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Abstract
Background: Intestinal fibrosis and subsequent stricture formation represent frequent complications of Crohn’s
disease (CD). In many organs, fibrosis develops as a result of epithelial to mesenchymal transition (EMT). Recent
studies suggested that EMT could be involved in intestinal fibrosis as a result of chronic inflammation. Here, we
investigated whether EMT might be involved in stricture formation in CD patients.
Methods: Human colonic tissue specimens from fibrotic areas of 18 CD and 10 non-IBD control patients were
studied. Immunohistochemical staining of CD68 (marker for monocytes/macrophages), transforming growth
factor-β1 (TGFβ1), β-catenin, SLUG, E-.cadherin, α-smooth muscle actin and fibroblast activation protein (FAP) were
performed using standard techniques.
Results: In fibrotic areas in the intestine of CD patients, a large number of CD68-positive mononuclear cells was
detectable suggesting an inflammatory character of the fibrosis. We found stronger expression of TGFβ1, the most
powerful driving force for EMT, in and around the fibrotic lesions of CD patients than in non-IBD control patients. In
CD patients membrane staining of β-catenin was generally weaker than in control patients and more cells featured
nuclear staining indicating transcriptionally active β-catenin, in fibrotic areas. In these regions we also detected
nuclear localisation of the transcription factor, SLUG, which has also been implicated in EMT pathogenesis. Adjacent
to the fibrotic tissue regions, we observed high levels of FAP, a marker of reactive fibroblasts.
Conclusions: We demonstrate the presence of EMT-associated molecules in fibrotic lesions of CD patients. These
findings support the hypothesis that EMT might play a role for the development of CD-associated intestinal fibrosis.
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Background
Though most of IBD patients initially present with an inflammatory pathology, due to the longstanding and chronically relapsing disease, severe complications, such as
stenosis, strictures or fistulae occur [1]. With respect to
Crohn’s disease (CD), about 70% of patients suffer from
fistula and stenosis during their disease course and at least
60% require surgery at least once within 20 years following
their initial diagnosis [2]. About one third of CD patients
require surgery due to intestinal fibrosis or the resulting
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complications, such as intestinal obstruction, during their
disease course. However, this often also does not provide
a definite solution and inflammation and restenosis frequently re-occur [3]. Of note, there are distinct differences
between intestinal fibrosis in UC and CD patients: While
in UC, the colonic mucosa and sub-mucosa is affected, in
CD the fibrosis is transmural, mainly of the small and/or
large bowel, including submucosa, muscle layer and serosa, but excluding the mucosa [4]. In contrast to CD, surgery due to fibrotic complications is a rare event in UC
patients, whereas fibrotic events occur at least evenly. A
key problem with respect to inflammation-associated intestinal fibrosis is the fact that anti-inflammatory strategies, such as anti-TNF antibodies or immunosuppressive
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medications, are not effective in preventing fibrosis and
that no specific anti-fibrotic medical therapy exists [4].
Current hypothesis suggests that the first step of intestinal fibrosis is a tissue damage caused by a chronic inflammatory state. Subsequently, activated fibroblasts are
recruited to the sites of inflammation to induce wound
healing and, finally, fibrosis results due to excessive deposition of extracellular matrix (ECM) [5,6]. Recently, is
has been demonstrated that miR-200b is involved in
intestinal fibrosis in CD patients [7]. Using an animal
model of chronic intestinal inflammation it was shown that
CD-associated intestinal fibrosis might be the result of
epithelial-to-mesenchymal transition (EMT) [8]. EMT is a
common process that plays a pivotal role for embryogenesis, organ development, tissue regeneration and wound
healing [9,10]. However, EMT is also involved in organ fibrosis as well as cancer progression and metastasis [9,11].
During EMT, epithelial cells lose their polarized phenotype
and convert into mesenchymal-like myofibroblasts which
is indicated by co-expression of epithelial markers, such as
E-cadherin or cytokeratines 8 and 20, and mesenchymal
markers, such as α-smooth muscle actin (α-SMA) or
vimentin, in EMT cells [10,12]. This way, EMT represents
one of the main sources of activated fibroblasts in many
organ systems and its most powerful mediator in vitro and
in vivo is transforming growth factor beta (TGFβ) [11-15].
Here, we demonstrate the presence of many EMT-related
proteins in fibrotic areas of intestinal tissue specimen derived
from CD patients. Our data suggest that EMT is essentially
involved in the pathogenesis of CD-associated intestinal
fibrosis. This finding might open the avenue for new and
more effective treatment options for intestinal fibrosis.

