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Abstract

Inflammatory bowel disease (IBD) is a lifelong chronic inflammatory condition of the
gastrointestinal tract (GIT), with incidence and prevalence increasing worldwide. It is
considered a complex, multifactorial disease with no cure. Even though large progress
has been made in recent years, current therapies are far from satisfactory, and show
extreme variability of outcomes due to patient heterogeneity. The traditional therapy
consists of anti-inflammatories, corticosteroids, antibiotics, and immunomodulatory
drugs. This non-specific immunosuppression guarantees disease-control in some
patients although the long-term use of these drugs is correlated with a significant
number of therapy-associated complications and side-effects. A dramatic improvement
in disease management was achieved by the introduction of biological agents targeting
pro-inflammatory cytokines such as anti-TNF-a. Despite the revolutionary impact of
these agents in IBD disease management, treatments such as anti-TNF-a do show
several drawbacks — for example, up to 50% of patients do not respond at all or
eventually lose response. This variability in clinical outcome is reflecting the variability
of individuals due to different genetics, life style and inflammatory state. Therefore,
there is a need to define the specific inflammatory state of a given patient, considering
individual complications and develop new in-vitro systems and biomarkers that predict

drug responsiveness and allow developing patient-specific treatment

In this thesis different in-vitro models were developed addressing different aspects and
compartments of IBD pathology including the enteric nervous system, the ECM
component fibrillin-1, as well as patient-derived, three dimensional short-term and long-

term cultures that will bring us a step closer towards personalized medicine.
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Aim of the study and study design

The overall aim of this project was to develop new culture systems of intestinal
inflammation, that will help us to better understand complex pathological processes
underlying IBD and allow for in vitro drug screening of novel or alternative therapeutics

and to potentially serve as a platform for individual personalized medicine in the future.

The thesis was divided in four parts:

Study I. Establishment of a novel in-vitro ENS model

Study II. Unravelling the molecular mechanism of intestinal inflammation and the
anti-inflammatory effects of phytotherapeutic agents using the zebrafish

model

Study III. The role of extracellular matrix component Fibrillin in intestinal

inflammation

Study IV. Establishment of long-term and short-term cultures of IBD Patient

derived mucosal biopsies
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] INTRODUCTION

1.1 Inflammatory Bowel disease

Inflammatory bowel disease (IBD) is a lifelong chronic inflammatory condition of the
gastrointestinal tract (GIT). IBD prevalence is increasing globally, and about 2-3
million people in Europe and over 1 million in the US estimated to be effected by IBD
(Kaplan 2015). The two main forms of IBD are represented by Crohn’s Disease (CD)
and Ulcerative Colitis (UC). UC is characterized by superficial inflammation limited to
the mucosa of the colon. In contrast, CD is presented by discontinuous and patchy
inflammation that can occur in any part of the GIT with inflammation deeper into the
gut wall (transmurally). The symptoms, characterizing both, UC and CD, include
abdominal pain, diarrhea (often with blood or mucus), malabsorption, weight loss and
fatigue (Fakhoury et al. 2014). About one third of IBD patients develop additional extra
intestinal symptoms including cutaneous manifestations, ocular inflammations,
peripheral arthritis, spondylarthritis, and primary sclerosing cholangitis (Veloso 2011).
Quality of life is decreasing as disease progresses due to individual complications
regarding the natural evolution of the disease (Cosnes et al. 2011; Cosnes et al. 2002;

Langholz et al. 1996; Moum et al. 1999). Due to its transmural nature, CD patients



frequently develop fistulae (Schwartz et al. 2002), abscesses (Keighley et al. 1982), and
the formation of inflammatory or fibrotic strictures (C.-W. Chang et al. 2015; Gordon et
al. 2014) which in most cases require surgical interventions. Another severe, life-
threatening complication especially in UC patients, is the development of toxic
megacolon coming along with acute colitis and systemic toxicity (Gan and Beck 2003;
Greenstein et al. 1985). Furthermore, IBD patients show a high risk in the development
of dysplasia (precancerous lesions) and colorectal cancer (CRC) with increase in disease
duration (M. Chang et al. 2017). To date, no efficacious cure for IBD patients is
reported and the patients require lifelong medical care for appropriate management of
the disease. The traditional therapy consists of anti-inflammatories, corticosteroids,
antibiotics, and immunomodulators (Kozuch and Hanauer 2008). This non-specific
immunosuppressive regimen leads in some cases to disease-control but not complete
remission. Moreover, severe side effects and therapy-associated complications have
been associated with long term use. A dramatic improvement in disease management
was achieved by the introduction of biological agents (such as cytokine-targeted drugs)

in the late nineties.

1.2 Biologics in IBD

The first biologics approved in IBD were targeting tumor necrosis factor a (TNFa), one
of the key cytokines mediating inflammatory processes (Bazzoni and Beutler 1996).
Anti-TNF-o agents such as infliximab (IFX), adalimumab (ADA), and golimumab
(GOL) are reported to neutralize the activity of TNFa, and to have a significant efficacy
in promoting and maintaining IBD clinical remission and therefore reducing the need

for surgery when compared to conventional treatments (Berns and Hommes 2016;



Dryden 2009). Despite the revolutionary impact of these agents in IBD treatment, anti-
TNF-a agents do show several drawbacks. Firstly, severe side-effects are observed in
some patients, and there is an increased risk of infections (Crawford and Curtis 2008)
besides the development of neoplasia (Siegel et al. 2009; Mackey et al. 2007).
Secondly, the efficacy of anti-TNF-a is limited, with a total of 20-30% of CD patients
and 40% of UC patients not responding at all to treatment (Yanai and Hanauer 2011). In
addition, a proportion of initial responders treated with anti-TNF-a eventually lose
response (Yanai and Hanauer 2011). To overcome this issue, several new biological
drugs targeting different cytokines and cellular molecules are being developed as
alternative for anti- TNF-a resistant patients. Vedolizumab is targeting the cell adhesion
molecule, in a gut-specific manner, through the subunit of integrin a4p7. Vedolizumab
has been shown to be effective in one-third anti- TNF-o non responding patients (Amiot
et al. 2016). Inhibiting immune-protective functions of TGF-, SMAD?7 is present in
elevated levels within the inflamed gut mucosa of CD patients. Mongersen, an oral
SMAD7 antisense oligonucleotide, re-establishes TGF-3 activity. It has been shown to
induce remission and clinical responses in a subset of patients with active CD in a phase
IT trial (Ardizzone, Bevivino, and Monteleone 2016). The JAK1,2 and 3 inhibitors are
inhibiting a number of pro-inflammatory cytokine signalling pathways (IL-2, -4.-7, -9,-
15 and -21). A subset of UC, but not CD patients respond with clinical remission
towards Tofacitinib (Sandborn et al. 2012). Ustekinumab, a novel bispecific antibody

that targets both, IL-12 and IL-23.

However, these biologics only seem to have beneficial clinical effects in certain
subgroups of IBD patients and come along with adverse effect including high risk of

infections (bacterial, fungal, and viral), lymphoma and malignancies.
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Figure 1. Biological agents in IBD treatment. Antibodies targeting soluble tumor necrosis factor (TNF)
and membrane-bound TNF (such as infliximab, adalimumab, certolizumab pegol and golimumab) are
standard therapies in IBD management. Recently, novel biologic agents blocking other pro-inflammatory
cytokines such as interleukin-6 (IL-6) (tocilizumab), or subunits of IL-12 and IL-23 (ustekinumab) are
being under investigation. Similarly, agents inhibiting the JAK /STAT pathway (tofacitinib), involved in
pro-inflammatory cytokine signaling are being tested in clinical trials (Neurath 2014).

The variability in clinical outcome reflects the variability of patients, with respect to
their individual genetic background, microbiota, location and lifestyle. Furthermore,
patients with longer disease history may show symptoms not directly related to
inflammatory symptoms but to fibrosis, bacterial overgrowth and motility dysfunction,
and therefore may be non-responding to anti-inflammatory agents. As the current
medical strategies have proven to be not efficacious to adequately manage and rescue
the symptomatology of IBD patients, intense research involving pharmaceutical
companies, gastroenterologists, biologists and pharmacologists has been recently set in
motion. This research aims to identify new effective biomarkers and preclinical
screening tests that may be useful to better characterize the inflammatory state of

patients and to predict the efficacy of biological agents in each individual subject.



