlled room with food 
(Harlan chow no 2018, Horst, The Netherlands) and water ad libitum. 
The animals were allowed to acclimatize for at least seven days before the 
start of the experiment. The experiments were approved by the Animal 
Ethical Committee of the University of Groningen.

Rats and mice were anesthetized with isoflurane/O2 (Nicholas 
Piramal, London, UK). Rat jejunum (about 25 cm distal from the sto-
mach and 15 cm in length) and mouse jejunum (about 15 cm distal from 
the stomach and 10 cm in length) were excised and preserved in ice-cold 
Krebs-Henseleit buffer (KHB) supplemented with 25 mM D-glucose 
(Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES 
(MP Biomedicals, Aurora, OH), saturated with carbogen (95% O2/5% 
CO2) and adjusted to pH 7.4. The jejunum was cleaned by flushing KHB 
through the lumen and subsequently divided into 2 cm segments. These 
segments were filled with 3% (w/v) agarose solution in 0.9% NaCl at 37°C 
and embedded in an agarose core-embedding unit.17

PREPARATION OF HUMAN INTESTINAL CORES

Healthy human jejunum tissue was obtained for research from 
intestine that was resected from patients who under- went a 
pancreaticoduodenectomy (Table 1). The experimental protocols were 
approved by the Medical Ethical Committee of the University Medical 
Center Groningen.

The healthy jejunum was preserved in ice-cold KHB until the 
embedding procedure.17,24 The submucosa, muscularis, and serosa were 
carefully removed from the mucosa within an hour after collection of the 
tissue. The mucosa was divided into 0.4 cm 9 1 cm sheets. These sheets 
were embedded in 3% agarose (w/v) solution in 0.9% NaCl at 37°C and 
inserted in embedding unit.17

PREPARATION OF PCIS

PCIS were prepared in ice-cold KHB by the Krumdieck tissue slicer 
(Alabama Research and Development). The slices with a wet weight of 
3–4 mg had an estimated thickness of 300–400 µm.17 Slices were stored 
in ice-cold KHB until the start of the experiments.17

Materials and Methods ----- 
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INCUBATION OF INTESTINAL SLICES

Slices were incubated in 12-well plates for human PCIS (hPCIS) and 
rat PCIS (rPCIS) or in 24-well plates for mouse PCIS (mPCIS). hPCIS 
and rPCIS were incubated individually in 1.3 mL and mPCIS in 0.5 
mL of Williams Medium E with L-glutamine (Invitrogen, Paisly, UK) 
supplemented with 25 mM glucose, 50 µg/mL gentamycin (Invitrogen), 
and 2.5 µg/mL amphotericin-B (Invitrogen). During incubation (at 37°C 
and 80% O2/5% CO2) in an incubator (MCO-18M, Sanyo), the plates were 
horizontally shaken at 90 rpm (amplitude 2 cm). rPCIS were incubated 
up to 24 h, mPCIS and hPCIS were incubated up to 72 h, with and 
without human TGF-β1 (Roche Diagnostics, Mannheim, Germany) in the 
concentration range from 1 to 10 ng/mL. All incubations were performed 
manifold (using 3–6 slices incubated individually in separate wells) and 
were repeated with intestine from 3 to 16 different humans, rats, or mice.

VIABILITY AND MORPHOLOGY 

The viability was assessed by measuring the adenosine tri-phosphate (ATP) 
content of the PCIS, as was previously described.17 Briefly, after incubation, 
slices were transferred to 1 mL sonication solution (containing 70% ethanol 
and 2 mM EDTA), snap-frozen in liquid nitrogen and stored at -80°C. To 
determine the viability, ATP levels were measured in the supernatant of 
samples sonicated for 45 sec and centrifuged for 2 min at 4°C at 16.000 
x g, using the ATP bioluminescence kit (Roche Diagnostics, Mannheim, 
Germany). ATP values (pmol) were normalized to the total protein content 
(µg) of the PCIS estimated by Lowry method (BIO-rad RC DC Protein 
Assay, Bio Rad, Veenendaal, The Nether- lands). Values displayed are 
relative values compared to the related controls.

To assess the morphology, incubated slices were fixed in 4% for-
malin and embedded in paraffin. Sections of 4 µm were cut and stained 
with hematoxylin and eosin (HE).17 HE sections were scored according to 

Table 1 ---- Characteristics of human PCIS from
9 Human donors

IH1

IH2

IH3

IH4

IH5

IH6

IH7

IH8

IH9

f

f

m

f

m

f

m

f

m

73

80

68

66

33

66

53

71

53

4.70

1.60

1.70

7.90

2.30

4.18

5.36

3.10

3.71

ATP (0h) pmol/μg proteinAgeGenderHuman ID



127a modified Park score, describing the sequence of development of tissue 
injury in the intestine after ischemia and reperfusion.25,26 The integrity of 
seven segments of the PCIS was scored on a scale from 0 to 3. Viability of 
the epithelium, stroma, crypts, and muscle layer were scored separately ra-
ting 0 if there was no necrosis, and 3 if massive necrosis was present. The 
other parts of the intestinal slice were rated as follows: Shape of the epit-
helium: 0 = cubic epithelium, 3 = more than 2/3 of the cells are flat, flat-
tening of the villi: 0 = normal, 3 = more than 2/3 of the villi are flattened, 
and the amount of edema: 0 = no edema, 3 = severe edema. A maximum 
score of 21 indicates severe damage. In human samples, the morphlogical 
score of muscularis mucosae was determined in the “muscle layer” section. 
B.T.P., W.T.v.H. and J.N. performed the blind scoring; the mean of three 
total scores was calculated.

GENE EXPRESSION

After incubation, slices were snap-frozen in liquid nitrogen and stored at 
-80°C until RNA isolation. First, total RNA of three to six pooled snap-fro-
zen slices was isolated using Qiagen RNAeasy mini kit (Qiagen, Venlo, The 
Netherlands). The amount of isolated RNA was measured with the BioTek 
Synergy HT (BioTek Instruments, Vermont). Afterward, reverse transcripta-
se was performed with 1 µg RNA using Reverse Transcription System (Pro- 
mega, Leiden, The Netherlands). The reverse transcript polymerase chain re-
action (PCR) reaction was performed in the Eppendorf mastercycler with the 
following gradient: 25°C for 10 min, 45°C for 60 min, and 95°C for 5 min.

The expression of the fibrosis genes, namely COL1A1, αSMA, HSP47, 
CTGF, FN2, TGF-β1, PAI-1, and SYN were determined by either the Taqman 
or SYBRgreen method. In hPCIS, ELA gene expression was also measured 
by SYBRgreen method. With the Taqman method, the primers (50 µM) and 
probes (5 µM) listed in Table 2 were used with the qPCR mastermix plus 
(Eurogentec, Maastricht, The Netherlands). The real-time PCR reaction was 
performed in a 7900HT Real Time PCR (Applied Biosystems, Bleiswijk, 
The Netherlands) with 40 cycles of 10 min at 95°C, 15 sec at 95°C and 1 min 
at 60°C. With the SYBRgreen method, appropriate primers (50 µM), listed 
in Table 2, were used with SYBRgreen mastermix (GC Biotech, Alphen aan 
de Rijn, The Netherlands). The real-time PCR reaction was performed with 
45 cycles of 10 min 95°C, 15 sec at 95°C, and 25 sec at 60°C following with 
a dissociation stage. Ct values were corrected for the Ct values of the house-
keeping gene GAPDH (ΔCt) and compared with the control (ΔΔCt). Results 
are calculated as fold induction of the gene (2ΔΔCt).

STATISTICAL ANALYSES 

A minimum of three different intestines was used for each experiment, 
using 3–6 slices from each intestine. The results are expressed as mean +/- 



128standard error of the mean (SEM). Differences were determined using a 
paired, one-tailed Student’s t-test and ANOVA multiple comparisons with 
Fisher’s least significant difference test. A P value <0.05 was considered 
significant. Statistical differences in ATP were determined using the values 
relative to the control values in the same experiment. Real-time PCR 
results were compared using the mean ΔΔCt values. Correlation between 
ATP content and mean Park score was determined using Spearman’s 
correlation coefficient. 

CTTGCCCACAG
CCTTGGCAGC

CCTCCTGG
CTTCCCTG

CCGCCTTA
CAGAGCC

CTTCCCGC
CATGCCAC

TGCCATCAAT
GACCCCTTCA

CAGGTACCATG
ACCGAGACGTG

GGGTGACGAA
GCACAGAGCA

Table 2 ---- Primers and probes of fibrosis markers.

ACAGTCCATG
CCATCACTGC

TGACTGGAAG
AGCGGAGAGT

ACTACTGCCG
AGCGTGAGAT

AGGTCACCAA
GGATGTGGAG

CAAAGCAGCT
GCAAATACCA

CGGAGAGAGT
GCCCCTACTA

CTGTGTTTGCC
TTCCTCTACTC

GGTTCATGTCA
TGGATGGTGC

GCCAGATTTATCA
TCAATGACTGGG

GAACATCATC
CCTGCATCCA

CCCACCGG
CCCTACTG

AGCTCTGGTGT
GTGACAATGG

AGACGAGTTGTA
GAGTCCAAGAGT

ACACAAGGG
TCTTCTGCGA

TCTTCTGATGTC
ACCGCCAACTCA

CTTTGCCATC
TTCGCCTTTG

CCTGGAAAGG
GCTCAACAC

AACCCAGGC
CGACTTCA

ACCAGGGCTG
CTTTTAACTCT

CAATCACCTGCG
TACAGAACGCC

AGGGGGTGA
TGGTGGGAA

GATCCACGAC
GGACACATTG

ATCCATCGGT
CATGCTCTCT

CCAATGAAAG
ATGGCTGGAA

CAGCTTCTCC
TTCTCGTCGT

GGCCAAATGT
GTCTTCCAGT

CGATATTGGT
GAATCGCAGA

AGGTAGGGCTC
AGACAGATAAA

TGACGTCACTG
GAGTTGTACGG

GGAGAGGTGCAC
ATCTTTCTCAAAG

CCAGTGAGCT
TCCCGTTCA

GACCAGCTTC
ACCCTTAGCA

GGAGCATCATC
ACCAGCAAAG

ACCCATGTGTC
TCAGGAACCT

TTGCAACTGCT
TTGGAAGGAC

TGATAGAATTCCT
TGAGGGCGGCA

GCCCGTAATC
GGGTTGATAA

CAGTTCTTCTC
TGTGGAGCTGA

CATGCGGGCTG
AGACTAGAAT

GGTGCCATG
GAATTTGCC

CGGCAGGGC
TCGGGTTTC

ATGATGCCAT
GTTCTATCGG

ProbeReversForwardPrimers/Probe

MOUSE

Gapdh

Col1a1

αSma

Hsp47

Ctgf

Fn2

Syn

Tgf-β1

Pai-1

RAT

Gapdh

Col1a1

αSma

Hsp47

Ctgf

Fn2

Syn

Tgf-β1

Pai-1

HUMAN

GAPDH

COL1A1

αSMA
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VIABILITY OF PCIS

The ATP content and the morphology of PCIS were used to evaluate 
the viability of the slices during culturing. Directly after slicing, the 
ATP content of the PCIS from human (h), rat (r) and mouse (m) was 
3.49 ± 1.56, 4.34 ± 1.69, 3.82 ± 1.95 pmol/µg protein, respectively. No 
significant difference in the ATP content of PCIS from different species 
was found. When compared with directly after slicing, the ATP content 
of hPCIS decreased about 30% and 50%, after 48 and 72 h of incubation, 
respectively (Fig. 1A). However, in rPCIS, already after 4 h of incubation 
the ATP content significantly decreased and after 24 h the ATP content 
was reduced by 75% compared to freshly prepared PCIS (Fig. 1B). In 
mPCIS, the ATP content was not significantly different after 48 h of 
incubation, yet, after 72 h of culturing, ATP levels were significantly 
decreased to 36% as compared to freshly prepared PCIS (Fig. 1C). No 
significant difference in the ATP content of PCIS from different species 

Results ---- 

Figure 1 ----  Long-term incubation of hPCIS, rP-
CIS and mPCIS. The viability of PCIS as measured 
by ATP content after incubation of (A) hPCIS 
up to 72 hours, (B) rPCIS up to 24 hours and (C) 

mPCIS up to 72 hours (C). (*P<0.05, **P<0.01 
vs 0 hour. n= 9-15, data are expressed as mean 
+/- SEM).

A

C

B



130Figure 2 ----  Park score of hPCIS, rPCIS and 
mPCIS after long-term incubation. Mean Park 
scores of (A) hPCIS, (B) rPCIS and (C) mPCIS in-
testinal slices after different incubation intervals. 
(*P<0.05, n= 5-8, data are expressed as mean +/- 

SEM). Spearman correlation between ATP con-
tent and mean Park score in hPCIS (D, r = -0.76, 
P <0.0001), rPCIS (E, r = -0.73, P = <0.0001) and 
mPCIS (F, r = -0.81, P = 0.0015).

A

B

C



131was found. When compared with directly after slicing, the ATP content 
of hPCIS decreased about 30% and 50%, after 48 and 72 h of incubation, 
respectively (Fig. 1A). However, in rPCIS, already after 4 h of incubation 
the ATP content significantly decreased and after 24 h the ATP content 
was reduced by 75% compared to freshly prepared PCIS (Fig. 1B). In 
mPCIS, the ATP content was not significantly different after 48 h of 
incubation, yet, after 72 h of culturing, ATP levels were significantly 
decreased to 36% as compared to freshly prepared PCIS (Fig. 1C).

To evaluate the morphological integrity of PCIS after incubation, 
the modified Park score was used. An increased Park score indicated a de-
crease in viability. Mean Park scores of hPCIS increased significantly du-
ring 48 h of culture when compared with hPCIS directly after slicing (Fig. 
2A). Furthermore, the mean Park score of rPCIS and mPCIS also incre-
ased significantly during incubation (Fig. 2B and C). Very low Park score 
of non-incubated slices showed that PCIS were not damaged by handling 
and slicing (Fig. 2). A significant correlation between ATP content and 
mean Park scores was found in hPCIS (Spearman r = -0.76, P < 0.0001), 
rPCIS (Spearman r = -0.73, P ≤ 0.0002) and mPCIS (Spearman r = -0.82, 
P = 0.0033) (Fig. 2D–F).

Figure 3 ----  Morphological integrity of hPCIS 
after long-term incubation. HE staining of repre-
sentative healthy human intestinal slices after (A) 

0 hour, (B) 48 hours, and (C) 72 hours incubation. 
(magnification: 4x).

A
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During culturing of human, rat, and mouse intestinal slices the 
same sequence of morphological changes and damage was found (Fig. 3). 
First, epithelial and stromal cells were damaged, with clear signs of necrosis 
in these cells. In association, flattening of the villi and of epithelial cells (i.e., 
losing their cubic shape), and development of edema was found (Fig. 3B). 
Subsequently, necrosis was evident in cells of the crypts and the muscle lay-
er. By incubating hPCIS up to 72 h, massive necrosis was apparent in both 
epithelial and stromal cells (Fig. 3C). In association with necrosis, destructi-
on of the normal tissue architecture was found as shown in Figure 3C.

C



133PCIS of all species were incubated with TGF-β1, to confirm that 
PCIS can be used to study the TGF-β1 signaling pathway. hPCIS viability 
decreased slightly, but not significantly, after 24 h of incubation with 10 ng/
mL TGF-β1. Meanwhile, when hPCIS were incubated for 48 h, TGF-β1 did 
not affect the hPCIS ATP content (Fig. 4A). Moreover, ATP content of rP-
CIS did not decreased after 24 h of incubation in the presence of up to 5 ng/
mL TGF-β1 (Fig. 4B). In contrast, 10 ng/mL of TGF-β1 decreased the viabi-
lity of rPCIS considerably (data not shown). Meanwhile, in mPCIS, up to 48 
h in culture, no effect on the viability due to TGF-β1 was observed (Fig. 4C).

GENE EXPRESSION OF FIBROSIS MARKERS

Figure 4 ----  Long-term incubation of hPCIS, 
rPCIS and mPCIS with TGF-β1. The viability of 
PCIS as measured by ATP content after incuba-
tion of: (A) hPCIS up to 48 hours with 5 ng/mL 
and 10 ng/mL TGF-β1, (B) rPCIS up to 24 hours 

with 1 ng/mL and 5 ng/mL TGF-β1 and (C) mPCIS 
up to 48 hours with 5 ng/mL TGF-β1. (*P<0.05, 
**P<0.01 vs control n= 3-6, data are expressed as 
mean +/- SEM).
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134Figure 5 ----  Gene expression of fibrosis markers 
in hPCIS, rPCIS, and mPCIS after long-term in-
cubation. The gene expression of fibrosis markers 
COL1A1, HSP47, αSMA, CTGF, FN2 and SYN 

after incubation of (A) hPCIS for 72 hours, (B) 
rPCIS for 24 hours, and (C) mPCIS for 48 hours. 
(*P<0.05, **P<0.01 vs 0 hour. n= 3-6, data are 
expressed as mean +/- SEM).