Methods
Patients

Colonic tissue specimens were obtained from fibrotic areas
of 18 CD patients (mean age 44 ± 4 years) or from the intestinal mucosa of 10 non-IBD control patients (mean age
62 ± 5 years). Intestinal samples were derived from male
and female patients (please see Additional file 1: Table S1
+ 2 for further details). Tissue specimens were collected
from endoscopic biopsies or surgical specimens from CD
patients or from non-IBD patients who underwent endoscopy because of colon cancer screening, respectively.
Tissue specimens were immediately transferred into 4%
formalin and stored at 4°C until further analysis. Written
informed consent was obtained before specimen collection
and studies were approved by the Cantonal Ethics
Committee of the CAnton Zürich, Switzerland
Immunohistochemistry

We performed immunohistochemical studies on formalinfixed, paraffin-embedded tissue specimens using a peroxidase based method with diaminobenzidine (DAB)
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chromogen as described previously [16]. Following incubation of tissue samples with xylol and descending
concentrations of ethanol, antigens were retrieved using
citrate buffer, pH 6.0 (DAKO, Glostrup, Denmark) for
30 min at 98°C. Endogenous peroxidases were deleted
by incubation with 0.9% hydrogen peroxide for 15 min
at room temperature (RT) and blocking was performed
using 3% BSA for 1 h at RT. Antibodies were then
applied in an optimal concentration overnight in a wet
chamber. Rabbit anti-CD68 (Abcam, Cambridge, UK),
rabbit anti-β-catenin (Cell Signalling), rabbit anti-TGFβ
(Santa Cruz, Santa Cruz, CA), rabbit anti-SLUG (Abcam),
rabbit anti-E-cadherin (Cell Signalling, Danvers, MA),
rabbit anti-α-smooth muscle actin (SMA; Abcam) and
rabbit anti-fibroblast activating protein (FAP; Abcam) antibodies were obtained from the sources noted. EnVision+
System-HRP-Labelled Polymer (DAKO) was used as a
secondary antibody and was applied for 1 h at RT. Antibody binding was visualized using Liquid DAB+ Substrate
Chromogen System (DAKO). Samples were counterstained
with hematoxylin, incubated in ascending concentrations
of ethanol and xylol solutions and finally mounted. For
microscopic assessment, an AxioCam MRc5 (Zeiss, Jena,
Germany) camera on a Zeiss Axiophot microscope (Zeiss)
wa used. Image analysis was performed using AxioVision
Release 4.7.2 software (Zeiss).

Results
Fibrotic lesions show CD68-positive mononuclear cells

Sites of severe inflammation often feature increased numbers of activated fibroblasts. These cells, also called myofibroblasts, play an important role for wound healing what
sometimes results in excessive production of ECM finally
leading to fibrosis. To identify fibrotic areas we visualized
collagen fibers using van Gieson staining, while we confirmed the presence of inflammatory cells in fibrotic areas
by CD68 staining, which is a well-established marker for
human monocytes and macrophages [17]. As expected,
we found a large number of CD68 positive cells in and
around fibrotic areas of colonic tissue samples from CD
patients (Figure 1), what correlates with the hypothesis
that intestinal fibrosis is associated with inflammation.
TGFβ is strongly expressed in fibrotic colonic CD tissue

TGFβ is widely regarded as the most powerful inducer
of EMT in vitro and in vivo. Since the most important
TGFβ isoform in humans is represented by TGFβ1, we
assessed expression of this particular molecule in our
study. First we investigated TGFβ1 expression in nonIBD control patients without fibrosis. Here, the epithelial
layer showed a considerable staining intensity for TGFβ1,
while the staining in sub-mucosal layers was only
slightly detectable (Figures 2A + B). In contrast, in CD
patients with intestinal fibrosis, expression of TGFβ1 in
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Figure 1 CD68-positive mononuclear cells are present in fibrotic lesions. (A) Colonic tissue specimens from CD patients with active disease
feature a large amount of collagen fibers indicative for fibrosis as visualized by van-Gieson staining. (B) Same area as in (A) features strong
expression of CD68, a marker of activated monocytes/macrophages. (C) Fibrotic regions in the intestine of CD patients feature strong expression
of CD68. (D) Enlarged section from (C) featuring CD68-positive mononuclear cells. (E) Representative section from (C) visualizing collagen fibers
by van-Gieson staining. Magnification: 10-fold or 40-fold, respectively. All analysed patient samples showed comparable staining characteristics
when compared to samples from non-affected controls.