1.3 Etiology of IBD

IBD is considered as a multifactorial disease and is thought to arise from an
uncontrolled inflammation caused by the unbalanced immune system of genetically
susceptible individuals, in the context of environmental triggers. Genetic involvement in
IBD pathogenesis was initially suspected due to differences in prevalence among
different ethnic groups and aggregation of IBD in families, with 5 - 23% of patients
having an affected first-degree relative (Ek, D’ Amato, and Halfvarson 2014; Jess et al.
2005). Subsequently, genome-wide association studies (GWAS) have become an
important tool with which to research the genetic background of IBD. To date, more
than 200 genetic risk regions have been associated with IBD (McGovern et al. 2010;
Duerr et al. 2006; Parkes et al. 2007; Rivas et al. 2011; J. Z. Liu et al. 2015). The first
IBD-based GWAS revealed that IL23R, a gene encoding the receptor of the
proinflammatory cytokine IL-23, was associated with both CD and UC (Duerr et al.
2006). While many of the CD- and UC- associated variants are shared, some were
exclusive for one IBD form (Rivas et al. 2011), indicating that targeted treatment of
each specific IBD type is possible. CD risk candidate genes are encoding proteins
involved in immunological pathways such as autophagy (ATG16L1 and IRGM)
(Hampe et al. 2007; Parkes et al. 2007) and microbial sensing (NOD2) (Homer et al.
2010; Parkes et al. 2007). UC specific risk loci include IL10 and ECM1 (Franke et al.
2008; Fisher et al. 2008). Genetic predisposition, however, cannot be solely responsible
for IBD development. The increase in IBD prevalence over the last few decades,
especially in developed countries, has linked to environmental factors such as increased
hygiene and a lack of contact with pathogens during childhood to increased
susceptibility of developing IBD during adulthood (Gent et al. 1994). Other

environmental risk factors for the development of CD include smoking (Calkins 1989)



and appendectomy (Frisch and Gridley 2002). Paradoxically, both of these factors are
correlated with a decrease in UC development (Koutroubakis and Vlachonikolis 2000;
Calkins 1989). Furthermore, the use of contraceptive pills (Godet, May, and Sutherland
1995), antibiotics (Card et al. 2004; Hildebrand et al. 2008), as well as nonsteroidal
anti-inflammatory drugs (Felder et al. 2000) are also associated with IBD. Undoubtedly,
diet may influence the development of IBD and has been especially linked to alterations
in the intestinal microflora (Chapman-Kiddell et al. 2010; De Filippo et al. 2010;
Guzman, Conlin, and Jobin 2013; Lewis and Abreu 2017). An imbalance in microbiota
has been associated with IBD, including alteration of commensal bacteria, the
overgrowth and invasion of pathogens and abnormal cellular responses. This may be
partly explained by alterations of the intestinal epithelium of IBD patients, who often
present with increased permeability and reduced barrier function (McGuckin et al.

2009)
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Figure 2. Factors that influence the development and progression of IBD can be grouped into
four subtypes: genetic, environmental, gut microbiota, and immune factors. Key genes,
pathways, and associated elements of each group are indicated. Modified from (De Souza and
Fiocchi 2015)



1.4 Abnormal immune regulation and epithelial barrier

The gastrointestinal epithelium is the largest interface between the body that, as it is
continuously exposed to antigens, serves as a point of communication with the immune
system (Brandtzaeg 2011). Presenting a surface area of about 32m?, the adult intestinal
epithelium is specialized in the digestion, absorption and processing of nutrients
(Helander and Fandriks 2014). Furthermore, it provides a physical, biochemical and
immunological barrier to prevent invasion by pathogens present in the intestinal lumen.
The adult gut homes about 80% of the body’s immune, over 500 million neurons and
even more glial cells (John B. Furness 2012), as well as up to 100,000 extrinsic nerve
endings (Grundy and Brookes 2011). The microbiome consists of as many as 40 trillion
cells and hundreds of different species (Lozupone et al. 2012; Sender, Fuchs, and Milo
2016). Constantly exposed to bacteria, dietary antigens, and other environmental inputs,
an important function of the GIT is to sense and appropriately respond to external
stimuli. The balance of the innate and adaptive immunity is critical for intestinal
homeostasis, by promoting immune tolerance against harmless commensal bacteria and
antigens while also protecting against pathogens. Along with cellular, environmental,
and genetic factors, the deregulation of immune responses in the intestinal mucosa has
been associated with the etiology of IBD. Furthermore, the proper maintenance and
function of these systems is also dependent on the proper structure of the intestinal

epithelium.

1.4.1 Intestinal epithelium

Intestinal epithelial cells (IECs) form a protective fence between the intestinal lumen
and the underlying lamina propria. Structurally the small intestine is organized into

crypt-villus units (Figure 3). Villi are projections into the gut lumen which act to



maximize available surface area. While villi are not present in the caecum and colon,
the crypts of Lieberkiihn (Lieberkiihn 1745) are present in all parts of the gut. Crypts are
in direct contact with the basement membrane and houses multipotent intestinal stem
cells (ISCs) that self-renew and give rise to all mature epithelial cell types necessary for
maintaining gut homeostasis. ISCs cycle slowly (24-30h) and give rise to fast dividing
transit amplifying (TA) cells which move apically towards the villus zone, which
contains only differentiated, post-mitotic cells (Potten 1998). While migrating they
gradually lose their stem cell features and switch on differentiation programs, to replace

the epithelial cells being lost at the villus tip.
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Figure 3. Schematic diagram of the intestinal epithelial cell organization. (Left) Intestinal stem cells
within the small intestine are located along with Paneth cells at the base of the crypt. These multipotent
stem cells generate transit-amplifying (TA) cells and are continuously differentiating into various adult
epithelial cells such as Paneth cells, Enterocytes, Goblet cells, Enteroendocrine cells or Tuft cells while
migrating upwards into the villus region. (Right). In the colon, intestinal stem cells are located in the base
of the crypt and proliferating TA cells migrate upwards towards the surface epithelium while
differentiating into adult epithelial cells. Paneth cells are not present within the colon. Figure adapted
from (Barker 2013).



During the process of cell shedding at the villus tip, IECs undergo a complex,
cytoskeletal remodeling process that allows to maintain the barrier function without the
formation of gaps in the monolayer (Watson and Hughes 2012). This renewal process
happens continuously; thus, more than 300 million cells are generated daily to
compensate, and the single layer IEC is completely replenished within 5 days (L. G. van

der Flier and Clevers 2009).

The diversity of epithelial functions is demonstrated by the numerous specialized cell
types present in the intestinal epithelium (Figure 3). Most cells bordering the intestinal
lumen are absorptive enterocytes, which are characterized by apical microvilli
structures, adapted for metabolic and digestive function. The luminal secretion of
mucins is shaped by Goblet cells that are scattered throughout the epithelium of the
small and large intestine. Mucins are heavily glycosylated proteins which form a
protective barrier and medium for molecular exchange between environment and
epithelium (Johansson and Hansson 2016). Paneth cells, which are present throughout
the bottom of the crypt in the small intestine produce antimicrobial peptides (AMPs)
and enzymes (defensins and lysozymes) and establish a barrier against microbial contact
(Bevins and Salzman 2011). Additionally, Paneth cells provide essential niche factors to
maintain the intestinal stem cell niche (T. Sato et al. 2009). Enteroendocrine cells
represent only 1% of all epithelial cells and represent a link between the central and
enteric neuroendocrine system through the secretion of hormones regulating appetite
and digestive function (Sternini, Anselmi, and Rozengurt 2008). Important for mucosal
immunological response to luminal antigens, Microfold cells (M-cells) overlie gut-
associated lymphoid tissue (GALT), and function as interface between the luminal
content and the underlying immune cells (Neutra 1998). On the luminal side of GALT

such as Peyer’s patches and lymphoid follicles, M cells are often in close contact with



dendritic cells (DCs). Overall, it’s clear that the myriad of cell types present in the
intestinal epithelium have a variety of critical functions necessary for the maintenance
of gut health, and it is likely that we will discover even more functions of these cells in
the coming years. One such role involves the regulation of various functions of an
organism’s innate immune response, an area in which the gut has become a major

player.