A

B
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135Figure 6 ----  Gene expression of fibrosis markers 
in hPCIS, rPCIS, and mPCIS after long-term 
incubation with TGF-β1. The gene expression of 
fibrosis markers COL1A1, HSP47, αSMA, CTGF, 

FN2 and SYN after incubation of (A) hPCIS for 48 
hours, (B) rPCIS for 24 hours, and (C) mPCIS for 
48 hours with TGF-β1. (*P<0.05, **P<0.01 vs con-
trol. n= 3-5, data are expressed as mean +/- SEM).

A

B

C
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To determine if the early-onset of fibrosis is induced in PCIS, gene 
expression of various fibrosis markers was investigated. After 24 h of 
incubation, the gene expression of an early marker of fibrosis, HSP47, 
was elevated in hPCIS when compared with hPCIS directly after slicing. 
HSP47 steadily increased up to 72 h. Furthermore, when compared with 
hPCIS after preparation, SYN gene expression significantly increased in 
hPCIS after 48 h and was even higher after 72 h of incubation. Conversely, 
ELA expression was decreased after 48 hr incubation (Fig. 7E) and αSMA 
expression was downregulated after incubation up to 72 h compared to 
freshly prepared PCIS (Fig. 5A). Furthermore, COL1A1, CTGF, and FN2 
expression was not affected during incubation of hPCIS (Fig. 5A).

After 24 h of incubation of rPCIS, the gene expression of Hsp47 
and Fn2 was significantly increased compared to PCIS directly after sli-
cing. Similar to hPCIS, αSma was downregulated, whereas Col1a1, Ctgf, 
and Syn expression was unaffected after 24 h of culture (Fig. 5B).

As was found in rPCIS the gene expression of Hsp47 and Fn2 was 
significantly increased in mPCIS after 24 h, which increased even further 
up to 48 and 72 h of incubation. Ctgf expression was only increased after 
72 h of incubation in mPCIS. In contrast to the gene expression of αSma 
and Col1a1, which was significantly downregulated up to 72 h in mPCIS 
(Fig. 5C). Syn expression remained unchanged during incubation in both 
rPCIS and mPCIS.

ADDITION OF TGF-β1

To study if the main fibrogenic factor TGF-β1 was able to induce 
fibrogenesis in these models, PCIS were incubated with TGF-β1. The gene 
expression of none of the investigated fibrosis markers was affected in 
hPCIS when incubated for 48 h with up to 10 ng/mL TGF-β1 (Figs. 6A and 
7E). However, in rPCIS, when incubated for 24 h with 1 ng/mL TGF-β1, 
Ctgf, and Fn2 were significantly upregulated compared to control and 
remain elevated in the presence of 5 ng/mL TGF-β1. Meanwhile, αSma and 
Col1a1 expression were significantly increased compared to the 24 h control 
only, when incubated with 5 ng/mL TGF-β1. Interestingly, Hsp47 expression 
in rPCIS tended to decrease with 1 ng/mL TGF-β1 and was significantly 
downregulated when adding 5 ng/mL TGF-β1 during culture (Fig. 6B). In 
mPCIS after 48 h of incubation in the presence of 5 ng/mL TGF-β1 the gene 
expression of Col1a1, Fn2, Hsp47, and Ctgf was significantly upregulated 
compared to the 48h control (Fig. 6C). However, Syn expression was not 
affected in both rPCIS and mPCIS in the presence of TGF-β1.

Both Tgf-β1 and PAI-1, the specific downstream marker of TGF-β1 
signaling27, gene expression were investigated. Only in rPCIS the Tgf-β1 
was significantly increased (Fig. 7B). However, the gene expression of 
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Figure 7 ----  Gene expression of TGF-ß1 and PAI-1 
in hPCIS, rPCIS and mPCIS after long-term in-
cubation with TGF-ß1. The gene expression of fi-
brosis markers TGF-ß1 and PAI-1 after incubation 
of (A) hPCIS for 48 h, (B) rPCIS for 24 h, and (C) 
mPCIS for 48 h. (D) The gene expression of PAI-1 
in PCIS models after incubation (48 hr with hP-

CIS and mPCIS, 24 hr with rPCIS) with 5 ng/mL 
TGF-ß1. (E) The gene expression of ELA in hPCIS 
model after incubation for 48 hr with and without 
5 ng/mL and 10 ng/mL TGF-ß1 (*P < 0.05, **P < 
0.01 vs. 0 h or control. n = 3–5, data are expressed 
as mean +/- SEM).

 

A

B

PAI-1 was increased dramatically in all species suggesting activation of the 
TGF-β1 pathway (Fig. 7A–C). When slices were incubated in the presence 
of TGF-β1, the gene expression PAI-1 was not further increased, except for 
rPCIS (Fig. 7D). 
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Intestinal fibrosis is a complicated condition, caused by extensive chronic 
inflammation or injury of the bowel. Although there are some animal 
models for IF, most of them are limited in their relevance to human 
disease and have some definite disadvantages, such as animal discomfort 
and long time needed to establish the fibrosis state.8 Until now, there 
are no antifibrotic drugs available and relevant models are needed. As 
reviewed before, precision-cut tissue slices can provide a good model to 
study the early-onset of organ fibrosis22, and can also considerably reduce 
the number of animals used in intestinal fibrosis research. The aim of this 
study was to develop a method for studying the early-onset of IF by using 
PCIS from various species, namely human, rat, and mouse.

VIABILITY BY ATP CONTENT OF PCIS

Precision-cut intestinal slices have been used previously to study drug 
metabolism and toxicity in the intestinal tract. In these studies, hPCIS were 
used to investigate the regulation, expression and capacity of metabolic 
enzymes, transporters and receptors indicating that PCIS can mimic the 
intestine in vivo.18,28–30 Previously, hPCIS were incubated for a relatively 
short period of time (up to 24 h). To study the onset of fibrosis, we 
incubated PCIS for a longer period (rPCIS up to 24 h, mPCIS and hPCIS 
up to 72 h). ATP is used in precision-cut tissue slices from different organs 
as general marker of viability. To establish this in PCIS the morphology 
during incubation was compared to the ATP content in the slices. 
Morphological scoring (according to the modified Park score24,25) of mPCIS, 
rPCIS, and hPCIS showed that the ATP is related to the morpho- logical 
integrity of the tissue. Therefore, ATP levels in PCIS are used as a general 
marker for morphological integrity in different species in this study. In 
addition, the sequence of losing cell integrity in PCIS from different species 
is similar, indicating that the same processes take place in the PCIS from 
all studied species. Epithelial and stromal cell damage was observed first, 
indicating that these cells are the most vulnerable to ischemia. This is also 
shown in the original article describing the Park score.25 However, more 
specific markers for the different cell types in the PCIS are necessary to 
obtain information on the viability of these cells in PCIS during culture.

The decline of ATP content found in our study was also observed 
in other studies with rPCIS31 and hPCIS.17 Moreover, PCIS from the diffe-
rent species behave differently during culture. The ATP content in PCIS 
directly after slicing was comparable in all species. Striking is, however, 
the species difference of the maximal incubation period of the PCIS. In 
rPCIS after 24 h incubation ATP content was less than 50% compared to 
directly after slicing, in contrast to mPCIS and hPCIS, where this value 

Discussion ---- 



140was reached only after 72 h. One of the factors may be the production of 
reactive oxygen species (ROS). During slicing and storage before the start 
of the incubation, the PCIS are subjected to ischemia. Upon culturing, the 
PCIS are reoxygenated. It is known from studies in biopsies that in the rat 
intestine xanthine oxidase (XO) steeply increases during ischemia, which 
is in contrast to the human intestine.32 Upon reoxygenation, XO will lead 
to ROS and subsequently to cell and tissue damage.32 Furthermore, Tgf-β1 
gene expression was also increased in rPCIS, possibly subsequently also 
Tgf-β1 protein and this could lead to the production of ROS. 33,34 This 
might explain why rPCIS deteriorate faster in culture than mPCIS and 
hPCIS. Future studies will be performed to determine ROS production in 
PCIS of different species.

GENE EXPRESSION OF FIBROSIS MARKERS 

The aim of our study was to induce the early-onset of fibrogenesis, which 
could be triggered by the loss of cell integrity over time. Therefore, we 
studied the gene expression of different fibrosis markers, often linked to 
the protein expression.35 In addition, TGF-β1 was added to the PCIS to 
establish if one of the main inducers of fibrogenesis is also effective in PCIS.

In hPCIS cultured up to 72 h, HSP47 gene expression was eleva-
ted. Other studies have identified HSP47 as a potential early marker of 
IF.14,36 It has been demonstrated that the serum level of HSP47 is higher in 
CD patients, who are prone for IF, compared to those with ulcerative coli-
tis, an intestinal disease that rarely leads to IF, and to control patients.37 
Moreover, Honzawa et al. showed that HSP47 expression contributes to 
IF in CD38 and in the IL-10-/- mouse model of IF, HSP47 plays an essential 
role.8,39 Therefore, HSP47 is a biomarker for IF and furthermore used ex 
vivo in hPCIS to study the efficacy of antifibrotic drugs.37

SYN, a marker of stellate cells15, was also upregulated in hPCIS. 
As was reported before by Rieder et al. stellate cells are present in the 
intestine and may contribute to the fibrotic process.9 As was shown before 
with hepatic stellate cells (HSCs), if the liver is injured, HSCs change their 
phenotype to an activated state, start to express among others αsma, and 
to synthesize proinflammatory cytokines and ECM proteins.40 Intestinal 
stellate cells seem to display the same basic morphological, phenotypic, 
and functional characteristics as the hepatic stellate cell and recently have 
been isolated and cultured from mesenteric fibrotic tissue from a patient 
with a fibrotic carcinoid tumor.7,41 Therefore, the increase in stellate cell 
number and HSP47 induction up to 72 h in hPCIS during culturing indi-
cates that slices can be used as a tool to study the early stage of fibrosis.

The decrease in αSma expression up to 72 h in hPCIS might be 
explained by a loss of fibroblasts, which was also found in other organ 
slices.22 In hPCIS, none of the other fibrosis markers (COL1A1, FN2, and 
ELA) were increased during culturing, even with the addition of increasing 



141concentrations of TGF-β1. This may indicate that the TGF-β pathway 
cannot be induced, or is already activated due to the operation and procu-
rement of the tissue. Moreover, it should be noted that in the intestine, the 
resident macrophages are mainly in the muscularis42, which was removed 
from the human intestinal tissue before hPCIS were prepared. Although 
the mechanism of IF in human is still unknown, the spontaneous early 
fibrosis may require macrophages to develop. Future studies with specific 
inhibitors of the TGF- β pathway will elucidate if the pathway is already 
activated. Furthermore, maybe an additional trigger such as PDGF or the 
presence of the inflammatory cytokine TNF is necessary to induce fibrosis 
in hPCIS, which has been reported in liver fibrosis and idiopathic pulmo-
nary fibrosis.43,44 In future experiments with PCIS it will be elucidate if a 
second hit is necessary. In human liver slices, not only TGF-β1 but both 
potent fibrogenic factors PDGF and TGF-β1 are necessary to induce gene 
expression of fibrosis markers.45 Research is currently ongoing to further 
induce the gene expression of fibrosis markers in hPCIS.

We have investigated the gene expression of ELA in the hPCIS. Alt-
hough it has been reported that ELA was activated by TGF-β1 in lung fibro-
blasts27, there is no reports of the involvement of elastin in fibro- sis in other 
organs. In hPCIS, ELA was not induced during incubation with or without 
TGF-β1. This may indicate that the activation of elastin is lung specific.

In rPCIS, both Hsp47 and Fn2 were increased after 24 h of cultu-
re. These results imply that the early-onset of fibrogenesis is indeed indu-
ced in rPCIS during culture up to 24 h. Addition of TGF-β1 further incre-
ased Fn2 expression, but not Hsp47 that was downregulated by TGF-β1. 
This may be explained by the fact that for the early fibrosis marker Hsp47, 
the maximum gene expression was reached earlier by adding TGF-β1 
during rPCIS incubation than in the control incubation of rPCIS. This is 
in accordance with the results of Col1a1, the marker of fibrosis, that was 
only elevated in rPCIS by TGF-β1, as was also seen in other organ slices.45 

Similarly, Ctgf expression was only elevated in rPCIS after the addition of 
TGF-β1, this is in line with the function of Ctgf in the TGF-β pathway.46 As 
was assessed in hPCIS, αSma expression was also decreased in rPCIS, in-
dicating again that fibroblasts may be lost during culture. However, αSma 
expression was increased in rPCIS by TGF-β1. This may suggest that (myo)
fibroblasts are activated by TGF-β1 in rPCIS.

In accordance with the results in rPCIS, prolonged culture of 
mPCIS induced Hsp47 and Fn2 expression, but αSma was decreased du-
ring culture up to 72 h. However, unlike rPCIS and hPCIS, where Col1a1 
was unchanged during culture, in mPCIS the gene expression of Col1a1 
was significantly decreased. In an ex vivo model of liver fibrosis35, Col1a1 
was also downregulated after 24 h incubation, but increased after 48 h 
incubation due to activation of the wound repair system.19 In mPCIS, pro-
bably longer incubation in the presence of profibrotic cytokines is needed 
to initiate the wound healing process and fibrosis. Interestingly, only in 



142mPCIS, Ctgf gene expression was up- regulated after 72 h incubation, this 
is an indication that the TGF-β pathway was activated after long-term 
incubation. Furthermore, addition of TGF-β1 to mPCIS-induced gene ex-
pression of Col1a1, Fn2, Ctgf, and even Hsp47 that was downregulated in 
rPCIS. αSma expression was not affected by TGF-β1 in mPCIS. In contrast 
to hPCIS, Syn was not induced in rPCIS and mPCIS, not even in the pre-
sence of TGF-β1. This suggests differences between species in the prolife-
ration of intestinal stellate cells.

All these results imply that in rPCIS and mPCIS there was a 
spontaneous induction of early fibrogenesis, which can be measured by 
gene expression of Hsp47 and Fn2. Our result of the early-onset of fi-
brosis in PCIS are in line with the results in a liver fibrosis model using 
precision-cut liver slices, which we already successfully used in studying 
antifibrotic compounds.35 Future studies with specific signaling pathway 
inhibitors will be performed to elucidate why during culturing of PCIS 
spontaneous induction of these markers occurs. TGF-β1 was able to even 
further stimulate the onset of fibrosis in rat and mouse, indicating the im-
portance of TGF-β1 as profibrotic stimulus in rodents. Upcoming experi-
ments have to clarify if the TGF-β1 pathway is involved in the spontaneous 
activation of early fibrogenesis in PCIS. Moreover, we found clear species 
differences in the early-onset of fibrosis, therefore, we are currently per-
forming studies, among others by staining different intestinal cell types, to 
elucidate these difference.

CONCLUSION

We successfully developed a relevant ex vivo intestinal model in both 
rodent and man to study the early-onset of intestinal fibrosis. In rat and 
mouse PCIS, TGF-β1 was able to even further increase the gene expression 
of fibro- sis markers. The gene expression of HSP47 in human and 
rodent PCIS, and in rodent PCIS also Fn2, can be used as early markers 
of fibrosis. These results open the opportunity to test the efficacy of 
antifibrotic drugs in both human and rodents in an ex vivo physiological 
model. The model also provides the opportunity to study the fibrogenesis 
in different regions of the intestine. Furthermore, the mechanism of 
fibrosis in an ex vivo model of early fibrogenesis in different species can be 
determined. The research is currently expanding to the diseased human 
(fibrotic) intestine.
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146ABSTRACT

CONCLUSIONS ---- OGR1 expression was correlated 
with increased expression levels of pro-fibrotic 
genes and collagen deposition. Ogr1 deficiency 
was associated with a decrease in fibrosis 
formation. Targeting OGR1 may be a potential 
new treatment option for IBD-associated fibrosis.

RESULTS ---- Increased expression of fibrosis 
markers was accompanied by an increase in 
OGR1 [2.71 ± 0.69 vs 1.18 ± 0.03, P = 0.016] 
in fibrosis-affected human terminal ileum, 
compared with the non-fibrotic resection 
margin. Positive correlation between OGR1 
expression and pro-fibrotic cytokines [TGFB1 
and CTGF] and pro-collagens was observed. The 
heterotopic animal model for intestinal fibrosis 
transplanted with terminal ileum from Ogr1–/– 
mice showed a decrease in mRNA expression of 
fibrosis markers as well as a decrease in collagen 
layer thickness and hydroxyproline compared 
with grafts from wild-type mice.