the epithelial layer was stronger than in control patients
(Figure 2C). Further TGFβ1 expression in submucosal
layers and in particular in fibrotic areas was clearly more
in CD patients than in control patients (Figures 2D-F).
This difference could be observed in all of the tissue layers
from the lamina propria to the serosal layer.
Nuclear localisation of β-catenin in fibrotic areas

A well-established marker for the onset of EMT is nuclear
localisation of β-catenin. We first assessed β-catenin staining in the epithelial layer. In tissue samples from control
patients, all of the intestinal epithelial cells featured a
strong staining for β-catenin in the cell membrane while
the nuclei did not show any significant β-catenin staining.
In sub-mucosal layers almost no β-catenin was detectable

at all (Figures 3A + B). In CD patients membrane staining
of β-catenin was generally weaker than in control patients
and more cells featured nuclear staining indicating transcriptionally active β-catenin (Figures 3C-F). In fibrotic
areas, nuclear expression of β-catenin was clearly higher
in fibroblasts than in control patients and fibrotic areas
featured hereby an even stronger nuclear staining intensity
for β-catenin (Figures 3C-F). The increased number of
cells featuring nuclear translocation of β-catenin was
also demonstrated by statistical analysis of nuclear βcatenin positive cells per a well-defined field-of-view in
a representative subgroup of patients (Additional file 1:
Figure S1). These observations, loss of cell membranebound β-catenin and increased nuclear localisation indicative for transcriptionally active β-catenin in fibroblasts, are
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Figure 2 Expression of TGFβ1 in fibrotic lesions. (A + B) In representative samples from two different non-IBD control patients, the epithelial
layer showed a considerable staining intensity for TGFβ1, while the staining in sub-mucosal layers was only slightly detectable. (C) In CD patients
with intestinal fibrosis, expression of TGFβ1 in the epithelial layer was strongly detectable. (D-F) In fibrotic areas, sub-mucosal TGF-β1 staining is
strongly detectable. Magnification: 20-fold or 40-fold, respectively. All analysed patient samples showed comparable staining characteristics when
compared to samples from non-affected controls.

characteristic observations for EMT and further support
the observation that EMT might be involved in CDassociated fibrosis.

non-IBD control patients (data not shown). Interestingly,
the transcription factor SNAIL1, was neither detectable
in non-IBD control patients nor in fibrotic regions of
CD patients (data not shown).

SLUG transcription factor is upregulated in CD-associated
fibrosis

We next investigated the expression of Snail transcription factor family members, namely SLUG and Snail1 in
fibrotic intestine of CD patients. We found strong SLUG
staining in fibroblast-like cells of fibrotic areas of colonic
tissue specimens derived from CD patients. Of notice,
SLUG was often visible in the nuclei of fibroblast-like
cells indicative for transcriptionally active SLUG protein
(Figure 4A-D). Increased expression and nuclear translocation of SLUG are often correlated with the onset of
EMT and our finding provides therefore a possible
mechanistic explanation how EMT-associated events in
fibrotic areas could be mediated on a transcriptional
level. Slug staining was almost completely absent in

FAP is strongly expressed around areas of CD-associated
fibrosis

A number of studies indicated a role for FAP in the
pathogenesis of chronic inflammatory and fibrotic conditions, such as liver cirrhosis. Since CD-associated fibrosis also occurs in response to chronic inflammation
of the intestinal wall, we investigated whether FAP, a
marker of fibroblast activation, would be expressed in
or around fibrotic areas in the intestine of CD patients.
Figure 5 demonstrates that FAP was only weakly
expressed in the fibrotic areas. However, we found a
strong, FAP-positive staining in fibroblasts adjacent to
the fibrotic areas.
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Figure 3 Expression of β-catenin in fibrotic lesions. (A + B) In
tissue samples from non-IBD control patients, the intestinal epithelial
cells featured a strong staining for β-catenin in the cell membrane
(black arrows) while the nuclei did not show any significant β-catenin
staining (white arrows). In sub-mucosal layers almost no β-catenin was
detectable (grey arrows). (C-F) In stenotic areas of CD patients clearly
more cells featured nuclear β-catenin staining (black arrows) indicating
transcriptionally active, meaning nuclear, β-catenin. Magnification:
10-fold, 40-fold or 100-fold, respectively. All analysed patient
samples showed comparable staining characteristics when compared
to samples from non-affected controls.