1.4.2 Abnormalities of innate immunity

The innate immune response is the first line of defense against pathogens and involves
cells of the innate immunity, including neutrophils, monocytes, macrophages, and
dendritic cells (DCs), but also IECs, mesenchymal and ENS cells. Those cells can sense
intestinal microbiota and are specialized in identifying pathogen-associated molecular
patterns (PAMPs) by using the pattern recognition receptors (PRR), such as toll-like
receptors (TLR) and nucleotide-binding oligomerization domains (NOD). This allows
the initiation of rapid and effective inflammatory responses against microbial invasion.
The subsequent activation of downstream signaling pathways results in nuclear factor
(NF)-kB activation, thus inducing the expression of pro-inflammatory cytokines. In the
healthy gut mucosa, human macrophages do not produce pro-inflammatory cytokines,
but retain their phagocytic and bactericidal activity in vitro (Smythies et al. 2005). In
CD patients however, innate immune cells produce abundant IL-6, IL-23 and TNF, and
IFN-y (Kamada et al. 2008). The key function of DCs is to monitor the surrounding
microenvironment, sample antigens and regulate the immune response towards
tolerance or inflammation (Rescigno and Di Sabatino 2009) thus interacting between
innate and adaptive immunity (Rossi and Young 2005). In IBD patients, the expression

of TLR2 and TLR4 and CD40 on DCs is markedly increased. Additionally, they show a
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higher production in pro-inflammatory cytokines such as IL-12 and IL-6 (Hart et al.

2005).

It is now clear that the cells of the gut are key players in the innate immune response.
Additionally, since organismic immunity not only involves the recruitment and
activation of classical immune cells and pathways, but also the physical barriers that
protect the body, it is important to note that the intestinal epithelium also plays a role in

this physical aspect of immunity.

1.4.3 Compromised epithelial barrier and secretory defense

function

The essential epithelial barrier function is primarily determined by the integrity of the
epithelium through adherent and tight junctions (TJ). TJs are composed of
transmembrane proteins (occludins, claudins and junctional adherent molecules)
connected to the cytoskeleton via a complex of multiple proteins (zonula occludens;
70-1, ZO-2). Intestinal TJs are selectively regulating the transport of soluble molecules
through the paracellular space between epithelial cells. A number of factors, such as
nutrients, pathogens, immune cells, cytokines as well as the enteric nervous system are
able to control and alter the intestinal permeability (Berkes et al. 2003; Awad, Hess, and
Hess 2017). In fact, altered TJ structure and epithelial permeability have been observed
in IBD patients (Clayburgh, Shen, and Turner 2004; Secondulfo et al. 2001).
Furthermore, the abundance of the pore-forming protein claudin-2 increases in UC
(Heller et al. 2005) and CD (Zeissig et al. 2007) which functionally leads to a flux in
cations and water, that, in turn results in diarrhea (Sandle 2005). Moreover, the
expression of occluding and barrier-forming claudins such as claudin-4 and -7 (Oshima,

Miwa, and Joh 2008) in UC and claudin-5 and -8 (Zeissig et al. 2007) in CD are
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downregulated. In this context, in vitro and in vivo studies have shown that disease-
related cytokines such as TNF, interferon-y (IFN-y) or interleukin-13 (IL-13) are able to
modify TJ expression and organization (Clayburgh et al. 2005; Weber et al. 2010;
Amasheh et al. 2009). Consequently, the epithelium shows an increased permeability to
luminal pathogens such as food antigens and bacterial lipopolysaccharides (LPS).
Notably, there is evidence, that those changes already occur before the clinical disease-
onset (Miele et al. 2007), and is also present in asymptomatic relatives of patients
(Soderholm et al. 1999). Overall, several studies in humans and animals demonstrate

intriguing links between IBD and intestinal barrier permeability.

The intestinal epithelium is not only a physical barrier but has innate immune cell
functions to actively fight off pathogens through the secretion of protective mucus and

antimicrobial peptides (AMPs) from secretory Goblet and Paneth cells.

While within the small intestine, a single mucus layer is charged with AMPs and
immunoglobulin A (IgA), in the colon, the mucus consists of two layers. While the
outer layer entraps bacteria, the inner layer is relatively sterile (Johansson et al. 2008).
The most abundant of secreted mucins is the gel-forming glycosylated mucin 2 (MUC?2)
which has a key protective role. Mucus, together with AMPs acts as the first defense
line against microbiota, therefore defects in these systems allowing bacterial penetration
of this normally sterile zone triggers intestinal inflammation in several mouse colitis
models and IBD patients (Johansson et al. 2014; Dorofeyev et al. 2013; Van der Sluis et
al. 2006; Velcich et al. 2002; Gersemann, Wehkamp, and Stange 2012; Alipour et al.

2016; Zheng et al. 2011).

Numerous clinical studies have linked IBD to the altered expression and secretion of
AMPs produced by different IECs and innate immune cells (J. Wehkamp et al. 2005;

Elphick, Liddell, and Mahida 2008; Simms et al. 2008; Gulati et al. 2012). The
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expression profile of AMPs, including defensins, cathlecidins and lysozymes, varies
along the intestinal tract. In the small intestine, Paneth cells secrete AMP containing
granules into the crypt lumen via exocytosis in response to acetylcholinergic agonists
(Satoh 1988; X. D. Qu et al. 1996; J. Liu et al. 2012; Satoh et al. 1995) or bacterial
lipopolysaccharide (LPS) (Ayabe et al. 2000; Tanabe et al. 2005; Rumio et al. 2004;
Foureau et al. 2010; Rumio et al. 2012). Human o-defensins (HD5 and HDG6) are
specifically expressed by both Paneth cells and neutrophils in the small intestine, and
act to actively protect against bacteria (Ganz 2003). The location of Paneth cells within
the crypts suggests an essential role of these cells in protecting the ISC (Ouellette 2010).
While normal colonic mucosa does not express HDS5, it can be detected in colon of IBD
patients due to a phenomena called Paneth cell metaplasia and can be explained by the
attempt to counteract bacterial invasion in colonic mucosa (Simmonds et al. 2014;
Tanaka et al. 2001). Furthermore, in the colon, epithelial cells and plasma cells in the
lamina propria express human b-defensins (HBD), which are anti-microbial peptides
important in the prevention of colonization by pathogenic bacteria. Epithelial cells
constitutively express HBD-1, while the expression of HBD-2, 3, and 4 is induced by
various inflammatory and bacterial stimuli. A defective expression of antibacterial
peptides, with reduced levels of B-defensins HBD2, HBD3 and HBD4, has been
reported in colonic Crohn’s disease compared with ulcerative colitis, that causes an
altered colonic microflora, microbial invasion, and an inflammatory state (Jan

Wehkamp et al. 2003; Zilbauer et al. 2010).

Overall it is clear that the intestinal epithelium is a key player in the establishment and
maintenance of innate immunity defenses against invading pathogens, and that these

factors are crucial in the development of IBD.
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1.4.4 Adaptive Immunity in IBD

Effector T cells (Tu cell) are key players in the adaptive immune system and their
specificity for antigens is a result of a complex maturation due to external stimuli
(Murphy and Stockinger 2010), inducing their differentiation in Tul, Tu2, Tul7 and
Trec cells (Weaver and Hatton 2009). Dysregulated T-cell activation provokes the onset
of inflammation by several pathological mechanisms through an excessive release of
cytokines and chemokines. Several studies have associated CD and UC to different
subtypes of the pro-inflammatory response. CD is usually described as a Th1l and Th17
condition with prominent production of IL-12, IL-23, IFN-y, and IL-17., whereas UC is
usually characterized as a Th2 and Th9 condition with high abundance of IL-13, IL-5,
and IL-9 (Fuss et al. 1996; Bamias et al. 2005). Of particular importance are regulatory
T cells (Treg) which are essential to develop tolerance to self and non-self-antigens
(Harrison and Powrie 2013). In particular, Trec produce anti-inflammatory cytokines
IL-10 and TGF-B and prevent over-activation of effector T cells (Valencia et al. 2006).
Given their importance in both innate and adaptive immunity, defects in Trec cell
function are often associated with autoimmune and chronic inflammatory conditions,
including IBD (Mayne and Williams 2013). Treg cells are sensitive to changes in the
gut microbiota in regard to number and activation state (Mayne and Williams 2013).
Protective TGF- signaling is important for function and is impaired in IBD mucosa,
due to an overexpression of its inhibitor molecule Smad7 (Monteleone et al. 2001).
Consequently T cells have been shown to be unresponsive to Treg actions, a process
that can be reversed by treatment with Smad7 antisense treatment (Fantini et al. 2009).
In order to avoid a prolonged and destructive immune response, antigen-activated T
cells in the lamina propria usually undergo enhanced apoptosis (Boirivant et al. 1996;

Strasser and Pellegrini 2004). However, in CD patients mucosal T cells lost this
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mechanism due to the abnormal ratios of Bcl-2 family proteins (Ina et al. 1999) and the
upregulation of inhibitors of apoptosis (and associated gene families) such as survivin
(De Souza et al. 2012). Additional mechanisms contributing to T-cell resistance to
apoptosis in IBD are mediated by IL-6 signaling (Atreya et al. 2000). CD patients have
been reported to show abnormal T cell cycling due to dysfunctions in the tumor
suppressor gene TP53 (Andreas Sturm et al. 2002), that causes, in turn, an increased

number of mucosal T cells (A Sturm et al. 2004).