METHODS ---- Human fibrotic and non-fibrotic 
terminal ileum was obtained from CD patients 
undergoing ileocaecal resection due to stenosis. 
Gene expression of fibrosis markers and 
pH-sensing receptors was analysed. For the 
initiation of fibrosis in vivo, spontaneous colitis 
by Il10−/−, dextran sodium sulfate [DSS]-induced 
chronic colitis and the heterotopic intestinal 
transplantation model were used.

BACKGROUND AND AIMS ---- pH-sensing ovarian cancer 
G-protein coupled receptor-1 [OGR1/GPR68] is regulated 
by key inflammatory cytokines. Patients suffering from 
inflammatory bowel diseases [IBDs] express increased 
mucosal levels of OGR1 compared with non-IBD controls. 
pH-sensing may be relevant for progression of fibrosis, as 
extracellular acidification leads to fibroblast activation and 
extracellular matrix remodelling. We aimed to determine 
OGR1 expression in fibrotic lesions in the intestine of 
Crohn’s disease [CD] patients, and the effect of Ogr1 
deficiency in fibrogenesis.



147
Recent studies have shown a link between inflammatory bowel dis- 
eases [IBDs] and the family of pH-sensing G-protein-coupled receptors 
[GPRs].1–5 Three GPRs from the GPR4 subfamily were identified as 
sentinels for proton concentration, because they enable cells to sense the 
surrounding pH and to respond to it.6,7 This GPR4 subfamily of receptors 
includes GPR4, ovarian cancer GPR 1 [OGR1/GPR68], and T cell death-
associated gene 8 [TDAG8/GPR65]. These receptors sense extracellular 
protons through histidine residues located in the extracellular region of the 
receptors, resulting in signalling pathway activation and the modification 
of a variety of cell functions.6,7 GPRs are also regulated by key inflammatory 
cytokines.8–10 The proton-sensing pH receptors TDAG8, OGR1 and GPR4 
are inactive or only slightly active in an alkaline environment [pH 7.6–7.8], 
but become highly activated in acidic environments [pH 6.8].7,11–13 GPR132 
structurally belongs to the same subclade, but is pH insensitive and 
therefore is not considered a pH-sensing GPR.14

IBD affects approximately 1 in 150 people in the industrialized 
world. It comprises two main conditions, namely ulcerative colitis [UC] 
and Crohn’s disease [CD], and is characterized by a chronic inflammation 
of the intestinal wall. Severe and persistent mucosal tissue damage is 
one of the main features of IBD. Tissue injury is associated with an 
acidic pH shift, as inflammation increases the local proton concentration 
and lactate production.15 This induces subsequent pro-inflammatory 
cytokine production, such as tumor necrosis factor [TNF].15–17 An acidic 
environment is not only the result of inflammation, but also affects the 
degree and outcome of inflammation.13,18,19 A disturbed pH homeostasis 
due to acidification of the intestinal environment leads to the activation 
of OGR1.20 Recent work demonstrates that patients suffering from IBD 
express increased levels of OGR1 in the mucosa compared with in non-IBD 
controls.3,4 The expression of OGR1 is also increased in inflamed colonic 
mucosa compared with non-inflamed colonic mucosa in both CD and UC 
patients. Moreover, in mice lacking Ogr1, inflammation is attenuated.4 

Wound healing after tissue damage requires an exquisite balance 
between multiple pro- and anti-fibrotic stimuli on extracellular matrix 
[ECM]-producing cells21–24 e.g. activated myofibroblasts.25 Matrix- 
producing cells are activated by paracrine signals, autocrine factors, 
damage-associated molecular patterns, or pathogen-associated molecular 
patterns derived from microorganisms.26–29 Transforming growth factor β1 
[TGF-β1] is an important mediator of mesenchymal cell activation, and 
its expression is increased in the inflamed mucosa of IBD patients.30–33 
Excessive tissue repair promotes fibrosis, impairs gastrointestinal 
function, and is a common clinical problem in patients with CD and UC.34 
Increased tissue stiffness is associated with impaired absorption upon 

Introduction ---- 



148fibrogenesis.29 Fibrosis is increasingly recognized as an important cause 
of morbidity and mortality in patients with IBD. Intestinal fibrosis leads 
to stricture formation due to thickening of the intestinal wall in 30–50% 
of patients with CD35,36 and ~80% of these patients will require surgery.35 
Recently, it has been shown that fibrogenesis can also occur in long-
standing [≥10 years] UC, leading to the formation of strictures.37

In this study, we determined the expression of OGR1 in fibrotic 
lesions of human intestine in patients with CD compared with non-fibrotic 
control sections. Our results showed that OGR1 expression correlated with 
the expression of pro-fibrotic genes and the levels of collagen deposition. 
Furthermore, we studied the role of Ogr1 in intestinal fibrogenesis in 
three different animal models of intestinal fibrosis. Our results showed 
that Ogr1 deficiency was associated with a decrease in fibrosis formation. 
Targeting OGR1 may be a potential new treatment option for IBD-
associated fibrosis. 
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HUMAN TISSUE FROM PATIENTS WITH CD 
AND NON-FIBROTIC CONTROL PATIENTS

Intestinal tissue from patients with CD was obtained from patients 
undergoing ileocaecal resection because of stenosis in the terminal ileum 
[non–fibrosis-affected resection margin and from the thickened fibrosis-
affected region], and from patients undergoing right-sided hemicolectomy 
because of an adenocarcinoma [non–cancer-affected ileal resection 
margin, Supplementary Table 1]. Just after resection, samples for RNA 
were fixed in Tissue-Tek® [O.C.T. Compound, Sakura® Finetek] in the 
operation room and frozen in isopentane on dry ice. Samples were stored 
at –80°C until further use. Intestinal epithelial crypts were isolated as 
previously described.38

ANIMALS 

All animal experiments were performed according to the ARRIVE 
criteria for in vivo experiments. The generation, breeding and genotyping 
of male C57BL/6J-Ogr1tm1 [Ogr1–/–], initially obtained from Deltagen, 
Inc., San Mateo, CA, has been described previously.4,20 The animals were 
co-housed to minimize any potential effects of different microbiota. The 
animals received standard laboratory mouse food and water ad libitum. 
They were housed under specific pathogen-free conditions in a regular 
day–night cycle in individually ventilated cages with standard bedding 
and cage enrichment. 

For the model of spontaneous colitis Il10−/− [C57BL/6] mice and 
Ogr1−/− mice were crossed to generate Ogr1−/−/Il10−/− colitis-susceptible 
mice. Female mice were observed until reaching 80 days of age. 

Chronic colitis was induced as described previously.39 During a 
cycle of chronic colitis, female mice received either 1.75% dextran sodium 
sulfate [DSS] in drinking water or drinking water alone over 7 days. In 
between cycles, the animals were given 14-day periods of recovery. Mice 
received three cycles of DSS treatment as described above and were 
euthanized 3 weeks after completion of the last DSS cycle. 

For the model of heterotopic transplantation, male C57BL/6 
wild- type [WT] donor mice were obtained from Jackson Laboratories; 12 
female B6-TgUBC-GFP30Scha/J (ubiquitin C [UBC]–green fluorescent 
protein [GFP] recipient) mice were bred locally. 

The mice used for all of the above-mentioned experiments 
weighed 19–23 g and were 11–16 weeks old when the experiment was 
started. Surgeries were always performed during the light cycle. 

Materials and Methods ----- 



150ETHICAL CONSIDERATIONS 

Patients gave written informed consent for anonymous 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 lichaamsmateriaal, Research Code University Medical 
Center Groningen, www.rug.nl/umcg/research/ documents/research-code-
info-umcg-nl.pdf ]. Further, we retrieved permission to isolate different 
mucosal cells from intestinal samples, and to use data from patients from 
a cohort study of Swiss residents diagnosed with IBD, approved by the 
local ethical committee of the Kanton Zurich [EK-1316]. The animal 
experiment protocol was approved by the Veterinary Authority of the 
Kanton of Zurich [registration number ZH242/2016]. 

ASSESSMENT OF COLONOSCOPY AND 
HISTOLOGICAL SCORE IN MICE

Animals were anaesthetized intraperitoneally with a mixture of 90–120 
mg ketamine [Narketan 10%, Vétoquinol AG, Bern Switzerland] and 8 
mg xylazine [Rompun 2%, Bayer, Switzerland] per kilogram body weight, 
and examined with the Tele Pack Pal 20043020 [Karl Storz Endoskope, 
Germany]. Mice were scored with a murine endoscopic index of colitis 
severity [MEICS] as described previously.40 For the assessment of the 
histological scores, 1 cm of the distal third of the colon was removed and 
scored as described.39,41

HETEROTOPIC INTESTINAL TRANSPLANT MODEL 

The heterotopic mouse intestinal transplant model is an adaption of the 
heterotopic transplantation model of intestinal fibrosis in rats, which has 
been previously described in detail.42 Briefly, donor small bowel resections 
were extracted and transplanted subcutaneously into the neck of recipient 
animals. Donor small bowel proximal to the caecum was excised and flushed 
with 5 mL of 0.9% NaCl to remove stool, and divided into 10 mm parts. 
A small bowel resection was implanted into a subcutaneous pouch, and a 
single dose of Cefazolin [Kefzol®, Teva Pharma AG 1 g diluted in 2.5 mL 
distilled water] was administered intraperitoneally as infection prophylaxis. 
Intestinal grafts were explanted 7 days after transplantation. Donor and 
recipient mice were euthanized by cervical dislocation. After explantation, 
each graft was divided into three equal segments. One segment was fixed in 
4% formalin for histopathological assessment. The other two segments were 
snap frozen in liquid nitrogen and stored at –80°C until RNA extraction or 
for determination of hydroxyproline [HYP] content. 



151RNA ISOLATION AND RT-QPCR FROM TISSUE-TEK– 
EMBEDDED SAMPLES AND FROM MOUSE SAMPLES

For human samples, ten 10 µm-thick Tissue-Tek sections, containing 
full cross-sections of the intestinal wall were cut using a cryostat. 
Sections were dissolved and homogenized in TRIzol [Invitrogen, 
Life Technologies], and the total RNA was isolated according to the 
manufacturer’s protocol. To avoid genomic DNA contamination, samples 
were treated with DNase I, Amp Grade [Invitrogen, Life Technologies] 
according to the manufacturer’s protocol. RNA isolation from mucosa, 
crypts and epithelial cells was performed as previously described.38 RNA 
isolation of mice specimens was performed following the instructions of 
the RNeasy Mini Kit [Qiagen]. RT-qPCR was performed using TaqMan 
gene expression assays [Supplementary Table 2]. mRNA expression is 
presented as 2–ΔCt, normalized to one of the samples in the control group. 

SIRIUS RED STAINING AND COLLAGEN 
LAYER THICKNESS MEASUREMENT

Fixed samples were processed in a benchtop tissue processor [Leica TP 
1020], embedded and cut into 3-µm sections. To visualize the collagen 
layer, the samples were stained with Sirius Red according to a standard 
protocol.43 Sirius Red staining was examined using the Imager Z2 
microscope [Zeiss] and the software AxioVision [Zeiss]. The quantity 
of the Sirius Red–stained collagen was analysed by ImageJ 1.47t [NIH, 
USA] using pictures taken under transmission light, as well as using 
a polarized light filter. To quantify the area with Sirius red–stained 
collagen, cropped 100-fold magnification pictures [length:width ratio 
= 3:1] from at least eight representative areas comprising the collagen 
layer broadwise for each single graft were taken. By setting thresholds to 
select the red collagen using ImageJ, the area being covered with collagen 
was quantified. Additionally, collagen layer thickness was measured in 
micrometres by a blinded investigator in at least eight representative areas 
at 100- fold magnification. 

4-HYDROXYPROLINE ASSAY 

HYP [a major component of collagen] content was quantified from 
freshly isolated small bowel and grafts using a HYP assay [MAK008- 
1KT, Sigma-Aldrich] according to the manufacturer’s protocol. In 
brief, tissues [10–30 mg] were homogenized using gentleMACS Octo 
Dissociator [130-096-427, Miltenyl Biotec] and hydrolyzed in 12 M HCl 
[10 µL/mg tissue]. The hydrolysate was transferred in duplicates to a 
96-well plate and dried at 60°C. Dried samples were incubated with 50 
µL of chloramine T/oxidation buffer mixture [3 µL of the chloramine 



152T concentrate and 47 µL of the oxidation buffer] at room temperature 
for 5 min. Single aliquots of 50 µL of the diluted DMAB reagent [25 µL 
dimethylaminobenzaldehyde, 25 µL perchloric acid/ isopropanol] was 
added, and samples were incubated at 60°C for 90 min for chromophore 
formation. Absorbance was measured at 560 nm. 

STATISTICAL ANALYSIS 

GraphPad Prism software [v5.0] was used. All human RT-qPCR data 
was considered non-parametric. Therefore, non-paired analyses were 
performed using the Mann–Whitney U test, and paired analyses were 
performed using a Wilcoxon matched-pairs signed rank test. If more than 
two groups were compared, a Kruskal–Wallis with post-hoc Dunn’s test for 
multiple comparisons was performed. Correlation was determined using 
Spearman’s rank correlation coefficient. 
Statistical analysis for collagen layer thickness was performed using one-
way analysis of variance on ranks, with pairwise correction for multiple 
comparisons [Student–Newman–Keuls method]. Statistical analysis for 
the HYP assay was performed using an unpaired t-test. Statistical analysis 
for RT-qPCR in mice was per- formed using an unpaired t-test or one-way 
analysis of variance on ranks, all pairwise multiple comparison procedures 
[Student– Newman–Keuls method]. 
Differences were considered significant at a P value of <0.05 (indicated by 
an asterisk). In the text and figures, averages ± standard error of the mean 
are presented. 
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EXPRESSION OF OGR1 WAS INCREASED IN 
FIBROTIC INTESTINE FROM CD PATIENTS

To elucidate the pathophysiological relevance of pH-sensing receptors, 
we investigated whether the expression of GPRs was increased in fibrosis-
affected terminal ileum vs non-fibrotic terminal ileum from patients with 
CD. Coincidentally, all included patients with CD were female. mRNA 
expression of fibrosis markers COL1A1 [108.46 ± 60.57 vs 6.70 ± 2.02, P < 
0.05], COL3A1 [35.68 ± 17.66 vs 3.14 ± 0.73, P < 0.05], ACTA2 [13.91 ± 4.10 
vs 5.12 ± 2.20, P < 0.04], and TGFB1 [4.72 ± 1.18 vs 1.52 ± 0.34, P < 0.001] 
was significantly increased in the fibrosis-affected area, compared with the 
non-fibrosis-affected resection margin [Figure 1A]. The increase in fibrosis 
markers was accompanied by a significant increase in the mRNA expression 
of OGR1 [2.71 ± 0.69 vs 1.18 ± 0.03, P < 0.05] in the fibrosis-affected 
terminal ileum [Figure 1B]. To verify that the [unaffected] resection 
margins were free of fibrosis, we compared these samples with non-
cancer-affected terminal ileum resection margins from resections due to 
adenocarcinoma. Here, no differences were observed in mRNA expression 
of COL1A1 [5.78 ± 3.16 vs 4.40 ± 1.32, P > 0.99], COL3A1 [1.67 ± 0.63 vs 
2.00 ± 0.47, P = 0.56], ACTA2 [4.47 ± 3.18 vs 1.58 ± 0.68, P = 0.37], and 
TGFB1 [12.64 ± 8.96 vs 2.96 ± 0.84, P = 0.37, Supplementary Figure 1A]. 
Also, no differences were observed between non-cancer-affected control 
tissue and the non-fibrosis-affected resection margin from patients with 
CD in OGR1 [18.41 ± 0.16.17 vs 1.23 ± 0.33, P = 0.56, Supplementary Figure 
1B]. Furthermore, a positive linear correlation between OGR1 vs COL3A1 
[ρ = 0.791, P < 0.001] and TGFB1 [ρ = 0.850, P < 0.001] was found [Figure 
1C, Table 1]. This confirmed our hypothesis that expression of OGR1 was 
associated with fibrogenesis in human terminal ileum, affected by CD. 

To further examine which cells of the intestinal mucosa express the 
pH-sensing receptor, mRNA expression for OGR1 was determined in RNA 
isolated from epithelial cells and mucosa from the same patient sample 
[Supplementary Figure 2]. mRNA expression was increased in whole 
mucosal tissue compared with in isolated crypts for OGR1 [15.7 ± 15.0 vs 
1.2 ± 2.5, P < 0.01, Supplementary Figure 2]. These results suggested that 
OGR1 is mainly expressed by non-epithelial cells of the lamina propria of 
the human intestine such as immune cells or vascular cells. 