Expression of epithelial and mesenchymal markers in
fibrotic intestinal CD tissue

We next assessed the expression of E-cadherin which
is usually located in adherens junctions of epithelial
cell layers, connecting adjacent cells. We found strong
E-cadherin staining in the intestinal epithelial layer
(Figure 6A). However, we also detected expression of Ecadherin in a number of subepithelial cells in and around
fibrotic areas (Figure 6B + C). Further, we found a large
number of α-SMA positive cells in fibrotic areas of intestinal tissue specimens from CD patients (Figures 7A-B).
This co-incidence of mesenchymal and epithelial markers
in areas of fibrotic tissue strongly supports an involvement
of EMT in the pathogenesis of CD-associated fibrosis.

Discussion
CD-associated fibrosis and the resulting clinically relevant stenosis and strictures represent a common and severe complication in CD patients. To date, conventional
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options for prevention or treatment of such fibrotic complications are insufficient and even surgery is often only a
temporarily beneficial approach. The limitation in available
treatment options is mainly due to the fact that the pathogenesis of CD-related fibrosis is only poorly understood.
Here, we demonstrate the presence of EMT-associated
events in fibrotic areas of colonic tissue specimens derived
from CD patients.
A characteristic feature of EMT is the translocation of
β-catenin from the cytosol, where it connects E-cadherin
to the actin cytoskeleton, into the nucleus to regulate gene
expression. During EMT, β-catenin translocates from the
cell membrane into the cytoplasm indicative for the disintegration of the epithelial zonulae adherentes. Further, the
cytoplasmic pool of β-catenin translocates into the nucleus and initiates the expression of EMT-associated
genes, such as α-SMA, vimentin or TGFβ [18,19]. TGFβ
has been shown to regulate expression and activity of
the Snail transcription factor family member, SLUG, via
β-catenin in epithelial cell systems and SLUG has also
been implicated in the pathogenesis of EMT via downregulation of E-cadherin [20]. Characteristically, activated fibroblasts express FAP and presence of FAP has
been implicated in the pathology of cancers, chronic inflammatory disorders, fibrosis and other pathologies
indicating possible roles for FAP in facilitating cell invasion and growth [21].
Though EMT has already been associated with the
pathogenesis of fibrosis in many systems, such as kidney,
liver or lung [11], the evidence for EMT being involved in
the development of intestinal fibrosis in CD patients is
lacking. A recent study by Flier et al. identified EMT as a
source of fibroblasts in the TNBS model of inflammationassociated intestinal fibrosis. They demonstrated that
intra-rectal administration of TNBS to mice induces inflammation and fibrosis that is histological and immunologically similar to human CD. The fibrotic areas
in these animals featured a large amount of cells expressing both, epithelial and mesenchymal markers, indicative for the onset of EMT. In particular, fibrotic
areas revealed significantly more fibroblasts being αSMA-positive as well as being positive for both, the epithelial cell marker E-cadherin and the fibroblast marker,
fibroblast-specific protein 1 (FSP1) [8]. However, the
observation period of these animals was certainly limited when compared to year-long duration of fibrogenesis in humans. Additionally, these mice did not develop
strictures that display one of the most severe complications of human intestinal fibrosis. In intestinal tissue
samples derived from three patients suffering from either active UC or CD, they showed co-localisation of αSMA and E-cadherin in colonic crypts [8]. Nevertheless,
this patient number was certainly too small for demonstrating finally conclusive results and the patients were
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Figure 4 The transcription factor SLUG is expressed in the nuclei of mesenchymal cells in fibrotic areas. (A-D) Representative images
demonstrate considerable SLUG staining in fibroblast-like cells of fibrotic areas of colonic tissue specimens derived from CD patients. SLUG is
visible in the nuclei of fibroblast-like cells (black arrows) indicative for transcriptionally active SLUG protein. The insert in (A) demonstrates
van-Gieson staining. Magnification: 10-fold or 40-fold, respectively. All analysed patient samples showed comparable staining characteristics when
compared to samples from non-affected controls.