1.4.5 Microbiota in IBD

Microbiota are thus clearly associated with several arms of both the adaptive and the
innate immune responses. It has also been reported that IECs have the ability to sense
microbiota through microbe-associated molecule patterns (MAMPs) by PRRs and
dynamically activate appropriate immune response (Medzhitov 2007). A defective
inflammatory cascade could affect the clearance of antigens and initiate a compensatory
adaptive immune response, and eventually trigger a chronic inflammatory response
(Sewell, Marks, and Segal 2009). The GIT harbors the largest microbial community of
the body, with more than 40 trillion microorganisms colonizing this 32m? of surface
area (Helander and Féndriks 2014). Commensal bacteria consist of gram-negative
strains, such as Bacteroidetes, and gram-positive bacteria, such as Firmicutes as well as
some minor divisions of Proteobacteria, Actinobacteria, Fusobacteria, and
Verrucomicrobia (Eckburg et al. 2005). Those mucosa-associated bacteria are reduced
in diversity and quantity in IBD patients (Matsuoka and Kanai 2015). In homeostatic
conditions, host and microorganism live in a mutualistic relationship in which the
microbiota contributes to many physiological processes and, in turn, the host provides
niches and nutrients for microbial survival (Hooper and Macpherson 2010). Early

environmental exposures, including neonatal delivery mode, source of milk, food,

15



hygiene and several other factors exert a fundamental effect on shaping the intestinal
microbiota in childhood, whilst in adulthood the gut microbiota is relatively stable
(Dominguez-Bello et al. 2011). The intestinal microbiota metabolizes carbohydrates, is
involved in the production of vitamins and counteracts the colonization by pathogenic
bacterial strains (Renz, Brandtzaeg, and Hornef 2011; Stecher and Hardt 2011).
Furthermore microbiota is important during development and maturation of the gut
specific immune system with the goal of establishing a symbiotic relationship of
tolerance and protective immunity (Lathrop et al. 2011). Given the abundance of
commensal, non-pathogenic microorganisms within the gut, the response is tightly
controlled in order to develop immune tolerance towards harmless symbiotic organisms
(Franchi et al. 2012). This relationship is mutually beneficial, as the microbiota is
controlled by epithelial and immune cell products such as mucus and AMPs, while in-
turn, microbiota shapes mucosal immune cell composition. Beneficial subsets of
commensal bacteria tend to have anti-inflammatory activities and can fight off
pathogens, partly through the induction of regulatory immune responses, involving
regulatory T (Treg) cells. Commensal bacteria also promote mucosal barrier function,
through the production of metabolites such as short-chain fatty acids (SCFAs), which
for example, can be produced by Bifidobacterium spp., and can act to inhibit the
translocation of Shiga toxin produced by enterohaemorrhagic Escherichia coli (Fukuda

etal. 2011).

The protective effect of commensal bacteria and their products is evident from studies
using germ-free mice, which are more susceptible to DSS-induced colitis (Kitajima et
al. 2001). Deficiency in TLR2, TLR4, TLR9 or MYDS8 is associated with increased
susceptibility to DSS-induced colitis in these mice (Rakoff-Nahoum et al. 2004; Lee et
al. 2006b; Kirkland et al. 2012). Furthermore, protection of these mice from colitis can

be achieved by the administration of bacterial lipopolysaccharide (LPS) (a TLR4
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ligand) or CpG (a TLR9 ligand), which act by promoting epithelial barrier function
following the upregulation of beneficial heat shock proteins or by the induction of type I
(Interferon) IFN production, respectively (Rakoff-Nahoum et al. 2004; Katakura et al.
2005; Lee et al. 2006a). The administration of human commensal bacterium B. fragilis
protects mice from colitis by promoting the accumulation of IL-10-producing Treg cells
in the colon (Mazmanian, Round, and Kasper 2008; Round and Mazmanian 2010).
When this mutualistic relationship between the host and microbiota is disrupted, the
normally beneficial gut microbiota can instead cause or contribute to disease (Honda
and Littman 2012; Littman and Pamer 2011). Certain conditions, for instance, immune
defects, acute inflammation, or dietary changes can result in the disruption of the
normal balanced state of the gut. Quantitative and qualitative abnormalities of the gut
microbiota (dysbiosis) are present in both forms of IBD (Chassaing and Darfeuille-
Michaud 2011). A combination of genetic factors (Nod2, Atgl6l, 1123r) combined with
environmental factors such as infection, stress, diet or antibiotics, result in disruption of
the microbial community structure. In CD patients, there is an increased abundance in
Bacteroidetes and Proteobacteria and a decrease in abundance of Firmicutes (Man,
Kaakoush, and Mitchell 2011), as well as a decreased bacterial diversity (Hansen et al.
2012). Furthermore, CD patients develop serum antibodies against microbial antigens
such as Escherichia coli outer membrane protein C, anti-Cbirl flagellin, anti-
Pseudomonas fluorescens, glycans and saccharomyces cerevisiae (Quinton et al. 1998;
Mow et al. 2004; Lodes et al. 2004; Murdoch et al. 2012; Dotan et al. 2006), which
results in the targeted destruction of these bacterial species. Similarly, a decrease in
numbers of protective microorganisms might be present in IBD. For instance,
polysaccharide A, a product of the human symbiont Bacteroides fragilis, can suppress
IL-17 production and improve experimental colitis (Mazmanian, Round, and Kasper

2008), and a reduced number of Faecalibacterium prausnitzii, which have anti-
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inflammatory properties, is found in CD patients (Sokol et al. 2008). An increase in the
abundance = of  Enterobacteriaceae,  Pasteurellaceae,  Veillonellaceae  and
Fusobacteriaceae and a decrease in the abundance of Erysipelotrichales, Bacteroidales
and Clostridiales has also been reported in pediatric CD patients, which strongly

correlated with levels of inflammation (Gevers et al. 2014).

Overall these studies have shown that the dynamic and comprehensive composition of
the microbiota can both influence, and be influenced by, IBD and other immune and
inflammatory alterations. These and other previously described aspects of the gut
microenvironment can also be affected by the enteric nervous system, which will be

discussed forthwith.

1.5 The enteric nervous system and its involvement in

IBD

The ENS is the most complex division of the peripheral nervous systems (PNS) in
vertebrates. The human ENS is comprised of 500 million enteric neurons organized into
interconnected ganglia, embedded in the wall of the GIT within the myenteric plexus
(Auerbach’s) and of the submucosal plexus (Meissner’s and Henle’s) (John Barton
Furness 2006) (Figure 4). So far about 20 different neuronal cell types were identified
by their neurochemical coding that provides a local neuronal circuitry consisting mainly
of intrinsic primary afferent neurons (IPANs) ascending/descending interneurons, and
inhibitory/excitatory motor neurons. In addition, enteric glia (which largely exceed the
number of neurons) also play an important role in different functions of the ENS
(Gershon and Rothman 1991; Riihl, Nasser, and Sharkey 2004). They have been proven
to be active in enteric neurotransmission, maintaining the integrity of the mucosal
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barrier and acting as a link between the ENS and immune system (Riihl 2005). Enteric
glial cells are also located in close proximity to mucosal immune cells and the intestinal

epithelium, allowing direct communication between compartment.