DECREASED FIBROSIS IN OGR1-DEFICIENT 
MICE FOLLOWING SPONTANEOUS COLITIS

We hypothesized that increased expression of pH-sensing receptor OGR1 
plays a role in fibrosis formation in both human and murine intestine. 

Results ---- 



154Figure 1 ----  mRNA expression of fibrosis markers 
COL1A1, COL3A1, ACTA2, TGFB1 [A] and G-pro-
tein coupled receptor [GPR] OGR1 [B] in fibrotic 
versus non-fibrotic terminal ileum of patients with 
CD [by Wilcoxon matched-pairs signed rank test]. 

[C] Positive correlation in mRNA expression 
between OGR1 vs COL3A1 [ρ = 0.791, P < 0.001] 
and TGFB1 [ρ = 0.791, P < 0.01] [by Spearman’s 
rank correlation coefficient].

A

C
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Table 1 ---- Spearman correlation between markers 
of fibrosis and OGR1.

COL1A1

COL3A1

ACTA2

TGFB1

Correlation coefficient

P value

Correlation coefficient

P value

Correlation coefficient

P value

Correlation coefficient

P value

0.791

0.000

0.779

0.000

0.689

0.001

0.850

0.000

OGR1

To investigate whether OGR1-dependent changes have functional 
consequences during fibrogenesis, three different murine models were 
used. First, the Il10−/− model of spontaneous colitis was used. Regarding 
inflammatory parameters, Ogr1−/−/Il10−/− mice showed less lymphocyte 
accumulation in the intestinal mucosa, and a decreased prolapse ratio 
and MPO level compared with Ogr1+/+/Il10−/− mice, as recently published.4 
There were no differences in colon length, relative spleen weight, or in 
mRNA expression levels of the pro-inflammatory cytokines Tnf, Il6, or 
Ifnɣ. Concerning fibrosis parameters, Col3a1, Vim, Ctgf, and Tgfb1 were 
used to determine the level of fibrosis in this model, and to study the effect 
of the lack of Ogr1. Here, we could demonstrate that mRNA expression 
of Col3a1 was significantly decreased in Ogr1−/−/Il10−/− mice compared 
with in Ogr1+/+/Il10−/− mice [0.51 ± 0.1 vs 1.0 ± 0.15, P < 0.001, Figure 
2A], showing that fibrosis was reduced upon the absence of Ogr1. A trend 
for decreased mRNA expression of Vim, a mesenchymal cell marker that 
can be used as a surrogate marker for the number of fibroblasts and the 
occurrence of endothelial-to- mesenchymal transition [EMT], in Ogr1−/−/
Il10−/− mice [P = 0.06], together with Ctgf [P < 0.02] and Tgfb1 [P < 
0.27, Figure 2A], was observed. To determine changes in ECM deposition, 
we performed Sirius Red staining to assess collagen deposition. Ogr1+/+/
Il10−/− mice with spontaneous colitis displayed a prominent collagen layer 
thickness in the colon [Figure 2B]. Increased short-chain collagen [green 
stain] was observed in the mucosa as a sign of an ongoing fibrotic process. 
In contrast, collagen deposition was significantly decreased in Ogr1−/−/
Il10−/− mice compared with in Ogr1+/+/Il10−/− mice [27 ± 2.9 vs 47 ± 4.9, P < 
0.001, Figure 2C]. Microscopy evidence indicated that long-chain collagen 
[red stain] was associated with a thinner collagen layer as a sign of lower 
accumulation of newly synthesized collagen. 

Collagen deposition in the grafts was, furthermore, quantified by 
image-processing evaluation [color threshold] with ImageJ. Here, a non-
significant trend for decreased collagen deposition in the Ogr1−/−/Il10−/− 
mice was observed compared with in the Ogr1+/+/Il10−/− mice [0.69 ± 0.04 
vs 1.0 ± 0.15, P = 0.08, Figure 2C]. 
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Figure 2 ----  Collagen quantity and collagen layer 
thickness are decreased in colon from Ogr1–/–/
Il10–/– double knockout mice compared with 
Il10–/– mice following onset of spontaneous colitis. 
Col3a1, Vim, Ctgf, and Tgfb1 mRNA expression is 
decreased in colon from Ogr1–/–/Il10–/– mice com-
pared with Il10–/– mice [each by unpaired t-test, 
A]. Representative pictures of collagen deposition 
[arrows] visualized using Sirius Red staining with 
and without polarized light [B]. Quantification of 
collagen layer thickness [µm] by Sirius Red stain-
ing without polarized light filter [C, by unpaired 
t-test]. Quantification of collagen deposition by 
Image J software [by unpaired t-test, C].
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157DECREASED FIBROSIS IN OGR1-DEFICIENT MICE 
WITH DSS-INDUCED CHRONIC COLITIS

For a second experimental approach, we used the DSS-induced chronic colitis 
model. We investigated whether absence of Ogr1 reduces fibrosis in the model 
of DSS-induced chronic colitis [n = 25 mice]. Successful induction of colitis 
was confirmed by an intermit- tent body weight loss and a significant increase 
in spleen weight [data not shown]. Ogr1−/− was efficacious in ameliorating 
colitis, confirmed by a decreased MEICS and a decreased histological score 
[Figure 3A] compared with WT. DSS-induced thickening of the colon ap-
peared to be increased because organs behind the bowel wall were no longer 
visible through the colon tissue. In contrast, in chronic colitis a reduced 
thickening of the colon appeared in Ogr1−/− compared with WT mice (0.81 ± 
0.79 [n = 8] vs 1.25 ± 0.69 [n = 6], P < 0.30, Figure 3A and B), suggesting 
reduced fibrogenesis and ECM deposition. DSS-treated mice suffering from 
chronic colitis dis- played a prominent collagen layer thickness in the colon 
[Figure 3C]. The fibrosis parameters Col1a1, Col4a1, and Mmp9 were used to 
determine the level of fibrosis in this model, and to study the effect of the lack 
of Ogr1. Here we demonstrated that mRNA expression of Col4a1 was signif-
icantly decreased in Ogr1−/− mice compared with in WT mice (1.06 ± 0.22 [n 
= 8] vs 1.55 ± 0.57 [n = 6], P < 0.05 Figure 3D), showing that fibrosis was 
reduced upon the absence of Ogr1. Col3a1, Vim, Ctgf, and Tgfb1 remained un-
changed [not shown]. Collagen deposition was decreased in Ogr1−/− compared 
with WT mice as determined by collagen layer thickness in the colon (1.01 ± 
0.25 [n = 8] vs 1.42 ± 0.64 [n = 6], P < 0.05, Figure 3E) and HYP assay (0.27 
± 0.09 [n = 8] vs 0.37 ± 0.10 [n = 6], P = 0.081, Figure 3F). 

Figure  3. Collagen quantity and collagen layer thickness are decreased in colons from Ogr1–/– mice compared with WT mice upon DSS-induced chronic 
colitis. Mucosa from mice without DSS-induced colitis displayed a smooth and transparent mucosa with a normal vascular pattern and a solid stool. After 
induction of colitis, the colon of WT mice appeared with a thickened and more granular mucosa without stool, compared with Ogr1–/– mice with a clear vascular 
pattern, improved transparency, and loose stool. WT animals exhibited a higher MEICS score compared with Ogr1–/– mice after DSS treatment [A]. Coloscopy, 
representative images [B]. Representative pictures of collagen deposition [arrows] visualized using Sirius Red staining with and without polarized light [C]. 
There is a trend towards a decrease in Col1a1, Col4a1, and Mmp9mRNA expression in colon from Ogr1–/– mice compared with WT [each by unpaired t-test, D]. 
Quantification of collagen layer thickness [μm] by Sirius Red staining without polarized light filter [E, by ANOVA post-hoc Newman–Keuls multiple comparison 
test]. Quantification of collagen deposition by HYP assay [by unpaired t-test, F].

Decreased Fibrogenesis Upon OGR1 Depletion 1353

D
ow

nloaded from
 https://academ

ic.oup.com
/ecco-jcc/article-abstract/12/11/1348/5079420 by U

niversity of Zurich user on 16 N
ovem

ber 2018

Figure 3 ----  Collagen quantity and collagen layer 
thickness are decreased in colons from Ogr1–/– mice 
compared with WT mice upon DSS-induced chronic 
colitis. Mucosa from mice without DSS-induced 
colitis displayed a smooth and transparent mucosa 
with a normal vascular pattern and a solid stool. 
After induction of colitis, the colon of WT mice 
appeared with a thickened and more granular 
mucosa without stool, compared with Ogr1–/– mice 
with a clear vascular pattern, improved transparen-
cy, and loose stool. WT animals exhibited a higher 
MEICS score compared with Ogr1–/– mice after DSS 

treatment [A]. Coloscopy, representative images 
[B]. Representative pictures of collagen deposition 
[arrows] visualized using Sirius Red staining with 
and without polarized light [C]. There is a trend to-
wards a decrease in Col1a1, Col4a1, and Mmp9mR-
NA expression in colon from Ogr1–/– mice compared 
with WT [each by unpaired t-test, D]. Quantifica-
tion of collagen layer thickness [µm] by Sirius Red 
staining without polarized light filter [E, by ANOVA 
post-hoc Newman–Keuls multiple comparison test]. 
Quantification of collagen deposition by HYP assay 
[by unpaired t-test, F].
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160Figure 4 ----  Ogr1 mRNA expression was signi-
ficantly increased in WT grafts explanted 7 days 
after heterotopic transplantation [by unpaired 
t-test, A]. HYP content was decreased in grafts 
from Ogr1–/– donor mice explanted on Day 7 after 
heterotopic transplantation, compared with grafts 

from WT donor mice [by unpaired t-test, B]. Vim 
[C], Col3a1 [D], Tgfb1 [E], and Ctgf [F] mRNA 
expression is significantly decreased in grafts from 
Ogr1–/– mice 7 days after heterotopic transplanta-
tion, compared with WT grafts [ANOVA post-hoc 
Newman–Keuls multiple comparison test].
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161EXPRESSION OF PH-SENSING RECEPTORS 
INCREASED UPON FIBROGENESIS IN THE HETEROTOPIC 
TRANSPLANT MODEL FOR INTESTINAL FIBROSIS

To confirm the relevance of OGR1 in fibrogenesis in a third murine model, 
Ogr1–/– and WT mice were used as donors, and GFP- expressing mice as 
recipients for isogeneic transplantation of the intestine in the heterotopic 
animal model for intestinal fibrosis. Body weight remained unchanged in both 
GFP recipient groups receiving either Ogr1–/– or WT grafts [data not shown]. 
Grafts were explanted 7 days after transplantation. From the 24 intestinal 
trans- plants, histologically evaluable tissue was obtained from all but five 
grafts: two WT and three Ogr1–/– mice. Ogr1 mRNA expression in intestinal 
explants from WT donor mice on Day 7 after heterotopic transplantation was 
indeed significantly increased compared with in WT donor grafts on Day 0 
before transplantation [5.71 ± 1.03 vs 1.92 ± 0.72, P < 0.05, Figure 4A]. 

HYP CONTENT WAS SIGNIFICANTLY 
DECREASED IN OGR1–/– GRAFTS

Formation of HYP, an amino acid playing a key role in the stability of 
collagen, was determined in explanted grafts from mice on Day 7 after 
heterotopic transplantation. HYP content was significantly decreased in 
grafts from Ogr1–/– donor mice compared with in grafts of WT donor mice 
after heterotopic transplantation [0.12 ± 0.02 vs 0.31 ± 0.04, P < 0.001, 
Figure 4B]. This result confirmed that collagen deposition, as well as 
collagen stability, was reduced upon Ogr1 depletion in this murine model 
of intestinal fibrosis. 

EXPRESSION OF FIBROSIS MARKERS WAS DECREASED IN 
OGR1–/– GRAFTS UPON INDUCTION OF FIBROSIS

Expression of fibrosis markers Vim, Col3a1, Tgfb1, and Ctgf was used 
to confirm the induction of fibrosis in this model and to study the 
effect of the lack of Ogr1. Vim was increased in WT grafts 7 days after 
transplantation compared with in the small bowel at Day 0 [4.94 ± 0.85 
vs 0.65 ± 0.08, P < 0.001, Figure 4C]. Furthermore, mRNA expression 
of Col3a1 [395.55 ± 201.0 vs 1.15 ± 0.17, P < 0.05], Tgfb1 [4.75 ± 0.94 vs 
0.98 ± 0.17, P < 0.001], as well as Ctgf [8.08 ± 2.63 vs 1.70 ± 0.64, *P < 
0.05, Figure 4D–F] was increased in grafts from WT donor mice 7 days 
after transplantation, showing that fibrosis was adequately induced in 
this model. mRNA expression of these four markers was not significantly 
increased in the Ogr1–/– grafts 7 days after heterotopic transplantation, 
compared with in the small bowel on Day 0 [Figure 4C–F]. 

A non-significant trend for decreased Vim expression in freshly 
isolated small bowel and from Ogr1–/– compared with WT mice was 
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Figure 5 ----  Collagen quantity and collagen layer 
thickness were significantly decreased in grafts 
from Ogr1–/– donor mice compared with WT donor 
mice 7 days after heterotopic transplantation. 
Quantification of collagen layer thickness [µm] 
by Sirius Red staining with and without polarized 
light filter [A+B], by ANOVA post-hoc Newman–

Keuls multiple comparison test. Area of collagen 
deposition stained by Sirius Red and quantified 
using ImageJ under transmission light [C]. 
Representative pictures of collagen deposition 
[arrows] visualized using Sirius Red staining with 
and without polarized light [D].

A

C

B

observed [Figure 4C]. The expression of Col3a1 mRNA was also decreased 
in Ogr1–/– grafts compared with in WT mice on Day 7 after transplantation 
[76.55 ± 28.88 vs 395.55 ± 201.0 P < 0.05, Figure 4C]. Furthermore, 
mRNA expression of Tgfb1 and Ctgf, two mediators involved in activation 
of myofibroblasts, was significantly decreased in Ogr1–/– grafts on Day 
7 compared with in WT grafts [Tgfb1: 2.33 ± 0.47 vs 4.75 ± 0.94, P < 
0.01, Figure 4E; Ctgf: 3.12 ± 0.59 vs 8.08 ± 2.63, P < 0.05, Figure 4F]. In 
summary, markers of fibrogenesis are significantly decreased in Ogr1–/– 
grafts compared with in WT grafts in this heterotopic transplantation 
model for intestinal fibrosis. Fibrosis was successfully induced in this 
model in the WT grafts, whereas the expression of fibrosis markers 
remained unchanged in the Ogr1–/– grafts after heterotopic transplantation. 
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164COLLAGEN DEPOSITION WAS DECREASED IN OGR1–/– 
GRAFTS AFTER INDUCTION OF FIBROSIS

Collagen layer thickness visualized by Sirius Red staining was quantified 
under transmission light and under polarizing light before and after 
induction of fibrosis [Figure 5]. Collagen deposition was increased when 
using terminal ileum from WT mice as grafts (collagen layer thickness 
12.44 ± 0.51 µm vs 8.72 ± 0.68 µm, P < 0.001 under transmission light 
[Figure 5A], 10.71 ± 0.41 µm vs 6.80 ± 0.38 µm, P < 0.001 under polarized 
light [Figure 5B]). The collagen layer in the Ogr1–/– grafts was significantly 
increased 7 days after heterotopic transplantation (collagen layer thickness 
10.56 ± 0.29 µm vs 7.93 ± 0.47 µm, P < 0.01 under transmission light 
[Figure 5A], 8.71 ± 0.39 µm vs 5.91 ± 0.31 µm, P < 0.001 under polarized 
light [Figure 5B]). Consistent with expression of the fibrosis mRNA, 
the collagen layer in harvested grafts on Day 7 from Ogr1–/– mice was 
significantly thinner compared with the collagen layer in grafts from WT 
mice (10.56 ± 0.29 µm vs 12.44 ± 0.51 µm, P < 0.01 for data obtained under 
transmission light [Figure 5A] and 8.71 ± 0.39 µm vs 10.71 ± 0.41 µm, P < 
0.001 for data obtained under polarized light microscopy [Figure 5B]). 