also not featuring strictures as a complication of intestinal fibrosis.
In our new animal model of intestinal fibrosis occurring after heterotopic transplantation of small bowel resections in rats we found rapid loss of crypt structures

which was followed by lymphocyte infiltration and obliteration of the intestinal lumen by fibrous tissue. Loss of intestinal epithelium was demonstrated by lack of cytokeratines
while collagen expression was increased with time after
transplantation. Interestingly, lumen obliteration was

Figure 5 FAP expression is strongly detectable in myofibroblasts adjacent to fibrotic areas. Representative images show (A) van-Gieson
staining and (B) corresponding FAP staining in fibrotic tissue samples derived from CD patients. (B-D) FAP staining is strongly detectable in
myofibroblasts adjacent to the fibrotic areas (black arrows), while FAP staining in myofibroblasts within fibrotic areas is limited (white arrows). Magnification:
10-fold. All analysed patient samples showed comparable staining characteristics when compared to samples from non-affected controls.
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Figure 6 Subepithelial cells in and around fibrotic areas express E-cadherin. Representative images show E-cadherin (A; C) and van-Gieson
(B) staining in corresponding tissue sections. Black arrows point onto E-cadherin positive cells. Magnification: 10-fold or 40-fold, respectively. All
analysed patient samples showed comparable staining characteristics when compared to samples from non-affected controls.

connected with increased expression of factors associated with EMT such as β6 integrin, IL-13 and TGFβ.
The myofibroblast phenotype in fibrotic areas was demonstrated by presence of the mesenchymal markers α-SMA
smooth muscle actin and vimentin in the obliterated
lumen. These observations demonstrate that a variety of
histologic and molecular features of fibrosis associated
EMT can be observed in the heterotopic intestinal grafts
[22]. Therefore, the data obtained in our new animal
model so far fully confirmed our data obtained in human
samples suggesting that the observations made in the animal model might actually reflect real fibrosis. This of particular interest, since it not only underlines the relevance
of our data presented in this manuscript, but also gives us
the possibility to perform further research using a reproducible animal model. This might finally critically contribute to a better understanding of the complex pathogenesis
of intestinal fibrosis and the development and validation
of new therapeutic options.

Thus, the observations presented here are in good accordance with other findings from our laboratory, demonstrating that EMT also is present in human CD and
contributes to the pathogenesis of CD-associated fistulae
[16,23-25]. Of note, intestinal fistulae are commonly
surrounded by areas featuring fibrotic lesions. However,
neither the findings in the animal models nor our previous data provided conclusive evidence that EMT might
be involved in the pathogenesis of intestinal fibrosis in
CD patients.
Here, we demonstrated that areas of intestinal fibrosis
in CD patients feature EMT-associated gene expression
events using colonic tissue specimens from fibrotic areas
of CD patients. We found significant staining of TGFβ
as well as of the EMT-associated transcription factor
SLUG in fibrotic areas. Additionally, we detected nuclear
localisation of β-catenin as a prominent feature of fibrotic regions. All of these molecules are associated with
the onset of EMT. In particular, in intestinal epithelial

Figure 7 Subepithelial cells in and around fibrotic areas express α-SMA. Representative images show α-SMA (A) and van-Gieson (B) staining
in corresponding tissue sections. Magnification: 10-fold or 40-fold, respectively. All analysed patient samples showed comparable staining characteristics
when compared to samples from non-affected controls.
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cells TGFβ can induce SLUG expression and activation
(meaning nuclear localisation) via β-catenin. Further,
activated SLUG as well as activated (meaning nuclear)
β-catenin play an important role for the downregulation
and disassembling of E-cadherin [12,15,18-20]. All of
these events (expression of TGFβ and nuclear localisation of SLUG and β-catenin) are characteristic for EMT
and were visible in human tissue samples featuring a
CD-associated fibrosis.
Of interest, FAP staining was strongly detectable in
fibroblasts adjacent to the fibrotic areas. Though FAP
expression is absent in most adult tissues, it is expressed
under chronic inflammatory and fibrotic conditions as
well as in certain epithelial tumours. On a functional
level, FAP features dipeptidyl- and endopeptidase activity
and seems to be involved in tumour cell proliferation
[21,26]. A recent study even suggested that FAP inhibition might be beneficial for treating epithelial-derived
tumours, since pharmacologic targeting of FAP inhibited
tumour stromagenesis by affecting integrin-mediated signalling and led to a decreased recruitment and overall
number of myofibroblasts [27]. Therefore, one might
speculate, whether FAP could be a potential target for the
treatment of CD-associated intestinal fibrosis.