Mechanical, chemical, nutritional or bacterial stimuli are able to activate the ENS,
which then controls all key aspects of gut functionality including bowel motility, gastric
acid secretion, transport of water and electrolytes, the regulation of blood flow,
secretion of mucins and cytokines, interaction with the immune and endocrine system,
and the regulation of epithelial barrier function (John Barton Furness 2006). The control
of these functions is mediated via the release of neuronal and glial factors targeting
different components of the gut, such as muscle, epithelium, endothelial and immune
cells. Each of these physiological aspects are compromised in IBD and it is therefore
not surprising that there is an increasing amount of research interest in elucidating the

role of the ENS in the pathogenesis of IBD.

Experimental data obtained from human IBD biopsies and animal models has found
considerate structural and functional changes and ENS abnormalities due to
inflammation (Vasina et al. 2006; Mawe, Strong, and Sharkey 2009; Lakhan et al. 2010;
Villanacci et al. 2008; Geboes and Collins 1998). These abnormalities consequently are
associated with dysmotility, hypersensitivity, and other ENS dysfunctions, even after
the inflammatory actions are resolved (Isgar et al. 1983; Gracie and Ford 2017; Beyak
and Vanner 2005). Some studies have shown that the activation of enteric neurons can
influence intestinal permeability, through vasoactive intestinal peptide (VIP) release
causing an increase in ZO-1 expression in IECs (Michel Neunlist et al. 2003) and
regulating epithelial cell proliferation (Toumi et al. 2003). Other data indicates that
acetylcholine, another enteric neuromodulator, can increase permeability (Cameron and

Perdue 2007; Greenwood and Mantle 1992).
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Figure 4. Organization of the enteric nervous system. (a) The ENS comprises two ganglionated plexuses,
the submucosal and myenteric, which interconnect with each other and have far reaching projections also
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have neuroprotective actions. (d) Intramuscular enteric glia Adapted from (Gulbransen and Sharkey
2012)

A major role in intestinal barrier function has also been designated to enteric glia
(Savidge, Sofroniew, and Neunlist 2007). In particular, enteric glial cells increase
barrier resistance (Cornet et al. 2001; Bush et al. 1998), inhibit IEC proliferation (M
Neunlist et al. 2007) and increase IEC adhesion (Van Landeghem et al. 2011). These
studies have also identified various glial mediators involved such as TGFB1 and S-
nitrosoglutathione (GSNO) (M Neunlist et al. 2007; Savidge et al. 2007), which could

allow for targeted activation or inhibition of these cells in future experiments.

It’s clear from these and other studies that the enteric nervous system is closely

associated with several processes implicated in the development of IBD. Furthering the
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investigation of intestinal structural elements as contributing factors to IBD and related

disorders, the role of the extracellular matrix has also been extensively researched.

1.6 The role of the extracellular matrix in IBD

The ECM network provides structural and signaling cues to tissues interacting with the
cellular compartment, via the action of integrins and mechanosensors, as well as via the
regulation of growth factor availability (Hynes 2009; Lu et al. 2011). Constantly
adapting to changes in the microenvironment, the ECM acts as a dynamic structure that

continually undergoes several remodeling processes to preserve tissue homeostasis.

In the presence of mild intestinal damage, mesenchymal cells such as fibroblasts,
myofibroblasts and smooth muscle cells accumulate in the insulted area and secrete
ECM components, such as collagens and fibronectins to resolve tissue damage
(Pucilowska, Williams, and Lund 2000). Chronic and severe inflammation, as present in
IBD, leads to ongoing tissue damage which can result in abnormal ECM remodeling.
Subsequently many of the patients develop penetrating or fibrotic tissue damage, altered
architecture of the intestinal wall, thickening of the muscularis propria, and excessive
matrix deposition that reciprocally contributes to inflammatory process as IBD
progresses. Intestinal fibrosis is a common complication of IBD and occurs in more
than 30% of the patients with CD and 5% patients with UC (Latella et al. 2015). Since
anti-inflammatory therapies are not always resolving CD-associated strictures, invasive
procedures and bowel resection are the only possible interventions (Rieder, Fiocchi, and

Rogler 2017).

Such mesenchymal cells (like fibroblasts and myofibroblasts as mentioned previously)
are considered central ECM producing cells, and are activated and expanded during

inflammatory processes. Besides resident fibroblasts, myofibroblasts and smooth
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muscle cells, other cell types may also become activated via transition from epithelial or
endothelial cells, such as stellate cells, pericytes, and bone marrow derived fibrocytes
(Rieder and Fiocchi 2009a). Myofibroblast activation is the outcome of paracrine
signals from immune cells (Curciarello, Docena, and MacDonald 2017), autocrine
factors, and damage-associated molecular patterns (DAMPs) (Fiocchi and Lund 2011)
derived from injured cells. In particular, growth factors such as TGF-f1 (Babyatsky,
Rossiter, and Podolsky 1996), insulin-like growth factor (Pucilowska et al. 2000),
platelet-derived growth factor (Kumagai et al. 2001), or cytokines such as TNFa, IL6 or
IL13 (Manetti et al. 2007; Bailey et al. 2012; Fichtner—Feigl et al. 2008; Curciarello,
Docena, and MacDonald 2017), are all known to drive the fibrotic processes.
Furthermore, pathogen-associated molecular patterns (PAMPs) (Rieder et al. 2011;
Otte, Rosenberg, and Podolsky 2003) and dietary components (Tao et al. 2015; Yang et

al. 2016) have been correlated with fibrotic processes.

The major fibrillar collagen types in normal intestinal tissue are type I (70%), Type III
(20%) and type V (12%) (M. F. Graham et al. 1988). In the fibrotic intestine, both, total
and relative content are altered. In particular, levels of Collagen III (M Stumpf et al.
2001; Stallmach et al. 1992), Collagen V (M. F. Graham et al. 1988), Laminin
(Koutroubakis et al. 2003; Spenlé et al. 2014), Hyaluronan (HA)(de la Motte 2011),
Collagen I (Michael Stumpf et al. 2016), Collagen XVI (Ratzinger et al. 2010b) have
been reported to be modified in IBD. Once matrix accumulates in the bowel wall it
enhances tissue stiffness, which in itself acts as a mesenchymal cell activator via
integrin-mediated mechanisms (Wells 2008; Johnson et al. 2013). Additionally, matrix
remodeling enzymes such as matrix metalloproteinases (MMPs), and their inhibitors;
tissue inhibitors of metalloproteinases (TIMPs) have been reported to be modulated in
IBD (O’Sullivan, Gilmer, and Medina 2015). Furthermore, matrix degradation products

have been shown to amplify inflammatory processes. MMP9 for example induces the

22



formation of collagen-derived fragments, which is a chemoattractant for neutrophils.
And conversely, neutrophils are the main producers of MMP9 (Xu et al. 2011), thus

setting in motion a self-perpetuating cycle of inflammatory activation.

There is evidence that the ECM component Fibrillin-1 might be involved in IBD
pathology and associated fibrotic processes (Olivieri et al. 2010). Fibrillin-1 is a large
extracellular matrix glycoprotein and major constituent of fibrillin-rich microfibrils,
which are key components of elastic fibers (Ramirez et al. 2004). Furthermore fibrillin
interacts with a number of other ECM components, forming a network that controls the
bioavailability and activity of growth factors of the TGF-f superfamily (Kaartinen and
Warburton 2003). Within the intestinal mucosa TGF-$ plays an essential role in the
maintenance of immune homeostasis by preventing abnormal inflammatory responses
(A. B. Kulkarni 1993; Gorelik and Flavell 2002). Furthermore, RGD binding sites
within the fibrillin-1 proteins allow direct cell-matrix interactions directly modifying
cell attachment, gene expression, migration and proliferation (Bax et al. 2007; Bax et al.
2003). A study by Ratzinger and colleagues demonstrated a downregulation of
Fibrillin-1 expression in the lamina propria of patients suffering Crohn’s disease
(Ratzinger et al. 2010b). Consequently, disturbances in the fibrillin network structure
and stability may result in impaired biomechanical properties and cell-matrix
interactions, pathological immune response and TGF-B induced fibrosis. Considering
the changes in ECM components and high incidence of fibrosis in IBD (Latella et al.
2015), a major role of Fibrillin-1 interactions in disease development and progression is

very likely.
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2 MATERIALS AND METHODS

2.1 Three-dimensional in-vitro model of primary ENS

cells

2.1.1 Animals

All animal procedures were performed under the guidelines of the local ethic committee

and according to Italian laws for animal protection.