Collagen deposition in the grafts was furthermore quantified by 
image processing evaluation [color threshold] with ImageJ. Polarized light 
microscopy showed a significant decrease in collagen layer thickness in 
grafts from Ogr1–/– donor mice compared with in grafts from WT donor 
mice (0.44 ± 0.06 vs 0.73 ± 0.10, arbitrary units, P < 0.05 [Figure 5C]). 
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In this study, we demonstrate that expression of the pH-sensing receptor 
OGR1 correlates with fibrosis in the terminal ileum in mice and humans. 
When analysing the terminal ileum from patients with CD, we observed 
increased expression of the pH-sensing GPR OGR1 in the fibrosis-
affected area, compared with the non-fibrotic resection margin. We also 
found a positive correlation between the expression of markers involved 
in different phases of fibrosis, e.g. pro-fibrotic cytokines [TGFB1 and 
CTGF], a marker for activation of myofibroblasts [ACTA2], or pro-
collagens [COL1A1 and COL3A1], and the expression of OGR1. Using 
an in vivo murine model for intestinal fibrosis, we could confirm an 
increased expression of the pH-sensing receptor Ogr1 upon fibrogenesis. 
Furthermore, we demonstrated decreased fibrosis in double knockout 
mice deficient for Ogr1 and Il10 compared with control mice deficient for 
Il10 following spontaneous colitis. Additionally, we observed a decrease 
in fibrosis between Ogr1-deficient mice in DSS-induced chronic colitis 
and WT mice. Comparing heterotopic transplantation of terminal ileum 
from Ogr1–/– mice to transplantation of ileum from WT mice, we detected 
a significant decrease in the mRNA expression of fibrosis markers, as well 
as a decrease in collagen layer thickness and HYP in the Ogr1– /– grafts. 
These results, from three different well-established murine models of 
intestinal fibrosis, indicate a role for the pH-sensing receptor OGR1 in 
fibrogenesis and stricture formation in CD, thereby providing a new target 
for therapeutic intervention. 

Intestinal fibrosis, which typically occurs in the terminal ileum of 
patients with CD, is triggered as a response to inflammatory processes, in 
which fibroblasts become activated. Activated myofibroblasts can deposit 
excessive amounts of ECM proteins as part of the wound-healing process, 
thereby causing stricture formation.44 Fibrosis is the result of a disturbance 
in the balance between ECM formation and matrix metalloproteinase–
mediated degradation of ECM proteins.45 Intestinal inflammation is 
accompanied by tissue acidification due to the hypoxic environment 
and the excessive pro- duction and insufficient elimination of glycolytic 
metabolites e.g. lactic acid.46–48 Local acidification of the gut lumen and 
mucosa occurs during intestinal inflammation.46 This indicates that 
luminal and tissue pH is decreased during active and longstanding IBD, 
which could activate downstream signalling by pH-sensing receptors. The 
heterotopic transplantation of intestine resections under the skin induces 
a cellular, fibrosis-inducing response from the graft as well as from the 
recipient.42 The graft is subjected to ischemia, which causes hypoxia and 
thereby anaerobic glycolysis and production of lactic acid.15–17 The ensuing 
decrease in pH may stimulate pH- sensing receptors such as OGR1. 
Furthermore, hypoxia induces the accumulation of hypoxia-inducible 

Discussion ---- 



166factors [HIFs] and the release of pro-inflammatory cytokines such as 
TNF and interleukin [IL] 6.49,50 Only recently have we found that the pH-
sensing receptor OGR1 plays a role in IBD and that genetic deletion of 
Ogr1 partially prevents the development of colitis in the IL10-deficient IBD 
mouse model.4 Moreover, the absence of Gpr4 ameliorating colitis in IBD 
animal models indicates an important regulatory role of this pH-sensing 
receptor in mucosal inflammation.5 Recently, we showed that expression 
of Ogr1, Tdag8, Il6, and Tnf are induced by the combination of hypoxia 
and extracellular acidosis in WT mouse peritoneal macrophages, but not 
in peritoneal macrophages from Ogr1–/– mice.50 Inflammatory cells, such 
as macrophages, release factors that stimulate both fibroblast activation 
and proliferation, resulting in synthesis and deposition of components 
of the ECM.51 We recently showed that acidosis induced OGR1-mediated 
genes in murine peritoneal macrophages that are associated with adhesion 
and ECM, and actin cytoskeletal regulation.4 Additionally, in an intestinal 
epithelial cell model stably overexpressing OGR1, acidosis stimulated 
OGR1-mediated genes involved in cell adhesion and cytoskeletal regulatory 
genes.3 In conclusion, these studies indicate a pathophysiological role for 
pH-sensing receptors during the pathogenesis of mucosal inflammation, 
and provide a new link between tissue pH and immune responses.4 

pH-dependent signalling is not only relevant for the induction 
of inflammation, but also for the progression to fibrosis. Links between 
extracellular acidification and activation of fibroblasts, as well as ECM 
remodelling via pH-sensing GPCRs have been described before. Zhu et 
al. demonstrated that differentiation of human bone-marrow–derived 
mesenchymal stem cells [MSCs] into cancer-associated fibroblasts via 
OGR1 occurs upon decreasing the extracellular pH to 7.0 in vitro. In 
this study, differentiation of MSCs into myofibroblasts was accompanied 
by increased protein expression of vimentin and alpha smooth muscle 
actin [α-SMA].52 Furthermore, Li et al. show that migration of MCF-7 
cells [human breast adenocarcinoma cell line] overexpressing OGR1 is 
decreased [without exposing them to an acidic environment] and that this 
effect might be mediated via a GTPase Gα 12/13– Rho–Rac1 pathway.52 
Differences in migratory function of intestinal fibroblasts isolated from 
stricturing and fistulating areas upon activation have been determined as 
factors in the mechanism of intestinal fibrosis as well. These mechanisms 
may contribute to the induction of fibrosis in this model, and explain the 
reduced fibrotic processes in grafts from Ogr1–/– mice.53 

OGR1 is also involved in tissue remodelling in severe asthma 
and irreversible airway obstruction.54 Airway remodelling results from 
increased expression of connective tissue or extracellular matrix proteins, 
airway smooth muscle cells [ASMCs] hyperplasia, and hypertrophy.55 The 
process is associated with airway acidification in asthma.56 Extracellular 
acidication results in the induction of connective tissue growth factor 
expression. This can be prevented by inhibiting OGR1 with small 



167interfering RNA and protein-specific inhibitors.54 Additionally, Saxena et 
al. described how the activation of OGR1 in human ASMC by decreasing 
the extracellular pH to 6.8 causes contraction and cell stiffness, which was 
attenuated by OGR1 silencing.57

There is evidence that intestinal fibrogenesis is self-perpetuating,58 
and that once initiated, its progression may not depend on the presence of 
inflammation but on persisting mucosal acidification.59 Administration of 
anti-inflammatory agents effectively treats inflammatory flares, but may 
not prevent intestinal fibrosis.60,61

In conclusion, we have provided the first evidence that OGR1 plays 
a role in intestinal fibrosis. Ogr1 deficiency leads to a significant decrease 
in mRNA expression of fibrosis markers, as well as an evident reduction in 
collagen deposition in our models for intestinal fibrosis. A decrease in HYP 
content after induction of fibro- sis suggests that also stabilization of collagen 
is impaired in grafts from Ogr1–/– compared with WT. The relevance of these 
findings is extended by the positive correlation between the expression 
of OGR1 and fibrosis markers in human ileum affected with fibrosis in 
CD patients. Increased expression of OGR1 triggered by inflammation-
associated acidification, and subsequent cellular responses might perpetuate 
inflammation-induced fibrosis in IBD. The presence of OGR1 in human 
and murine intestinal tissue is associated with fibrosis, making it a potential 
future target for treatment for IBD-associated fibrogenesis. 
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171Supplementary figure 1 ----  mRNA expression of 
fibrosis markers COL1A1, COL3A1, ACTA2, TGFB1 
and G-protein coupled receptor (GPR) OGR1 in 
non-fibrotic terminal ileum of patients with CD 
compared to non-cancer affected terminal ileum 
of patients with colonic adenocarcinoma (by 

Mann-Whitney U test rank test, [A]. OGR1 mRNA 
expression in whole human intestinal mucosa is 
significantly increased compared to the expression 
in isolated intestinal crypts, by Kruskal-Wallis 
post-hoc Dunn’s multiple comparison [B].
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172Supplementary Table 1 ----  Characteristics of pa-
tients with CD and control patients. CD: Crohn’s 
disease, NA: Not applicable

GENERAL

Gender, % female

Age at sample, years (mean, min-max)

Disease duration, years, (mean, min-max)

MONTREAL AGE AT DIAGNOSIS (N (%))

17-40 years (A2)

MONTREAL DISEASE BEHAVIOR (N (%))

Stricturing disease (B2)

DISEASE LOCATION (N (%))

Terminal ileum (L1)

Ileocolon (L3)

C-REACTIVE PROTEIN BEFORE OPERATION (N (%))

C-reactive protein >5mg/L

C-reactive protein <5mg/L

Missing

CLINICAL DISEASE ACTIVITY BEFORE OPERATION (N (%))

Disease in remission

Mild disease

Moderate disease

Severe disease

MEDICATION (N (%))

No medication

Corticosteroids

Azathioprine/6-mercaptopurine

Azathioprine/6-mercaptopurine + corticosteroids

Anti-TNF

Anti-IL12/23 + corticosteroids

8 (100%)

34.7 (21.1-65.6)

8.6 (0.8-35.2)

8 (100%)

8 (100%)

4 (50%)

4 (50%)

2 (25%)

4 (50%)

2 (25%)

0 (0%)

1 (12.5%)

4 (50%)

3 (37.5%)

1 (12.5%)

1 (12.5%)

2 (25%)

2 (25%)

1 (12.5%)

1 (12.5%)

6 (75%)

74.7 (67.4-82.5)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

CD (n=8) Control (n=8)
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HUMAN

OGR1

COL1A1

COL3A1

ACTA2

TGFB1

HPRT

ACTB

GAPDH

MURINE

Ogr1

Tgfb1 

Vim

Ctgf

Col3a1

Col4a1

Mmp9

Gapdh

Supplementary Table 2 ----  TaqMan gene 
expression assays

Ovarian cancer G-protein coupled receptor-1 

Pro-collagen type 1 alpha 1

Pro-collagen type 3 alpha 1

α-smooth muscle actin 

Transforming growth factor beta 1 

Hypoxanthine phosphoribosyltransferase 1

Beta-actin 

Glyceraldehyde-3-phosphate dehydrogenase 

Ovarian cancer G-protein coupled receptor-1 

Transforming growth factor beta 1 

Vimentin

Connective tissue growth factor 

Pro-collagen type 1 alpha 1

Pro-collagen type 4 alpha 1

Matrix metalloproteinase 9 

Glyceraldehyde-3-phosphate dehydrogenase 

Hs00268858_s1

Hs00164004_m1

Hs00943809_m1

Hs00426835_g1

Hs00998133_m1

4326321E

4310881E

4326317E

Mm00558545_s1

Mm01178820_m1

Mm01333430_m1

Mm01192933_g1

Mm01254476_m1

Mm01210125_m1

Mm00442991_m1

4352339E

Gene Full name TaqMan expression ID
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Intestinal fibrosis is a heterogeneous process involving multiple 
complex mechanisms. Despite advances in the understanding of the 
pathophysiology, the incidence of intestinal fibrosis in patients with Crohn’s 
disease (CD) remains high and therapeutic managing of stricturing CD 
remains a challenge in clinical practice.1 Several pharmacologic therapies 
have become available, but none of them have proven to be able to prevent 
or even reverse intestinal fibrosis.2 Surgical resection or strictureplasty are 
currently the only options to treat stenotic intestinal fibrosis.1 

Unravelling the mechanisms of intestinal fibrosis and finding anti-
fibrotic therapies warrants relevant (animal) models. As discussed in the 
introduction of this thesis, several (animal) models for intestinal fibrosis 
are available and the efficacy of therapeutic interventions inhibiting 
formation of fibrosis was proven in some of them.3 To demonstrate the 
efficacy of these anti-fibrotic drugs in patients in a randomized controlled 
trial, well validated end-points for intestinal fibrosis are essential. 
Ideally, this should be serological markers that predict the degree of 
intestinal fibrosis. However, the discovery of markers for intestinal 
fibrosis is difficult since inflammatory and fibrotic pathways partially 
overlap and  concomitant immunomodulatory therapies can obscure 
serological molecular changes related to fibrosis.4 Gaining more insight 
into the pathophysiology of intestinal fibrosis might identify molecular 
(serological) biomarkers for intestinal fibrosis. Discovering a serological 
marker for intestinal fibrosis will have major impact in the management of 
patients with IBD who have fibrotic complications of their disease. In this 
thesis, we aimed to explore new biomarkers, models and mechanisms of 
intestinal fibrosis in Crohn’s disease (CD).

Part I of this thesis aimed at exploring if serological biomarkers for 
formation and degradation of extra-cellular matrix (ECM) can reflect 
intestinal fibrosis formation and degradation (chapter 2), and if these 
markers can predict the response to anti-Tumor Necrosis Factor (TNF) 
therapy in patients with Crohn’s disease (chapter 3 and 4). We tried to 
differentiate between inflammatory, stricturing and penetrating CD based 
on serological biomarkers related to formation and degradation of the 
main interstitial collagens namely collagen type I, type III, type V and 
type VI. Enzymatically cleaved N- and C-terminal pro-peptides of collagen 
quantified by enzyme linked immunosorbent assay (ELISA) were used 
as serological markers of collagen formation. Matrix metalloproteinases 
(MMP) cleaved fragments of degraded collagens quantified by ELISA were 
used as serological markers of collagen degradation. We could differentiate 
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177between penetrating CD versus stricturing and inflammatory CD based on 
an increase in MMP-9 cleaved collagen type III in penetrating ileal CD, 
but increased concentrations of MMP-9 cleaved collagen type III were 
also found in active CD independent of the disease phenotype.5 Because 
penetrating disease is among others driven by inflammation (given the 
fact that anti-inflammatory biologicals are effective in treating fistulising 
CD)6, MMP-cleaved products of collagen type III are also upregulated by 
inflammation and are therefore not effective to differentiate between active 
or penetrating CD. Further research should aim at discovering whether 
other collagen degrading enzymes cleaved degradation markers might be 
specific markers of tissue inflammation in patients with inflammatory 
bowel diseases (IBD) apart from reflecting whether intestinal fibrosis is 
formed or degraded. In that case MMP cleaved fragments of collagens 
could be used to monitor disease activity and to monitor tissue response in 
order to predict the effect of remission-induction therapy in patients with 
active CD as described in chapter 3 and 4 of this thesis.