Conclusions
In summary, we have demonstrated the presence of
EMT-associated events in fibrotic areas in the colon of
CD patients. These findings suggest that EMT could play
a certain role for the pathogenesis of CD-associated intestinal fibrosis. Therefore our study might help to provide the rationale background for further investigations
unravelling the exact pathomechanisms of intestinal fibrosis what could finally help to develop more effective
therapeutic options for the treatment of CD-associated
intestinal fibrosis.
Additional file
Additional file 1: Supplemental methods and figures.

Abbreviations
α-SMA: alpha smooth muscle actin; CD: Crohn’s disease; ECM: extra-cellular
matrix; EMT: epithelial-to-mesenchymal transition; FAP: fibroblast activating
protein; TGFβ: transforming growth factor beta.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MS: wrote the manuscript. GR&MS conceived the study. NH and SL
performed experiments. AF and EJ provided human material. All of the
authors were essentially involved in the acquisition of data, analysis and
interpretation of data as well as revising the article critically for important
intellectual content. All of the authors gave final approval of the version to
be submitted. Authors had no writing assistance.

Page 8 of 9

Financial support
This research was supported by a grant from research grants from the Swiss
National Science Foundation (SNF) to MS (Grant No. 314730–146204 and
Grant No. CRSII3_154488/1), GR (Grant No. 310030–120312) and the Swiss
IBD Cohort (Grant No. 3347CO-108792). The sponsors had no role in the
study design, in the collection, analysis and interpretation of data; in the
writing of the manuscript; and in the decision to submit the manuscript for
publication.
Author details
1
Division of Gastroenterology and Hepatology, University Hospital Zürich,
Rämistrasse 100, 8091 Zurich, Switzerland. 2Zurich Center for Integrative
Human Physiology, University of Zürich, Zürich, Switzerland. 3Department of
Surgery, Caritas-Hospital St. Josef, Regensburg, Germany. 4Department of
Surgery, Oberschwaben-Klinik, Ravensburg, Germany.
Received: 23 June 2014 Accepted: 5 January 2015