2.1.2 Preparation of gut acellular matrix (AM)

The decellularization protocol of small intestinal and colon tissue from rats was adapted
from previous decellularization protocols of tracheas (Maria Teresa Conconi et al.
2005). Briefly, adult rats (Sprague Dawley rats, 3-month-old) were sacrificed by
cervical dislocation, the intestine was removed and rinsed several times with PBS to
remove any faecal contaminants following 2 washes with an antifungal and antibiotic
agent (Amuchina, sodium hypochlorite, Angelini ACRAF S.p.A., Ancona, Italy).

Subsequently, the luminal surface was treated with 4U/mL Dispase II (Roche
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Diagnostics, Monza, Italy) and the epithelial layer was removed. Remaining tissue
underwent six decellularization cycles each consisting of treatment with sterile Milli-Q
water supplemented with 1% of antibiotic solution (Sigma-Aldrich, Milan, Italy) for
72h, 4% sodium deoxycholate (Sigma-Aldrich) for 4h, and 2000kU DNase-I (Sigma-
Aldrich) in 1M NaCl (Sigma-Aldrich) for 3h. RNase A (Sigma-Aldrich) was added to
the decellularization solution prior to performing the VI cycle. AMs were stored in PBS
supplemented with 1% antibiotic solution at 4°C until use. The absence of cellular
elements was verified by hematoxylin/eosin (HE) (Sigma-Aldrich) and DAPI staining
(Invitrogen, Thermo Fisher Scientific, Monza, Italy) of cryosections (Cryostat DM2000,
Leica Microsystems, Buccinasco (MI), Italy). After III, IV, V, and VI cycles, AMs were
processed for DNA and RNA extraction using TRIzol® Reagent (Invitrogen) following
the manufacturer’s instructions. Untreated samples were considered as positive control.
Quantification was performed using a Nano Drop 2000 spectrophotometer (Thermo

Fisher Scientific).

2.1.3 Morphological and protein characterization of AM

2.1.3.1 Hematoxylin/Eosin overview staining

AMs were opened and pieces of approximately Smm? were embedded in cryostat
embedding medium (Killik, Bio-Optica, Milano, Italy). Then, samples were cut (7pum)
using a Cryostat DM2000 (Leica Microsystems), put onto microscope slides and stained
with hematoxylin/eosin (H&E, Sigma-Aldrich) according to manufacturer’s

instructions.
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2.1.3.2 Scanning electron microscopy

Surface morphology was evaluated by SEM. After fixing, the samples were dehydrated,
subjected to Critical Point Drying and metalized with gold. The images were acquired

using the scanning electron microscope (JSM 6490) (JEOL, Peabody, USA).

2.1.3.3 Immunofluorescence

The AM was characterized for the presence of laminin. Cryosections (7uM) were
permeabilized with Triton X-100 (Sigma-Aldrich) for 30 min and nonspecific sites were
blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS. AMs were
stained with rabbit anti- laminin (1:50, CosmoBio, Tokyo, Japan) antibody, incubated
overnight at room temperature (RT) and then treated for 1h at RT with secondary
antibody goat anti-rabbit-FITC (1:100, Santa Cruz Biotechnologies, Inc., Heidelberg,
Germany). AM sections were only treated with secondary antibody and were considered
as a negative control. Samples were mounted with Anti-Fade Mounting Medium
(Immunological Sciences, Rome, Italy) and examined using a fluorescence microscope

(Leica SP2, Leica Microsystems).

2.1.3.4 Quantification of DNA and RNA from AM

AM samples (0.020g), were processed for DNA and RNA extraction after III, IV and V
cycles using TRIzol® Reagent (Invitrogen) following manufacturer’s protocol.
Untreated samples were considered as positive controls. Quantification was performed

using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

2.1.3.5 Western blot

Collagen I and IV expression were evaluated by western blotting. Briefly, total proteins
extracted from AMs (20pg) were separated by SDS/PAGE and electrophoretically

transferred onto PVDF membranes (0.45um, Bio-Rad Laboratories). Rabbit anti—
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collagen I and collagen IV (CosmoBio) antibodies were used for immunoblotting at a
concentration of 1:1000 in TBS-0.5% non-fat dry milk. The detection of target proteins
was performed using peroxidase-conjugated anti-rabbit secondary antibodies (1:2000 in
TBS-0.5% non-fat dry milk, Bio-Rad Laboratories). The development of
immunoreactivity was enhanced by chemiluminescence substrate (ECL) (Sigma-

Aldrich) and then visualized by VersaDoc Imaging System (Bio-Rad Laboratories).

2.1.4 Isolation and culture of ENS cells (ENSc)

Sprague Dawley rats (3 days old, P3), were sacrificed by decapitation. Briefly, the
smooth muscle layer was stripped from the mucous layer and incubated in a digestion
medium at 37°C, according to previously described protocols (K.-H. Schifer et al.
1997). The digestion medium was composed of Hank's balanced salt solution (PAN,
Aidenbach, Germany), 50ng/ml trypsin-chymotrypsin inhibitor (Sigma-Aldrich),
Img/mL collagenase type 2 (Worthington, Lakewood, USA) and 200pg/mL
deoxyribonuclease (DNAse) (Roche). Myenteric nets were collected and treated with
Accutase (PAA, Pasching, Austria) for 10min. After the digestion, cells were
dissociated by aspiration through a 27G needle. The preparation yield per animal was
approximately 1x10° cells. The cells were seeded at a density of 2x10° cells/cm?. The
culture medium was composed of Neuronal Base P (PAA) supplemented with 2%
neuronal stem cell supplement (PAA), 1% bovine serum albumin (Sigma-Aldrich),
0.1% B-mercaptoethanol (Invitrogen), 1% penicillin/streptomycin (Invitrogen) and 1%
L-glutamine (Sigma-Aldrich), 10 ng/mL EGF (ImmunoTools, Friesoythe, Germany),

20ng/mL b-FGF (ImmunoTools) and 10ng/mL GDNF (ImmunoTools).
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2.1.5 In vitro cultures of ENS cells on AM

After seven days in culture, primary ENSc were seeded at a density of 2x10* cells/cm?
on the top of the outer layer of AM. Before seeding, the AM was opened and cut into
pieces of approximately Smm?”. The matrices were stretched on a glass coverslip,
transferred into 24- well plates (Falcon, BD Biosciences, Milan, Italy) and anchored
using stainless steel rings. Cultures were fixed at two different time points (7 and 14
days) for SEM analysis, wholemount immunofluorescent staining and gene expression

analysis. These procedures are described below.

2.1.5.1 Wholemount immunofluorescence staining

For wholemount staining, the specimens were fixed using BD Cytofix (BD Biosciences,
Milan, Italy) for 2h and permeabilized with 0.5% triton X-100 for 30min following
blocking with 1% BSA for 2h at 4°C. Primary antibodies against BIII-tubulin (1:50,
Merck Millipore, Vimodrone (MI), Italy) and a-sma-FITC (1:50, Abcam, Cambridge,
UK) were incubated overnight at RT. Visualization resulted from a secondary antibody
anti-mouse PE (1:100, Santa Cruz Biotechnology) which was incubated for 3h at RT.
Samples were mounted with Anti-Fade Mounting Medium (Immunological Sciences)

and examined using a fluorescence microscope DMI4000B (Leica Microsystems).

2.1.5.2 Gene expression: RT? profiler assay

Repopulated AMs (treated) and ENS cells on tissue culture plates (control) grown for
14 days were treated with RNeasy Mini Kit (Qiagen, Milan, Italy) for extraction of total
RNA that was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). The gene expression evaluation of rat neurotrophic and neuronal receptors
was performed using RT? Profiler™ PCR Array Rat Neurotransmitter Receptors

(Qiagen) following manufacturer’s protocol. Data were acquired using DNA Engine
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Opticon® Real Time Thermal Cycler (MJ Research, St. Bruno, QC, Canada) and
analyzed using the AACt Livak method (Livak and Schmittgen 2001) normalizing to
housekeeping gene expression (hypoxanthine-guanine phosphoribosyltransferase,
HPRT). Data were presented as mean fold change (22%) + SD of n=3 replicates of

three independent experiments.