Unfortunately, the in chapter 2 studied ECM formation and 
degradation markers were not able to differentiate between inflammatory 
and stricturing CD of the terminal ileum (i.e. to distinct fibrosis from 
inflammation), which was the aim of this study and needed to prove the 
efficacy of anti-fibrotic drugs. The generation of MMP degraded fragment 
of collagens is to such an extent dependent on the degree of inflammation 
that the degree of intestinal fibrosis present cannot be monitored using 
these biomarkers.7 Endoscopic or radiological evaluation to determine 
the degree of fibrosis is so far also not possible. A validated endoscopic 
method to classify the degree of fibrosis present is not available and 
endoscopically taken biopsies do not reveal the presence of transmural 
fibrosis as only the mucosa and submucosa can be sampled (which also 
implies that no validated histopathology-based scoring system is available 
to grade the severity of fibrosis).8 Furthermore, studies focussing on 
imaging have shown that the radiologist global impression of whether 
a stricture was ‘active’ or ‘inactive’ was not associated with the presence 
or degree of fibrosis.9,10 Ideally, the level of a (serological) biomarker for 
intestinal fibrosis would not be influenced by the state of inflammation at 
that time. However, such a biomarker is not yet available. Up to now, the 
proposed serologic markers for complicated CD were antibodies against 
microbial antigens (among others antibodies to the outer-membrane porin 
C of Escherichia coli) which are detectable years before diagnosis.11,12 The 
presence of antibodies against microbes in serum in the pre-clinical stage 
of CD might indicate the antecedent loss of intestinal barrier function 
which might precede CD but does not relate to intestinal fibrosis.13–15 Even 
though these factors can predict the risk of complications and surgery, 
these cannot be used to monitor progression to fibro-stenotic disease and 
to monitor response to therapy.11,12 Also genetic risk factors associated 
with a fibro-stenosing phenotype (i.a. a single nucleotide polymorphism 



178(SNP) in the WWOX gene16), cannot be used to monitor progression 
to fibro-stenotic disease as the burden of fibrosis is not reflected in the 
presence or absence of this SNP. Further research focussing on discovering 
serum biomarkers reflecting the degree of intestinal fibrosis present or 
reflecting fibrogenesis to monitor the efficacy of anti-fibrotic drugs, could 
aim at epigenetic (i.a. miR-200b17) markers, at other serologic immune-
assays or at endoscopic molecular imaging. Other potential biomarkers 
for intestinal fibrosis are proteins derived from post-translational 
modifications, which take place outside the cell and can be detected in 
the serum. Post-translational modification of proteins is a non-DNA-
coded change to the composition or structure of a protein that generates 
uniquely modified molecules (proteins) also known as neoepitopes.18 
Post-translational modification occurs enzyme mediated or spontaneous.19 
Measuring neo-epitopes formed by disease specific post-translational 
modifications of a protein (e.g. glycosylation, hydroxylation, citrullination, 
isomerisation) using immune-assays, provides more pathology-relevant 
information compared to measuring the (serum) concentration of the 
protein itself (if at all possible).18 Post-translational formation of collagen 
fibrils is a complex interplay of enzymatic modifications of the collagen 
fibril. As described in chapter 5 of this thesis, mRNA expression of 
several genes involved in post-translational modification of collagens are 
up-regulated in the fibrosis affected area specifically. We observed an 
upregulation in mRNA of the crosslinking enzymes Lysyl-oxidase (LOX, 
including lysyl oxidase like 1-4). Assuming that an increase in mRNA 
expression of these genes leads to an increase in protein expression, the 
enzymatic modifications made by these specific to fibrosis enzymes, may 
create a fibrosis specific profile. Therefore, serum levels of lysyl oxidase 
could reflect the degree of intestinal fibrosis present, as was observed for 
systemic sclerosis, liver fibrosis and atrial fibrosis.20–22 Crosslinking of 
elastin or collagen fibrils by lysyl oxidase is specific for  ECM formation 
and so far has not shown to be regulated by inflammation so far. Further 
research to find serum biomarkers for intestinal fibrosis might be non-
hypothesis driven. An omics (genomics/ transcriptomics/ proteomics/ 
metabolomics) approach on single human blood cells or intestinal 
tissue comparing respectively fibrotic disease/areas to inflammatory 
disease/areas will provide extensive tissue-specific characteristics and 
drug targets.23 Other factors relating to the degree of fibrosis, such as 
post-transcriptional modification (crosslinking) or for example the 
presence of receptors for collagens (see chapter 5, e.g. discoidin domain 
receptor tyrosine kinase 1 or 2, or mannose receptor, C type 2), might 
be endoscopically detectable. By antibody mediated labelling, these 
proteins might be detected and quantified with near-infrared fluorescence 
molecular endoscopy as showed by Nagengast et al. and thereby give 
insight in the degree of fibrosis over inflammation present in an intestinal 
stricture.24 



179Radiological and nuclear imaging could furthermore be considered 
to quantify specifically the degree of intestinal fibrosis. Elastography (a 
non-invasive method to assess the mechanical properties of tissue, in 
particular stiffness), is currently routinely used to quantify renal and liver 
fibrosis.25,26 Elastography is also applicable to the intestine.27 Baumgart et 
al. assessed whether ultrasound based real-time elastography can detect 
gut fibrosis. In a proof of concept study, they found a correlation between 
pre- intra- and post-operative real-time elastography values of unaffected 
and fibrosis affected segments.27,28 Moreover,  a correlation between real-
time elastography values and histologic quantification of intestinal fibrosis 
using Masson trichrome and elastica–van Gieson staining was observed. 
Furthermore as tested in several clinical studies, the degree of active 
IBD can be quantified by more advances techniques such as positron 
emission tomography (PET)/Computed Tomography (CT) or by single-
photon emission computed tomography (SPECT)/CT, as comprehensively 
reviewed by Caobelli et al.29 Whereas 18F- Fludeoxyglucose (FDG)-PET 
can be used to quantify the activity and the extent of the disease as 
it detects metabolism and glycolysis, only 18F- FDG-PET alone is not 
able to differentiate between the fibrotic or inflammatory nature of a 
stricture.29,30 Using SPECT, the degree of fibrosis over inflammation might 
be quantified by anti-body mediated labelling of extra-cellular ECM 
proteins of interest to technetium-99m (99mTc).29 Zhang et al. quantified 
liver fibrosis based on 99mTc-3PRGD2 scintigraphy, which targets integrin 
αvβ3 and thereby assessed the activation of hepatic stellate cells.31 
Activation of intestinal stellate cells is proposed to play a role in intestinal 
fibrosis.32,33 αvβ3 is present in the intestine and detectable using PET.34 
Van den Brande et al. were able to predict the clinical efficacy of the anti-
tumor necrosis factor therapy infliximab by visualizing and quantifying 
intestinal apoptosis by 99mTc–annexin V SPECT.35 They showed that rapid 
anti-TNF-induced apoptosis in the gut predicts the response to anti-TNF 
treatment in patients with active Crohn’s Disease.35 99mTc could be bound 
to antibodies against e.g. extra-cellular collagen itself, to membrane bound 
fibroblast activator protein (FAP) or to (pro-)collagen receptors (see 
above) to confirm and quantify fibrosis (formation). The abovementioned 
imaging modalities that might be suitable to quantify intestinal fibrosis, 
could be used to validate serological biomarkers for intestinal fibrosis, to 
create a well-defined end-point for a clinical trial and to study the effect 
of anti-fibrotic therapies. An intestinal fibrosis specific biomarker (either 
serologic/radiologic/endoscopic) which has sufficient accuracy to be used 
in clinical practice and as end-point for trials evaluating the efficacy of 
anti-fibrotic drugs in human, remains to be discovered but will have a 
major impact on managing fibro-stenotic complications of IBD.8 

Part I of this thesis also describes that serum levels of markers 
for formation and degradation of extracellular matrix turnover, measured 
during the anti-TNF induction phase, can differentiate between clinical 



180responders and non-responders to anti-TNF treatment. The associations 
between response to anti-TNF and differences in concentrations of 
serological markers for collagen formation and degradation, are not 
reflected in concentrations of CRP. As discussed above, serological 
markers which quantify the post-translational modification of a protein, 
can quantify the response of disease affected tissue. The data described in 
chapter 3 is preliminary and should be considered as a proof of concept. 
Before markers can be used in the clinic, validation and determination 
of cut-off values should occur in larger cohorts and for different anti-
inflammatory interventions (e.g. vedolizumab, ustekinumab). Within 
these studies, statistical correction for disease behaviour and e.g. smoking 
behaviour and by imaging quantified length of the affected area or the 
degree of fibrosis present, could be performed. It should be confirmed 
whether concentrations of biomarkers of tissue turnover are e.g. different 
between patients with active colonic Crohn’s disease compared to those 
with active ileal disease, and whether the cut-off values to define the 
response are different between these phenotypes. Furthermore, correlation 
between colonoscopy and faeces calprotectin, currently the most used 
non-invasive marker for gastro-intestinal inflammation, and with MRI-
enterography or perhaps elastography is needed to validate whether serum 
concentrations correlate to tissue response and perhaps to (a reduction in) 
intestinal fibrosis. 

 



181As described above, validated biomarkers for intestinal fibrosis are 
needed to monitor disease progression and to prove the efficacy of anti-
fibrotic drugs. On the other hand, relevant and translationable models for 
intestinal fibrosis are needed to further study disease mechanisms and 
to study the efficacy of anti-fibrotic drugs in the pre-clinical phase. As 
described in the general introduction of this thesis, many comprehensive 
reviews about intestinal fibrosis pathophysiology models have been 
published recently, all stating that further insight into pathways and 
mechanisms is needed.8,36 Models for intestinal fibrosis vary from cell-
culture assays to in vivo mouse models and some of those are translatable 
to the human in vivo environment. This thesis describes a new (more) 
translational model for intestinal fibrosis named precision-cut intestinal 
slices (PCIS, chapter 6). PCIS are prepared from human as well as from 
rat and mouse intestine, which gives the opportunity to compare the effect 
of pro- and anti-fibrotic stimuli in different species. Pharmacological 
effects of the same substance can be different between species.37,38 By 
slicing and incubating PCIS, a spontaneous fibrosis reaction is induced.39 
This effect is also observed in liver, and kidney.40,41 In the study presented 
in chapter 4 of this thesis, human jejunal PCIS were incubated with and 
without stimulation with Tgf-β1. Gene expression of fibrosis markers 
such as collagen type I and α-smooth muscle actin generally decreases 
upon incubation, whereas gene expression of heat shock protein 47 and 
fibronectin increases. Addition of Tgf-β1 induced fibrosis markers in 
mouse and rat PCIS, but not in human PCIS. We concluded that PCIS 
can be used as a model for the early phase of intestinal fibrogenesis in 
the intestine. Differences between mouse/rat and human PCIS observed 
in chapter 4, might be explained by the fact that human PCIS do not 
contain the full cross section of the intestinal and thereby all cells 
present in the intestine. Unfortunately, it is technically not possible to 
prepare human PCIS with a full cross-section of the intestine. This is 
a disadvantage, since especially Crohn’s disease is typically considered 
a transmural disease and since Crohn’s disease associated fibrosis also 
occurs transmural.1 The differences between human PCIS (which only 
contain mucosa and a part of the submucosa) versus mouse and rat 
PCIS (which contain the full thickness of the intestine) in response to 
incubation and pro-fibrotic stimuli, might be explained by the fact that 
cells in the muscularis play a more important role in the process fibrosis 
and stenosis formation in the intestine. Pilot experiments performed 
with PCIS from ileocecal resection due to Crohn’s disease, and from non-
affected ileum and colon obtained from right-sided hemicolectomy due 
to adenocarcinoma of the colon, showed highly variable gene expression 
of fibrosis markers upon incubation (data not shown). Especially fresh 
intestinal tissue from patients with Crohn’s disease was scarce and the 
disease behaviour phenotypes according to the Montreal classification 
was heterogenous. It is questionable if the Montreal classification for CD 



182is discriminant enough to pinpoint different disease mechanisms since 
severity, length of affected bowel and disease progression in time are not 
taken into account in this classification.42–44 Differences in age, disease 
duration, treatment strategies and  microbiome to which these intestines 
were exposed (an element which is certainly disregarded in cell culture 
experiments when antibiotics are added to the culture medium) and in 
the genetic background of these patients causes variation which can be 
expected from translational studies. The use of medication before and at 
time of resection causes high variability in molecular analysis. Ideally, one 
would use tissue from medication naïve patients with Crohn’s disease who 
had an initial resection, but this tissue is even more scarce. The variety of 
different patient related factors, is not the only factor causing variability. 
Data obtained from the PCIS model might be less reproducible because 
the human mucosal/submucosal PCIS vary in the degree of mucosa over 
submucosa due to technical difficulties in dissecting submucosa from 
muscularis, especially in a fibrotic intestine in which the submucosa is 
fibrotic. To further improve the PCIS model as a model for intestinal 
fibrosis, further research should aim at minimizing or stratifying for the 
above-mentioned patient and reducing technical variables as much as 
possible. Furthermore, the morphological and biochemical viability of 
PCIS during incubation should be improved. Incubation time and viability 
might be improved by optimizing cell culture medium (currently used 
is Williams Medium E)39, maybe with the addition of factors needed to 
culture organoids from intestinal stem-cells. This might reduce necrosis 
occurring in PCIS (as shown in the histology figures in chapter 4) and 
making the model more physiological relevant. 

Furthermore, the question arises which factors actually cause 
thickening of the intestinal wall and narrowing of the intestinal lumen 
during intestinal fibrosis. Whether this is predominantly an increase in 
extracellular matrix (ECM) content or as well contraction and stiffening 
of smooth muscle cells in the muscularis and muscularis propria has to 
be determined. ECM remodelling is increasingly recognized a key event 
and an active participant in IBD pathophysiology.45 Intestinal fibrosis 
(in the muscularis) might become self-perpetuating once mechanisms 
of ECM deposition and increased ECM stiffness coincide and augment 
each other.1,46 Tissue stiffness can induce fibrosis formation by activation 
of mesenchymal cells, also in the absence of inflammatory factors.47,48 As 
observed in chapter 5 of this thesis and by others, intestinal stricturing is 
characterized by increased expression of markers for (vimentin-positive) 
mesenchymal cells including myofibroblasts, smooth muscle cells (SMC) 
and fibroblasts; hypertrophy of smooth muscle cells and myofibroblasts; 
and accumulation of excess ECM proteins.49,50  SMC are believed to be 
able to switch from a contractile phenotype to a less mature synthetic 
phenotype. This switch is accompanied by a loss of differentiation with 
decreased expression of contractile markers, increased proliferation as 



183well as the synthesis and the release of several signaling molecules such as 
pro-inflammatory cytokines, chemotaxis-associated molecules, and growth 
factors.51,52 This plasticity of intestinal SMCs and to which extent this leads 
to stricturing of the intestine, could be studied using human PCIS of the 
submucosa/muscularis/serosa. After optimizing and validation of viability 
and morphology of the culture of PCIS, therapeutic interventions on (de)
differentiation of intestinal SMCs and other anti-fibrotic compounds could 
be studied. Ideally, human PCIS would be prepared from human terminal 
ileum and colon as this is where intestinal fibrosis typically occurs.1,53 Most 
likely, intestinal fibrosis occurs in the terminal ileum and colon as this is 
where Crohn’s disease and ulcerative colitis occur. Furthermore, human 
PCIS should be prepared from healthy as well as with Crohn’s disease or 
Ulcerative colitis affected intestine. Comparing human PCIS of disease 
affected terminal ileum with the non-affected proximal resection margin, 
with the affected distal colonic resection margin and with non-IBD 
affected ileum and colon obtained from ileum and colon resection margins 
due to non-inflammatory condition such as adenocarcinoma under further 
improved PCIS incubation conditions, might reveal factors specific for 
intestinal fibrosis that could be used as biomarkers or relevant targets 
for therapy. Further research should also aim at comparing mucosal/
submucosal vs submucosal/muscular/serosal PCIS upon incubation and in 
response to pro-fibrotic stimuli. 

Animal models are needed to obtain further insight into the 
mechanism of intestinal fibrosis. In the pre-clinical phase,  animal models 
are needed to define and understand the pathophysiology of intestinal 
fibrosis.36 Studying animal models for intestinal fibrosis, provide the 
opportunity to perform mechanistic studies (i.e. genetically modified 
animals with a specific knock-out or animals expressing i.e. green-
fluorescent protein ubiquitously to observe cell migration into from a 
transplant recipient into the graft, as was performed in the development 
of the heterotopic transplantation model for intestinal fibrosis)54, as well 
as to test potential anti-fibrotic drugs in the pre-clinical phase. Animal 
models are an indispensable tool to substitute for what cannot be studied 
in humans for ethical, practical and logistic reasons.36 Performing studies 
in animal models enables the investigation of genetically modified 
animals lacking a certain receptor, cytokine or for example lacking the 
ability to initiate V(D)J rearrangement and fail to generate mature T or 
B lymphocytes.36 The model of heterotopic intestinal transplantation 
induced intestinal fibrosis, which is used in chapter 7 of this thesis, is 
one of the available models for intestinal fibrosis. Intestinal fibrosis can 
also be induced in animals (especially in mice) chemically, by bacteria, 
by radiation and by surgery.1 Upon isogenic heterotopic transplantation, 
an ischemic pro-inflammatory response of chronic auto-immune 
mediated rejection is induced, in which rapid onset of fibrosis occurs.54 
Advantages of this model are the rapid onset of fibrosis and the different 



184genotypes that can be examined in the same mouse. A disadvantage is that 
transplanted bowel segments are not perfused and are disconnected from 
the fecal stream. Human anatomy and the physiology of IBD are therefore 
only partially mimicked.1 However, this model does provide a very 
reproducible way to further unravel (new) pathways of intestinal fibrosis 
and to screen therapeutic agents. Mechanisms of fibrosis formation are 
most likely as complex as the mechanisms of intestinal inflammation. As 
hypoxia and inflammation are two sides of the same coin, inflammation 
(leading to transcription of Nuclear factor kappa ß) leads to activation of 
hypoxia pathways (leading to transcription of hypoxia-inducible factor 
(HIF) α and HIF-β) and vice versa.55 An increase in hypoxia in intestinal 
mucosa/submucosa upon or after inflammation causing acidification, 
might perpetuate fibrosis formation by activation of pH-sensing receptors 
and is potentially a new target for therapy.56 pH sensing receptor Ovarian-
G-protein coupled receptor-1 (OGR-1) is not specific to the intestine as 
it is expressed as a single 3.0-kb transcript in several tissues, including 
spleen, testis, small intestine, peripheral blood leukocytes, brain, heart, 
lung, placenta, and kidney.57  Acidification of intestinal tissue might not 
only occur upon inflammation and ischemia, but perhaps as well upon 
acidification due to changes in the intestinal microbiota in a gut with an 
impaired barrier function.14,15 Also smoking might cause acidification of 
tissue and might therefore perpetuate fibrosis formation.58 To which extent 
all above described factors contribute to actual stenosis and symptoms, 
through which (so far undiscovered) receptors and mechanisms stenosis is 
caused and how it can be monitored and reversed, remains an important 
question and should be further studied. Further research should aim 
at exploring the role of the other known pH sensing G-protein coupled 
receptors (GPR4 and T cell death-associated gene 8 (TDAG8)) on 
intestinal fibrosis, and on the effect of targeting OGR1 using an antagonist 
on intestinal fibrosis. 