References
1. Cosnes J, Cattan S, Blain A, Beaugerie L, Carbonnel F, Parc R, et al. Long-term
evolution of disease behavior of Crohn’s disease. Inflamm Bowel Dis. 2002;8:244–50.
2. Bernstein CN, Loftus EV, Jr., Ng SC, Lakatos PL, Moum B, et al.
Hospitalisations and surgery in Crohn’s disease. Gut. 2012;61:622–9.
3. Rieder F. The gut microbiome in intestinal fibrosis: environmental protector
or provocateur? Sci Transl Med. 2013;5:190 ps110
4. Rieder F, Fiocchi C. Intestinal fibrosis in IBD–a dynamic, multifactorial
process. Nat Rev Gastroenterol Hepatol. 2009;6:228–35.
5. Rieder F, Brenmoehl J, Leeb S, Scholmerich J, Rogler G, et al. Wound healing
and fibrosis in intestinal disease. Gut. 2007;56:130–9.
6. Cunningham MF, Docherty NG, Burke JP, O'Connell PR, et al. S100A4
expression is increased in stricture fibroblasts from patients with
fibrostenosing Crohn’s disease and promotes intestinal fibroblast migration.
Am J Physiol Gastrointest Liver Physiol. 2010;299:G457–66.
7. Chen Y, Ge W, Xu L, Qu C, Zhu M, Zhang W, et al. miR-200b is involved in
intestinal fibrosis of Crohn’s disease. Int J Mol Med. 2012;29:601–6.
8. Flier SN, Tanjore H, Kokkotou EG, Sugimoto H, Zeisberg M, Kalluri R, et al.
Identification of epithelial to mesenchymal transition as a novel source of
fibroblasts in intestinal fibrosis. J Biol Chem. 2010;285:20202–12.
9. Arias AM. Epithelial mesenchymal interactions in cancer and development.
Cell. 2001;105:425–31.
10. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.
J Clin Invest. 2009;119:1420–8.
11. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implications
for fibrosis. J Clin Invest. 2003;112:1776–84.
12. Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-mesenchymal
transitions. Nat Rev Mol Cell Biol. 2006;7:131–42.
13. Vallance BA, Gunawan MI, Hewlett B, Bercik P, Van Kampen C, Galeazzi F, et al.
TGF-beta1 gene transfer to the mouse colon leads to intestinal fibrosis. Am J
Physiol Gastrointest Liver Physiol. 2005;289:G116–28.
14. Margetts PJ, Bonniaud P, Liu L, Hoff CM, Holmes CJ, West-Mays JA, et al.
Transient overexpression of TGF-{beta}1 induces epithelial mesenchymal
transition in the rodent peritoneum. J Am Soc Nephrol. 2005;16:425–36.
15. Zavadil J, Bottinger EP. TGF-beta and epithelial-to-mesenchymal transitions.
Oncogene. 2005;24:5764–74.
16. Bataille F, Rohrmeier C, Bates R, Weber A, Rieder F, Brenmoehl J, et al.
Evidence for a role of epithelial mesenchymal transition during pathogenesis
of fistulae in Crohn’s disease. Inflamm Bowel Dis. 2008;14:1514–27.
17. Holness CL, Simmons DL. Molecular cloning of CD68, a human macrophage
marker related to lysosomal glycoproteins. Blood. 1993;81:1607–13.
18. Kim K, Lu Z, Hay ED. Direct evidence for a role of beta-catenin/LEF-1
signaling pathway in induction of EMT. Cell Biol Int. 2002;26:463–76.
19. Masszi A, Fan L, Rosivall L, McCulloch CA, Rotstein OD, Mucsi I, et al. Integrity of
cell-cell contacts is a critical regulator of TGF-beta 1-induced epithelial-tomyofibroblast transition: role for beta-catenin. Am J Pathol. 2004;165:1955–67.
20. Choi J, Park SY, Joo CK. Transforming growth factor-beta1 represses
E-cadherin production via slug expression in lens epithelial cells. Invest
Ophthalmol Vis Sci. 2007;48:2708–18.
21. Kelly T, Huang Y, Simms AE, Mazur A, et al. Fibroblast activation proteinalpha: a key modulator of the microenvironment in multiple pathologies.
Int Rev Cell Mol Biol. 2012;297:83–116.

Scharl et al. Clinical and Translational Medicine (2015) 4:1

Page 9 of 9

22. Hausmann M, Rechsteiner T, Caj M, Benden C, Fried M, Boehler A, et al. A new
heterotopic transplant animal model of intestinal fibrosis. Inflamm Bowel Dis.
2013;19:2302–14.
23. Bataille F, Klebl F, Rummele P, Schroeder J, Farkas S, Wild PJ, et al. Morphological
characterisation of Crohn’s disease fistulae. Gut. 2004;53:1314–21.
24. Scharl M, Weber A, Furst A, Farkas S, Jehle E, Pesch T, et al. Potential role for
SNAIL family transcription factors in the etiology of Crohn’s diseaseassociated fistulae. Inflamm Bowel Dis. 2011;17:1907–16.
25. Scharl M, Frei S, Pesch T, Kellermeier S, Arikkat J, Frei P, et al. Interleukin-13
and transforming growth factor beta synergise in the pathogenesis of
human intestinal fistulae. Gut. 2013;62:63–72.
26. Mathew S, Scanlan MJ, Mohan Raj BK, Murty VV, Garin-Chesa P, Old LJ, et al.
The gene for fibroblast activation protein alpha (FAP), a putative cell
surface-bound serine protease expressed in cancer stroma and wound
healing, maps to chromosome band 2q23. Genomics. 1995;25:335–7.
27. Santos AM, Jung J, Aziz N, Kissil JL, Pure E. Targeting fibroblast activation
protein inhibits tumor stromagenesis and growth in mice. J Clin Invest.
2009;119:3613–25.

Submit your manuscript to a
journal and beneﬁt from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁeld
7 Retaining the copyright to your article

Submit your next manuscript at 7 springeropen.com