2.2 Zebrafish model of intestinal inflammation

2.2.1 Animals

All animal procedures are performed under the guidelines of the local ethic committee
and according to Italian laws for animal protection. Zebrafish (Danio rerio) were kept
in a 12 h light/ 12 h dark light cycle with light turning on at 8.00 am and off at 8.00 pm.
Adult Zebrafish (Danio rerio, older than 3 months) were anesthetized by immersion in
1.3mM tricaine mesylate solution (Sigma-Aldrich). After decapitation, whole gut was
extracted under the dissecting microscope and surrounding tissues including
mesenteries and fat were removed. Gut samples were further processed for

immunofluorescence analysis and primary cell culture establishment.

2.2.2 Morphological analysis of Zebrafish gut

A preliminary morphological analysis, wholemount and immunofluorescence (IF) were

performed in adult Zebrafish in order to explore ENS organization.

2.2.2.1 Histology

After dissection from adult Zebrafish (3 months old), the whole intestine was fixed in

BD Cytofix solution (BD Biosciences) overnight at 4C° and then fixed in paraffin. Gut
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sections (Sum) were prepared for histological analysis by standard hematoxylin and

eosin (H&E) staining. The samples were analyzed using a DMI4000B microscope.

2.2.2.2 Wholemount immunofluorescent staining

After gut digestion with Dispase II solution (Roche), muscle layer containing ENS was
collected and processed for wholemount immunofluorescent staining. Briefly, following
fixation with BD Cytofix solution (BD Biosciences) overnight at 4C°, the samples were
treated with 10% bovine serum albumin (BSA, Sigma-Aldrich) for 1h at RT to block
the aspecific sites and afterward were submitted to permeabilization with 0.5% triton X-
100 (Sigma-Aldrich) for 30min. Target markers were detected by incubation at room
temperature (RT) for 15min with primary antibody anti-PAN neuronal marker (1:50,
Millipore) and AlexaFluor®488 conjugated secondary antibody (1:100, Invitrogen).
After mounting with Anti-Fade Mounting Medium (Immunological Sciences), the

samples were analyzed using a Leica TCS SP5 confocal microscope (Leica).

2.2.2.3 FZD9 and Wnt3a analysis by immunofluorescence (IF)

Detection of Frizzled-9 (FZD9) and Wnt3a in the gut of zebrafish was undertaken by
immunofluorescence staining (IF) using sections (5pum) of gut samples from wild-type
animals. After a fixation (at 4C°, overnight) in BD Cytofix solution (BD Biosciences),
all samples were embedded in paraffin (Carlo Erba Reagents, Milan, Italy) and slides
were prepared using a Leica RM2125RTS microtome (Leica Microsystems). After
deparaffinization in xylene and rehydration, the gut sections were immersed in citrate
buffer (pH 6) and treated four times (5 min/each) by microwave irradiation. Following a
blocking step with 10% BSA for 2h at RT, the membrane permeabilization was
performed with 0.2% triton X-100 (Sigma-Aldrich) for 30min. The immunodetection of
target markers was executed using polyclonal primary antibodies against Pan Neuronal
Marker, FZD9 and Wnt3a (1:50, Immunological Sciences) and AlexaFluor®488- and
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AlexaFluor®594-conjugated secondary antibodies (1:100, Invitrogen). In parallel,
separate sections treated with conjugated secondary antibodies alone were used as
controls. After DAPI staining (1:1000, Invitrogen) and mounting with Anti-Fade
Mounting Medium (Immunological Sciences), the samples were analyzed using a Leica

TCS SP5 confocal microscope (Leica Microsystems).

2.2.3 Isolation of intestinal cells and assessment of in vitro

models

In order to isolate both intestinal epithelial and ENSc, the epithelial layer was separated
from muscle tissue and connective tissue by enzymatic digestion with 4U Dispase type
IT (Roche) prepared with Hank's Balanced Salt Solution (HBSS) (PAN-Biotech), and

was carried out at 28°C for 40 min.

2.2.3.1 Zebrafish epithelial cell culture

The epithelial layer was centrifuged at 500g for Smin and the pellet was resuspended in
AccuMax (Sigma-Aldrich) for 30min at 28°C and processed by gentle pipetting. Cells
were seeded on collagen IV (10pug/cm? Sigma- Aldrich) coated glass coverslips. Cells
were cultured (28°C, 5% CO2 and 95% humidity) in Dulbecco’s Modified Eagle's
Medium high glucose (DMEM) (Sigma-Aldrich), 15% fetal bovine serum (FBS)
(Invitrogen), 1% L-glutamine (Sigma-Aldrich), 1% Antibiotic/Antimycotic Solution
(Sigma-Aldrich) and 20ng/mL epithelial growth factor (EGF) (ImmunoTools).
Epithelial cells were morphologically characterized by optical microscopy (DMI4000B
microscope, Leica Microsystems) and cytokeratin expression was evaluated by
immunofluorescence using anti-pan Cytokeratin (1:50, Abcam, Cambridge, UK) and

AlexaFluor®594 secondary antibody (1:100, Invitrogen)
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2.2.3.2 Zebrafish ENS cell culture

The muscle layer containing ENSc was further incubated with Spg/mL collagenase type
IT (Worthingthon, Lakewood, NJ, USA), 200ug/mL DNAse (Roche) and 50ng/mL
trypsin-chymotrypsin inhibitor (TCI) (Sigma-Aldrich) in HBSS (PAN-Biotech) at 28°C
for 50min. After centrifugation at 200g for 5min, the pellet was resuspended in
AccuMax solution and incubated at 28°C for 20min. To dissociate cell clusters, gentle
pipetting was performed before centrifugation at 500g for Smin. Cells were seeded on
glass coverslips coated with 10pug/cm? laminin (Sigma-Aldrich) and cultured in ENS
culture medium as described for primary mouse ENS cultures. At 7 days from isolation,
the expression of neuronal markers was evaluated in ENS cultures by
immunofluorescence using a Pan Neuronal Marker (1:50, Immunological Sciences) and
AlexaFluor®488 secondary antibody (1:100, Invitrogen). After DAPI staining (1:1000,
Invitrogen) and mounting with Anti-Fade Mounting Medium (Immunological
Sciences), the samples were analyzed using a Leica TCS SP5 confocal microscope
(Leica). The presence of neural progenitors/precursors in ENS cultures was investigated
by flow cytometry (FCM) evaluating the expression of Sox[SRY (Sex Determining
Region Y)-Box] 2 and Sox10. The analysis was performed at time of isolation (T0) and
after 1 (T1) and 7 (T7) days of culture, incubating the samples at RT for 15min with
primary antibodies against Sox2 and Sox10 (1:20, Santa Cruz Biotechnology) and goat
anti-mouse- and anti-rabbit PE conjugated secondary antibodies (1:50, Santa Cruz
Biotechnology). In parallel, secondary antibody-matched samples were used as controls.
Data were acquired using a FACSCanto II Flow cytometer (BD Biosciences) and the

analysis was performed with FACSDiva v6.1.3 software (BD Biosciences).
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2.2.4 In vitro evaluation of STWS5 anti-inflammatory activity

Zebrafish epithelial and ENS cell cultures were stimulated with Spg/mL
lipopolysaccharide (LPS, Sigma-Aldrich) or dextran sodium sulfate (DSS, Sigma-
Aldrich) for 24h to obtain functional in vitro inflammation models. Untreated cells were
used as controls. Cells under inflammatory or basal conditions were stimulated with
0.12mg/mL ethanol-free STWS5 (Steigerwald Arzneimittelwerk GmbH, Darmstadt,
Germany). At different time points (6h and 24h), the cells were collected and processed

for gPCR analysis.