In conclusion, a serological marker for intestinal fibrosis is not yet 
available, but serological markers of extracellular matrix turnover have 
the potential to reflect intestinal inflammation, intestinal fibrosis and 
to predict response to anti-fibrotic therapy. Moreover, several relevant 
and translational models for intestinal fibrosis to test the anti-fibrotic 
properties of therapies and to study mechanisms are being developed. 
Models for intestinal fibrosis have revealed and will reveal relevant 
mechanisms, biomarkers and drug targets. Biomarkers for intestinal 
fibrosis that predict the effect of anti-inflammatory and anti-fibrotic drugs 
will have major impact on the management and disease course of CD 
patients, especially in patients with a fibrostenotic phenotype. 
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Crohn’s disease (CD) is a chronic auto-immune mediated inflammatory 
bowel disease (IBD) affecting the entire gastro-intestinal tract. 
Longstanding recurrent transmural inflammatory activity of the gut can 
cause damage to such extent that local repair mechanisms fail to restore 
its original integrity and function, causing complications such as intestinal 
fibrosis or fistulae. Intestinal fibrosis and fistulae are characterized 
by a disbalance between formation and degradation of (collagen rich) 
extra-cellular matrix due to heterogeneous processes involving multiple 
complex mechanisms, which are not all understood yet. Progression 
to complications of CD is influenced by luminal microbial factors, the 
genetic background of an individual, behavior factors such as smoking, 
and the response to anti-inflammatory drugs. Despite advances in the 
understanding of the pathophysiology, the incidence of intestinal fibrosis 
in patients with CD remains high and therapeutic managing of stricturing 
CD remains a challenge in clinical practice. Several pharmacologic 
therapies have become available, but none of them have proven to be able 
to prevent or even reverse intestinal fibrosis. Progression to stricturing 
(fibrotic) disease occurs in 27% of the patients with CD, whereas 
progression to penetrating (fistulizing) disease occurs in 29% of patients 
with CD, which often requires surgery. 

In this thesis, we aimed to explore new biomarkers, models and 
mechanisms of intestinal fibrosis in CD. Using relevant (animal) models, 
we aimed to unravel mechanisms of intestinal fibrosis in order to explore 
new anti-fibrotic therapies . 

In chapter 2, we aimed to determine whether non-invasive serological 
markers for collagen formation and degradation could serve as biomarkers 
for stricturing or penetrating CD. We conclude that the ratio between 
levels of pro-collagen type III and matrix metalloproteinase-9 degraded 
type III collagen in serum of patients with CD could differentiate between 
penetrating versus stricturing, and inflammatory CD. This ratio was 
decreased accordingly in patients with active inflammation (defined as 
CRP>5). The overlap in increased matrix metalloproteinase-9 mediated 
degradation in penetrating as well as in active Crohn’s confirms the 
importance to strive for mucosal healing to prevent complications as fistulae.

Furthermore, we aimed to use non-invasive post-translational serum 
biomarkers of formation and degradation of collagens as well as of 
citrullinated and matrix-metalloproteinase degraded vimentin (VICM), as 
markers to identify clinical response to anti-tumor necrosis factor (anti-
TNF) treatment. In chapter 3 we show that decreased levels of matrix 
metalloproteinase degraded collagen type IV (C4M) at baseline, can 
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189identify patients who will respond within the first 14 weeks of treatment in 
two retrospective observational cohorts of patients with CD treated with 
infliximab or adalimumab. In chapter 4, we describe that a significant 
decrease in VICM serum levels in responders versus non-responders, can 
predict clinical response to anti-TNF whereas C-reactive protein could 
not predict clinical response to anti-TNF. The cohorts in chapter 3 and 4 
were however small, therefore validation in a larger well-defined cohort 
is needed. Especially correlation to endoscopic mucosal healing, fecal 
calprotectin, imaging, histology, as well as response profiles for each of the 
disease phenotypes (inflammatory, stricturing and penetrating CD) are 
needed before they can be used in clinical practice.

In chapter 5 we aimed to describe the expression of mRNA of genes 
involved in post-translational collagen processing and recognition in order 
to find targets that can be used for anti-fibrotic therapies. We showed that 
mRNA expression of collagen type I and III was increased in intestinal 
fibrosis affected terminal ileum of patients with stricturing CD. mRNA 
expression of proteins involved in both intra- and extracellular post-
translational modification of collagens (prolyl- and lysyl hydroxylases, 
lysyl oxidases, chaperones) and expression of collagen-degrading enzymes 
(matrix metalloproteinases and cathepsin K) or collagen receptors were 
upregulated in the fibrosis-affected part. This revealed a plethora of 
targets for potential anti-fibrotic therapies. Potential targets and existing 
drugs potentially applicable to inhibit the formation of intestinal fibrosis, 
are discussed. Which compound has the highest potential will depend on 
a combination anti-fibrotic efficacy and safety, especially since some of the 
enzymes play key roles in the physiology of collagen.  

In chapter 6, we aimed to develop a novel translational ex vivo model to 
study intestinal fibrosis and the efficacy of anti-fibrotic drugs using human 
tissue. By developing the model called precision-cut intestinal slices (PCIS), 
we aimed to bridge the currently existing gap between the pre-clinical 
evaluation of anti-fibrotic drugs in vitro e.g. using cell culture or in vivo 
using animals and the clinical evaluation in patients. Incubated PCIS made 
from human, rat and mouse jejunum remained viable up to 72h of culture. 
Gene expression of several fibrosis markers increased spontaneously 
upon incubation. Addition of transforming growth factor beta 1 (TGF-ß1) 
to rat PCIS and mouse PCIS could further induce gene expression of 
fibrosis markers, whereas none of the fibrosis markers was further 
elevated in human PCIS upon stimulation with TGF-ß1 indicating that the 
mechanisms underlying intestinal fibrosis might defer between species.  

Chapter 7 describes that ovarian cancer G-protein coupled receptor-1 
(OGR1/GPR68) plays a role in intestinal fibrosis. We showed that the 
expression of OGR1 positively correlated with increased expression levels 



190of pro-fibrotic genes in fibrosis and CD affected human terminal ileum. 
Furthermore, Ogr1 deficiency was associated with a decrease in fibrosis 
formation in several models (spontaneous colitis by Il10−/−, dextran 
sodium sulfate (DSS)-induced chronic colitis and heterotopic intestinal 
transplantation). Targeting OGR1 may be a potential new treatment 
option for IBD-associated fibrosis.   

To conclude, this thesis provides evidence for the use of serological 
markers related to turnover of extra cellular matrix to detect the presence 
of penetrating CD, and to predict clinical response to anti-TNF therapy 
in patients with CD. Furthermore, this thesis proposes targets to inhibit 
intestinal fibrosis and existing drugs acting on these targets. Also, a novel 
translational ex vivo model for intestinal fibrosis is described, which could 
bridge the gap between pre-clinical and clinical research to evaluate the 
efficacy of anti-fibrotic drugs in human (tissue). In addition, pH sensing 
receptor OGR1 was confirmed to be part of the mechanism of inducing 
intestinal fibrosis and may be a target for CD-associated fibrosis. 
Non-invasive biomarkers that predict the presence of intestinal fibrosis/
fistulae or the response to (anti-inflammatory/anti-fibrotic) therapy, as 
well as relevant models to study mechanisms of intestinal fibrosis and 
evaluate anti-fibrotic properties of drugs, will improve the quality of life of 
patients with Crohn’s disease.
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De ziekte van Crohn is een chronische auto-immuun gedreven 
ontstekingsziekte van de darm die zich in het gehele maag-darm 
stelsel kan manifesteren. Wanneer de ontsteking onvoldoende door 
afweerremmende medicijnen wordt onderdrukt, kan de darm door 
langdurige en herhaaldelijke episoden van actieve ziekte onherstelbaar 
beschadigd raken. Hierdoor treedt littekenvorming in de wand van de 
darm op. Dit noemen we fibrose. Darmfibrose zorgt voor vernauwing 
en uiteindelijk afsluiting van de darm en treedt voornamelijk op in 
het laatste deel van de dunne darm (ileum). Ook in het eerste deel van 
de (twaalfvingerige) darm (duodenum/jejunum) of in de dikke darm 
(colon) komt darmfibrose voor. Tot op heden zijn er geen medicijnen 
beschikbaar die het ontstaan van darmfibrose kunnen remmen. Derhalve 
is darmfibrose alleen te behandelen door middel van een operatie dan wel 
door het endoscopisch (d.m.v. inwendig kijkonderzoek) oprekken van de 
vernauwing met een ballon. 

Littekenvorming (fibrose) ontstaat wanneer de balans tussen de 
aanmaak en afbraak van bindweefsel (o.a. collageen) doorslaat naar te veel 
aanmaak en te weinig afbraak. Darmfibrose kan gepaard gaan met het 
ontstaan van een fistel waarbij de balans doorslaat naar te veel afbraak en 
te weinig aanmaak. Een fistel is een pijpzweer, een niet-natuurlijk kanaal 
dat door verzwering ontstaat tussen de darm en de buikholte/urineblaas/
vagina of tussen de darm en de huid. Als fistels eenmaal zijn ontstaan, 
zijn ze moeilijk met afweerremmende medicijnen te behandelen. Vaak 
legt de chirurg een seton (plastic draadje) door de fistel om de plaatselijke 
ontsteking te draineren zodat de fistel uiteindelijk met hulp van 
antibiotica en afweerremmende medicijnen dicht kan groeien. Wanneer er 
te veel ontlasting door de fistel komt, moet een stoma worden aangelegd 
om de fistel te kunnen laten helen. 

Het ontstaan van fibrose of fistels is het resultaat van verschillende 
complexe mechanismen die nog niet allemaal zijn opgehelderd. Factoren 
die bijdragen aan het ontstaan van fibrose of fistels, zijn deels genetisch 
bepaald en deels afhankelijk van factoren zoals roken, het type micro-
organismen in de darm en de mate waarin de ontsteking afneemt door 
gebruik van afweerremmende medicijnen.

Ondanks dat we de afgelopen jaren meer te weten zijn gekomen 
over het ontstaansmechanisme van darm-fibrose en -fistels, en dat nieuwe 
afweerremmende medicijnen zijn ontwikkeld, blijven deze complicaties 
zich vaak voordoen. Fibrose ontstaat bij 27% van de patiënten met de 
ziekte van Crohn, fistels treden in 29% van de patiënten met de ziekte 
op. Om nieuwe medicijnen tegen darmfibrose/fistels te ontwikkelen, zijn 
relevante (dier)modellen nodig om het ontstaansmechanisme daarvan te 
bestuderen en om de werkzaamheid van de medicijnen te testen. Om de 
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192werkzaamheid in de mens te testen, zouden we idealiter een biomarker 
willen vinden die in het bloed het bestaan van fibrose/fistel aangeeft. 

In dit proefschrift was het doel nieuwe biomarkers, modellen en 
mechanismen van darmfibrose in de ziekte van Crohn te onderzoeken. 
Door gebruik van relevante (dier)modellen, streefden wij er naar 
nog onbekende mechanismen van darmfibrose te ontdekken om 
aanknopingspunten voor nieuwe anti-fibrotische medicijnen te vinden. 

In hoofdstuk 2 testten we of biomarkers die in het bloed de opbouw 
en afbraak van collageen reflecteren, kunnen worden gebruikt om 
de aanwezigheid van darmfibrose of darmfistels bij patiënten met de 
ziekte van Crohn te detecteren. Dit zou een weinig invasieve manier van 
diagnostiek zijn. Patiënten met de ziekte van Crohn met alleen fistels, 
werden vergeleken met patiënten met alleen fibrose, alleen ontsteking en 
met gezonde mensen. De resultaten laten zien dat de verhouding tussen de 
in het bloed gemeten concentratie van het eiwit-fragment representatief 
voor de opbouw versus het eiwit-fragment representatief voor de afbraak 
van collageen type III in patiënten met alleen fistels, doorslaat naar te 
veel afbraak van dit type collageen. Door de collageen type III opbouw/
afbraak verhouding in bloed te meten, kunnen patiënten met alleen 
fistels worden onderscheiden van patiënten met alleen fibrose of enkel 
(actieve/niet actieve) ontsteking zonder fistels of fibrose. De collageen 
type III opbouw/afbraak verhouding bleek verlaagd in zowel patiënten 
met fistels, als in patiënten met actieve ontsteking (gedefinieerd als een 
serum ontstekingswaarde (C-reactief proteïne (CRP) > 5mg/L). De overlap 
tussen een toename van de afbraak van collageen tijdens zowel actieve 
ontsteking als tijdens fistelende ziekte, bevestigt het belang om bij de 
behandeling van patiënten met de ziekte van Crohn de actieve ontsteking 
te beperken om zo het optreden van fistels zoveel mogelijk te voorkomen.

In hoofdstuk 3 en 4 hebben we daarnaast onderzocht of een aantal van 
de in hoofdstuk 2 gebruikte biomarkers beter zijn in het voorspellen van 
voldoende afname van de ontsteking door een bekende afweerremmer 
(een antilichaam tegen gericht tegen het ontstekingseiwit tumor necrose 
factor (TNF)) dan de veel gebruikelijke biomarker CRP in het bloed. 
In hoofdstuk 3 hebben we de voorspellende waarde van opbouw en 
afbraakproducten van collageen type III en IV onderzocht in twee 
onafhankelijke cohorten van patiënten met de ziekte van Crohn die waren 
gestart met een anti-TNF-antilichaam (infliximab of adalimumab) als 
therapie. Hierbij vonden we dat de concentratie van het afbraakproduct 
van collageen type IV (C4M) in het bloed significant lager was vóór het 
starten van de therapie in de groep patiënten bij wie de ziekte binnen de 
eerste 14 weken na het starten van de therapie rustig werd. In hoofdstuk 
4 is de voorspellende waarde van een biomarker voor gecitrulineerd (een 
post-translationele modificatie van het aminozuur arginine als gevolg van 
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afgebroken vimentine (een eiwit dat onderdeel uitmaakt van het celskelet 
van mesenchymale cellen, VICM) onderzocht in dezelfde twee cohorten.  
Hierbij vonden we dat een significante daling van de concentratie VICM in 
bloed kort na starten van de therapie kan voorspellen bij welke patiënten 
de ziekte rustig wordt. De nu gebruikelijke biomarker CRP kon het 
effect van de therapie veel slechter voorspellen. De in hoofdstuk 3 en 
4 gebruikte cohorten zijn echter relatief klein. Derhalve is validatie van 
deze resultaten in een groter cohort nodig. Hierbij moet de concentratie 
van de biomarker in bloed worden vergeleken met de mate van genezing 
(niet meer aanwezig zijn van ontsteking) gezien bij endoscopie, en met de 
ontstekingswaarde in de ontlasting (feces calprotectine). Ook moet worden 
gecorrigeerd voor het gelijktijdig bestaan van fibrose of fistels en de 
invloed hiervan op de biomarkers. Voordat deze biomarkers in de kliniek 
gebruikt kunnen worden om het effect van de behandeling te voorspellen, 
zullen bovenstaande aanvullende analyses moeten worden verricht. 

In hoofdstuk 5 is in door darmfibrose aangedaan menselijk weefsel de 
expressie van genen die betrokken zijn bij het opbouwen en afbreken 
van collageen en bij het reguleren van dit proces onderzocht. Hierbij was 
het doel om in de signaalroutes die betrokken zijn bij het aanleggen van 
collageen strengen, aangrijpingspunten voor medicijnen te vinden die het 
ontstaan van fibrose kunnen remmen. De expressie van genen wordt onder 
andere uitgedrukt in de hoeveelheid messenger-RNA (mRNA). mRNA, 
het zogenoemde ‘boodschapper’-RNA, heeft als functie de genetische 
code door te geven van transcriptie, waarbij een stuk DNA (een gen) 
overgeschreven wordt tot mRNA, naar translatie, waarbij het mRNA 
wordt vertaald naar een keten van aminozuren (een eiwit). We vonden 
dat de mRNA expressie van collageen type I en III verhoogd is in het 
door darmfibrose en ziekte van Crohn aangedane deel van het ileum in 
vergelijking tot het niet door fibrose (maar ook door de ziekte van Crohn) 
aangedane deel van de darm. Daarnaast is het mRNA coderend voor 
enzymen (eiwitten) die betrokken zijn bij de aanleg van collageen strengen 
(zowel binnen als buiten de cel die collageen produceert), verhoogd in 
het fibrose aangedane deel. Ook is de mRNA expressie van genen die 
betrokken zijn bij de afbraak van collageen en bij het herkennen van 
collageen door middel van een receptor (eiwit in de wand van de cel die 
een signaal van binnen naar buiten de cel kunnen doorgeven of andersom) 
verhoogd. In de signaalroutes die bij de opbouw en afbraak van collageen 
betrokken zijn, zou met medicijnen kunnen worden ingegrepen om ervoor 
te zorgen dat er netto minder collageen (en dus littekenweefsel) aanwezig 
is. In hoofdstuk 5 wordt besproken welke aangrijpingspunten in de 
signaalroute van de aanmaak en afbraak van littekenvorming bruikbaar 
zouden zijn om te zorgen voor minder fibrose, en welke reeds bestaande 
medicijnen hiervoor zouden kunnen worden toegepast. 
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weefsel buiten het lichaam) model om het mechanisme achter darmfibrose 
en de effectiviteit van medicijnen die de hoeveelheid fibrose kunnen 
verminderen in menselijk weefsel te kunnen onderzoeken, beschreven. 
We weten dat ondanks dat de effectiviteit van verschillende medicijnen 
tegen fibrose in preklinisch in vitro (celkweek) en in vivo (in het lichaam 
van een compleet levend dier) proefdieronderzoek veelbelovend leek, 
vele van deze medicijnen niet succesvol waren in klinisch onderzoek in 
patiënten. Uit het gebrek aan succes bij het testen van deze medicijnen in 
patiënten, blijkt dat de vertaalbaarheid van het preklinische onderzoek 
naar de klinische situatie slecht is. Het ontwikkelen van nauwkeurig 
gesneden plakjes menselijk darmweefsel als translationeel ex vivo model 
voor fibrose, kan deze kloof mogelijk overbruggen. Tijdens 72 uur kweken 
bleven de nauwkeurig gesneden plakjes darmweefsel (precision-cut 
intestinal slices, PCIS), van menselijke en dierlijke (van muis en rat) 
dunne darm, vitaal. Het kweken van de weefselplakjes zorgde voor een 
spontane verhoging van de expressie van mRNA van verschillende genen 
die verhoogd zijn bij fibrose. Toevoegen van cytokine transforming growth 
factor beta 1 (TGF-ß1) waarvan bekend is dat deze fibrose kan induceren, 
kon de mRNA expressie van fibrose markers in muis en rat PCIS verhogen. 
De mRNA expressie van fibrose markers in menselijke PCIS bleef echter 
gelijk ondanks toedienen van TGF-ß1. Het verschil in effect van toedienen 
van TGF-ß1 aan PCIS van muis en rat enerzijds en van de mens anderzijds, 
kan betekenen dat de mechanismen achter het ontstaan van fibrose 
verschillend zijn tussen (dier)soorten. 

In hoofdstuk 7 tenslotte, was het doel om te onderzoeken of een receptor 
voor de zuurgraad (de pH-receptor) genaamd ovarian cancer G-protein 
coupled receptor-1 (OGR1) een rol speelt bij het ontstaan van darmfibrose. 
Hogere expressie van OGR1 in menselijke dunne darm aangedaan door 
de ziekte van Crohn én fibrose, ging gepaard met hogere expressie van 
markers voor darmfibrose ten opzichte van dunne darm met de ziekte 
van Crohn zonder fibrose. Daarnaast werd de mate van het ontstaan van 
darmfibrose tussen muizen die deze pH-receptor wel en niet hebben 
(door een muis te gebruiken die het DNA dat codeert voor deze receptor, 
mist) onderzocht in verschillende diermodellen voor darmfibrose. De 
volgende modellen werden gebruikt om het ontstaan van darmfibrose 
te bestuderen: 1. Spontane dikkedarmontsteking (colitis) en fibrose die 
ontstaat door het uitschakelen van Interleukine-10; 2. Chronische colitis 
en fibrose die ontstaat door rectaal toedienen van het chemische dextran 
natriumsulfaat, 3. Darmfibrose geïnduceerd door transplantatie van 
de dunne darm op een abnormale plek onder de huid (heterotopische 
darmtransplantatie). In alle drie de modellen was de hoeveelheid 
darmfibrose die ontstond verminderd in de muizen die de pH-receptor 
OGR1 misten, in vergelijking tot de muizen die deze wel hadden. Hieruit 



195is geconcludeerd dat medicijnen die de activatie van pH-receptor OGR1 
blokkeren, het ontstaan van darmfibrose bij de ziekte van Crohn zouden 
kunnen verminderen. 

Concluderend biedt dit proefschrift een eerste bewijs dat eiwit-fragmenten 
die de opbouw en afbraak van littekenweefsel in het bloed reflecteren 
bij patiënten met de ziekte van Crohn kunnen worden gebruikt om de 
aanwezigheid van fistels op te sporen. Daarnaast werden deze eiwit-
fragmenten gebruikt om bij het starten van afweerremmende medicijnen 
anti-TNF de klinische respons op dit medicijn te kunnen voorspellen. 
Verder werden inzichten in verschillende doelwitten/aangrijpingspunten 
in de signaalroutes die leiden tot darmfibrose beschreven, die mogelijk 
door middel van gebruik van (reeds bestaande) medicijnen kunnen 
worden gebruikt om de littekenvorming in de darm te verminderen. 
Ook wordt er een nieuw translationeel ex vivo model voor darmfibrose 
beschreven waarmee de kloof tussen de preklinische en klinische evaluatie 
van de effectiviteit van medicijnen tegen darmfibrose zou kunnen worden 
overbrugd. Tenslotte werd bewezen dat pH-receptor OGR1 een rol speelt 
in het ontstaansmechanisme van darmfibrose. Hiermee kan deze receptor 
een goed aangrijpingspunt zijn voor een medicijn tegen darmfibrose.
Niet-invasieve biomarkers die het voorkomen van darmfibrose/fistels of de 
respons op ontsteking/fibrose remmende medicijnen kunnen voorspellen, 
evenals relevante (dier)modellen waarin het mechanisme van darmfibrose 
en het effect van anti-fibrotische medicijnen getest kan worden, zullen een 
grote impact hebben op (de kwaliteit van) het leven van patiënten met de 
ziekte van Crohn. 
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Terugdenkend aan de afgelopen jaren waren deze heel leerzaam, afwisselend, 
inspirerend, soms wat stressvol maar met name gewoon heel erg leuk. 
Het doorlopen van een promotie traject is op vele fronten vormend, niet 
in de minste plaats door de vele mensen die ik hierdoor heb leren kennen 
en die mij hebben geholpen met mijn eigen projecten of met wie ik heb 
samengewerkt. Veel dank voor alle hulp, steun, afleiding, al het gelach en alle 
mooie gesprekken in de afgelopen jaren!

Dit meest gelezen deel van het proefschrift is bedoeld om iedereen te 
bedanken, dus daar zal ik dan maar mee beginnen. Allereerst mijn 
promotoren, prof. dr P. Olinga en prof. dr. G. Dijkstra.

Beste Peter, via Henri Leuvenink kwam ik bij jou om onder supervisie van 
BT mijn wetenschappelijke stage te doen. Dit was een leerzame tijd die 
resulteerde in een MD/PhD traject waarvan dit boekje het eindproduct 
is. In de afgelopen jaren heb ik je leren kennen als een prettige begeleider 
met een enorme drive om het slice model op de kaart te zetten. Je 
laagdrempelige toegankelijkheid blijkt uit het feit dat de deur van je kamer 
altijd open staat. Reflexmatig keek (en kijk) ik altijd de gang in om te zien 
of je er was (wat te zien was aan de openstaande deur) zodat ik eventueel 
iets kon vragen. Tijdens de momenten van discussie heb je me altijd veel 
vrijheid en vertrouwen gegeven. Ik waardeer de rust en kalmte die je altijd 
weet te bewaren. De slice groep is in de afgelopen jaren zowel in aantal 
leden als in werkwijze enorm gegroeid, waarvoor veel bewondering! 

Beste Gerard, met Peter liep ik voor de besprekingen naar je kamer hopend dat 
je er zou zijn. Vaak was je volledig gefocust op je andere bezigheden en moest je 
even schakelen, maar kregen we al snel je volledige aandacht. In de discussies 
met zijn drieën bracht je veel creatieve ideeën die zeker hebben bijgedragen 
aan de originaliteit van dit proefschrift. Ik ben heel blij met de input die 
je aan het project gegeven hebt. Ik heb geleerd dat het helaas praktisch 
niet lukt alle door jou aangedragen ideeën uit te voeren en ik bewonder de 
zelfrelativering die je had wanneer we besloten een plan toch te skippen. 

Dr. M. Boersema, beste Miriam, je hebt me enorm geholpen ondanks dat je 
pas later bij het project betrokken werd en ik een gedeelte van deze tijd in 
Zürich werkte. Dank voor je praktische inzichten, ideeën en hulp die je me 
met veel toewijding en medeleven gegeven hebt. 

Daarnaast dank ik de leescommissie bestaande uit prof. dr. K.N. Faber, 
prof. dr. G.R.A.M. D’Haens en prof. dr. R.K. Weersma voor het beoordelen 
en goedkeuren van dit proefschrift. 
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202Wetenschap begon voor mij tijdens mijn profielwerkstuk in de 6e klas 
van het Praedinius Gymnasium in Groningen. Onder leiding van prof. dr. 
R.R.M. Bos van de afdeling Kaakchirurgie van het UMCG, testten Martijn 
Bos en ik de bloedstollende werking van met stollingsfactor VII geladen 
polyurethaanschuimen die mogelijk als vervanger zouden kunnen werken 
voor bloedstollende schuimen op dierlijke (gelatine) basis. Beste Rudolf, 
door jou werd tijdens dit project mijn interesse voor de wetenschap 
gewekt. Van de manier waarop je mij leerde een wetenschappelijke tekst te 
schrijven, profiteer ik nog steeds. Dat je als rector van de corona tijdens de 
verdediging zal optreden, maakt de cirkel rond. 

Tijdens de studie werd ik door Paul Bos bij betrokken bij het Prometheus 
Nierteam. Onder supervisie van prof. dr. H.G.D. Leuvenink en prof. dr. 
R.J. Ploeg, gingen we met Ernst Buiter of Cees Brugman mee naar een 
multi-orgaan donor procedure. Vaak in een ander ziekenhuis, soms met 
het vliegtuig, het was doorgaans een spannende ervaring. Als studenten 
ontvingen we van de uitname chirurgen waaronder Sijbrand Hofker, 
Vincent Nieuwenhuijs of Christina Krikke, nierbiopten die vervolgens 
werden opgeslagen in een van de vriezers van het UMCG. Via Prometheus 
leerde ik onder andere Leon van Dullemen kennen, die mij samen met 
Rik Mencke en Jan Binne Hulshof enthousiasmeerde voor de cursus week 
van de Junior Scientific Masterclass op Schiermonnikoog. Met hulp van 
Anne Margot Roskott voor een van mijn eerste artikelen, werd ik na mijn 
wetenschappelijke stage geaccepteerd voor het MD/PhD traject. Dank 
aan jullie allen voor de geven van de voorzetten die tot het starten van 
mijn promotietraject geleid hebben! In het bijzonder dank aan Henri voor 
de connectie met Peter en voor de tijdelijke aanstelling bij de chirurgie 
om te helpen met het opzetten van de implementatie van hypotherme 
machineperfusie van de nier als standaard na multi-orgaan donatie in 
Nederland. Ook van jou heb ik veel geleerd.

In de groep van Peter leerde ik allereerst Bao Tung Pham (ook wel BT) 
kennen als mijn begeleider van de wetenschappelijke stage. Dear BT, I 
would like to thank you for guiding me through my first steps of research 
as well as for involving me in your creative life. I’ll always remember the 
dinners we had with your wife Phuong at your house in Groningen, and 
the trip to move Phuong from Lille to Groningen when your son Lucca was 
expected. I received a very warm welcome from both your and Phuong’s 
family in Hanoi Vietnam, where I had a great time performing the 
internship social medicine at the University of Hué. You became a friend 
for life and I’ll definitely visit you in Vietnam again. 

Als rechterhand van Peter, is Dorenda Oosterhuis de meest sta-
biele factor van de slice groep. Dorenda, dank voor alle hulp op het lab 
en voor de vele gezellige momenten tijdens en naast het werk! Daar-
naast dank aan alle collega’s van Peter’s slice groep voor mooie tijd. Rick 



203Mutsaers, dank voor de gezellige tijden toen we huisgenoten waren in de 
Agricolastraat. Ik mis de borrels bij de Souffleur. Isabel Stribos, dank voor 
de raadzame gesprekken en voor je relativeringsvermogen. Ik heb bewon-
dering voor hoe ‘gemakkelijk’ je alles lijkt te doorlopen. Gerian Prins, dank 
voor de gezellige momenten in en rond het lab. Naomi Teekamp, ook aan 
jou dank voor de relativerende en raadzame gesprekken. ‘The Emilia’s’, 
Emilia Gore and Emilia Bigaeva, thanks to both of you for all the help in 
the lab and for all the chit-chat and laugher during work and lunches. I’ve 
enjoyed that so much. Radit Isawandana and Kurnia Putri, thank you for 
always being so open, friendly, willing to help and for sharing your Indo-
nesian culture with us. I wish you and your son all the best. Suriguga, dear 
Su, sharing an office with you was really good fun. You gave me insight in 
your beautiful culture and through you I’ve learned that not all Chinese 
are that noisy as I thought ;). Theerut Luanmongkong, Jo, I admire your 
unlimited politeness, and your drive to work and to travel. I’ve enjoyed 
to see you developing throughout your PhD and becoming a bit less po-
lite and more direct and straightforward. De nieuwe leden van de slice 
groep (Carin Biel, Konstanze Gier, Michiel Ruigrok, Ruby Karsten, Yvette 
Jansen) die ik door coschappen en klinisch werk minder goed heb leren 
kennen, wens ik veel succes met jullie projecten. 

Als medicus op een farmaceutische afdeling (Farmaceutische Technologie 
en Biofarmacie) ging er een wereld voor mij open. Anko Eissens, Anne de 
Boer, Annemarie Boesder, Anne Lexmond, Ari Kauppinen, Caroline Visser, 
Christina Avanti, Doetie Gjaltema, Duong Nguyen Nhat, Ed Schmidt, 
Floris Grasmeijer, Gaurav Kanojia, Hans de Waardt, Herman Woerdenbag, 
Imco Sibum, Jan Ettema, Jasmin Tomar, Maarten Mensink, Marcel 
Hoppentocht, Marinella Visser, Marianne Luinstra, Max Beugeling, Niels 
Grasmeijer, Paul Hagedoorn, Philip Born, Renee van der Kooij, Sonja 
Graver, Yu Tian en Wouter Tonnis, het was verrijkend jullie te leren 
kennen en ik heb veel van jullie geleerd. Prof. dr. H.W. Frijlink, beste Erik, 
dank voor het warme onthaal op jouw afdeling en voor je enthousiaste 
verhalen over werk gerelateerde zaken maar ook over van alles daarbuiten. 
Dr. W.L.J. Hinrichs, beste Wouter, dank voor je nuchtere verhalen onder 
het genot van een biertje en voor de heerlijke etentjes bij ’t Kantoor. 

Als onderzoeker bij zowel de farmacie in het faculteitsgebouw als bij de 
Maag-, Darm-, en Leverziekten (MDL) in het UMCG, ben ik vaak door 
de lange gang in ‘De Brug’ gelopen. Gelukkig werd ik op het MDL-lab en 
bijhorende meetings altijd warm onthaald door Arno Bourgonje, Dianne 
Jansen, Dorien Buurman, Julius von Martels, Jurya Glansbeek, Guido 
Trentadue, Klaas Nico Faber, Raphael Fagundes Rosa, Ruben Gabriels, 
Tjasso Blokzijl en Ying Ying Cui. Dank voor alle input tijdens de discussies 
bij de IBD lab-meeting. Julius, nogmaals gefeliciteerd met het behalen van 
je PhD ondanks alle hobbels op de weg. Jurya, dank voor het regelen van 



204alle afspraken met Gerard. Ik zal nooit meer mijn achternaam en promotor 
noemen als ik naar het secretariaat bel in de vooronderstelling dat jullie 
dit wellicht vergeten zijn. Guido, thanks for the nice conversations about 
all kinds of music. Ruben, veel dank voor het eindeloze geouwehoer in 
het UMCG maar ook tijdens onze klinische tijd in Isala. Tjasso, veel dank 
voor de constructieve en degelijke manier waarmee je het werk op het 
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