2.2.4.1 Gene expression analysis by quantitative Real-Time PCR

Total cellular RNA was extracted using TRIzol® (Invitrogen), quantified by measuring
the absorbance at 260nm and then stored at —80°C until use. cDNA was retrotrascribed
and amplified using the MyTaq one-step RT-PCR kit (Bioline) on an AriaMX Realtime
PCR system (Agilent Technologies, Cernusco sul Naviglio (MI), Italy) according to the
manufacturer’s instructions. The relative mRNA expression of il1b, il6, il8, ill0, tnfa
and wnt3a (Table 1) was determined using the AACt Livak method, considering the
expression of eukaryotic translation initiation factor 1A (eifla) as reference. Data were
presented as mean fold change (222°Y) £ SD of n=3 replicates of three independent
experiments. Statistical significance was calculated by Student’s ¢-test comparing to
untreated samples (* p <0.05, ** p <0.01, *** p <0.001); versus DSS- or LPS- treated

samples (4 p <0.05, 44p <0.01, 444 p <0.001).
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2.2.5 In vivo evaluation of STWS5 anti-inflammatory activity

In vivo inflammation was induced by placing adult zebrafish into individual bowls
containing 0.25% DSS (Sigma-Aldrich) for 24h. After a quick water change, the
stimulation with 0.12 mg/mL STWS5 was performed for 48h. Untreated fish were used
as controls. At the end of stimulation, the animals were sacrificed, and gut was
extracted, divided into three groups: the bulb, midgut and hindgut, and thus submitted to

histological analysis.

2.2.5.1 Histochemistry

Zebrafish gut tracts from animals treated with DSS and stimulated with STWS5, together
with controls, were processed for histological study as described previously. Alcian
Blue staining was performed on slices incubating at first phase with 1% Alcian Blue
(Sigma-Aldrich) in 3% acetic acid (pH 2.5) (Sigma- Aldrich) for 30 minutes and at
second phase with 0.1% nuclear fast red (Sigma-Aldrich) for 5 minutes. After
dehydratation in ethanol, the sections were cleared with xylene and mounted with
Pertex® mounting medium (Leica). As their increased number is commonly considered
as indicative of active inflammation state, goblet cells were quantified in all samples -
from each sample 5 different sections from three independent experiments were
analyzed. Data were expressed as number of goblet cells per villus = standard deviation
(SD). Data are presented as mean of goblet cells per villus + SD of n=3 replicates of
three independent experiments. Statistical significance was calculated by Student’s #-test
comparing to untreated samples (* p <0.05, ** p <0.01); versus DSS-treated samples (4

p <0.05, 44p <0.01).
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Table 1. Primer pairs used for gene expression analysis (F = forward; R = reverse).

Danio rerio

Amplicon
Gene (Danio rerio) Abbreviation Sequence 5°-3° length
Eukaryotic translation F: GACAAGAGAACCATCGAG
eifla 271 bp
initiation factor la R: CCTCAAACTCACCGACAC

F: GACATGCTCATGGCGAACG
Interleukin 1 beta illb 102 bp
R: GCAAATCGTGCATTGCAAGACG

F: GTGAAGACACTCAGAGACG
Interleukin 6 il6 149 bp
R: GTTAGACATCTTTCCGTGCTG

F: TGTTTTCCTGGCATTTCTGACC
Interleukin 8 il8 151 bp
R: TTTACAGTGTGGGCTTGGAGGGG

F: CTGACTGTTGCTCATTTGTGG
Interleukin 10 il10 170 bp
R: CTCGTTCATGACGTGACATC

F: CCGTCTGCTTCACGCTCC
Tumor necrosis factor alpha tnfa 148 bp
R: GTCTTTGATTCAGAGTTGTATCC

F: CCCGCTCTGCTATGAATCG
Wnt family member 3a wnt3a 186 bp
R: CATTTCCGATGCGCTGTCG

2.3 Role of fibrillin-1 1n intestinal inflammation

2.3.1 Animals

All animal procedures were performed under the guidelines of the local ethic committee
and according to Italian laws for animal protection.

Fbn1Tsk/] (FBN Tsk/+) mice were purchased from Jackson laboratory (Bar Harbor,
ME). The Tsk mutation is a genomic duplication within the fibrillinl (Fbn1) resulting in
a larger than normal in-frame Fbnl transcript. FBN1 Tsk/+ mice thus synthesize and

secrete both normal fibrillin-1 (~330 kDa) and the mutant oversized Tsk fibrillin-1

35



(~450 kDa). This model allows us to investigate the consequences of fibrillin-1
perturbations on different levels within the gut. For genotypization, genomic DNA was
isolated from the tail of the mice using the MyTaq™ DNA Polymerase (Bioline,
London, UK) as described by manufacturer’s protocol. Wild type C57BL/6J and
Fbn1™/J mice (3 months old) were sacrificed by cervical dislocation and the gut was
dissected and processed for further histological, immunofluorescence or gene
expression studies. In parallel, primary cells from the myenteric plexus were isolated as
described previously and then processed via expression studies, western blot, and flow

cytometric analyses.

2.3.1.1 Histology

After dissection from adult mice (C57BL/6J and Fbn1T*/J), colon sections were fixed in
BD Cytofix (BD Biosciences) solution overnight at 4°C and then mounted in paraffin.
Gut sections (5 um) were prepared for histological analysis by standard hematoxylin
and eosin (H&E, Sigma-Aldrich) and Masson’s trichrome staining (Sigma-Aldrich).

The samples were analyzed using a DMI4000B microscope (Leica Microsystems).

2.3.1.2 Gene expression analysis by quantitative real-time PCR

For gene expression analysis, whole tissue homogenates were prepared form all parts of
the intestine (stomach, duodenum, jejunum, ileum, caecum, proximal colon and distal
colon). The relative mRNA expression of target and housekeeping genes (Table 2) was
determined as described previously. Data are presented as mean + SD of n=3 replicates
of three independent experiments. Statistical significance was calculated by Student’s #-

test comparing FBN1 Tsk/+ to wild-type samples (* p <0.05, ** p <0.01, *** p <0.001).
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Table 2. Primer pairs used for gene expression analysis (F = forward; R = reverse).

Mus musculus

Amplicon

Gene (Mus musculus) Abbreviation Sequence 5°-3° length
F: ATGACTGGGATGAAGAGG

Calnexin Cnx 74 bp
R: GTCGTCTAGCCAGCCTTC
F: TGTGGCAGCTACCTATGTCT

Interleukin 1 beta 111b 97 bp
R: GGGAACATCACACACTAGCA
F: GAAGAACACCACAGAGAGTGAG

Interleukin 4 114 120 bp
R: TGCAGCTCCATGAGAACAC
F: TTGCCTTCTTGGGACTGATG

Interleukin 6 116 98 bp
R: AGGTCTGTTGGGAGTGGTAT
F: TGGGAGACCTGAGAACAAGA

Interleukin 8 118 111 bp
R: TCACTGGAGTCCCGTAGAAA
F: CTATGCTGCCTGCTCTTACTG

Interleukin 10 110 83 bp
R: GGGAAGTGGGTGCAGTTATT
F: GAGAGCTTCATCTGTGTCTCTG

Interleukin 17 17 90 bp
R: GCTGAGCTTTGAGGGATGAT
F: CAGCCTGTGTTCGAGGATATG

Interleukin 18 118 109 bp
R: TCACAGCCAGTCCTCTTACT
F: CCAGCGGGACATATGAATCTAC

Interleukin 23a 1123a 114 bp
R: GCTGTTGTCCTTGAGTCCTT

Transforming growth factor F: CTGAACCAAGGAGACGGAATAC

Tgfbl 101 bp

beta 1 R: GGGCTGATCCCGTTGATTT
F: GGTCTGTGTGGGAACTTTGA

Mucin 2 Muc2 107 bp
R: GAAGCCTCCTTCCAGCTATTC
F: GTTCAACGGTCGGGAATACA

Matrix metallopeptidase 2 Mmp2 103 bp
R: GCCATACTTGCCATCCTTCT
F: TCTGTATGGTCGTGGCTCTAA

Matrix metallopeptidase 9 Mmp9 102 bp
R: GGAGGTATAGTGGGACACATAGT
F: GTTGACAGGCTCCGAGAAAT

Matrix metallopeptidase 13 Mmpl3 109 bp

R: CATCAGGCACTCCACATCTT
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2.4 Short-term and long-term models of human

mucosal biopsies from IBD patients

2.4.1 Human intestinal biopsies and study population

Biopsy material was obtained from subjects affected by UC and CD, who were referred
to the hospital for endoscopy. Inclusion criteria included age above 18 years old,
absence of pregnancy, and absence of HIV or bacterial infections at time of endoscopy.
Healthy controls were recruited from a colon cancer screening program and revealed no
symptoms or signs of intestinal disease at endoscopy. All patients were recruited at the
Hospital of Padova, and the signed informed consent was approved by the Italian
National Committee for Health Research Ethics. The biopsies (n=3-5) were obtained
from each patient or healthy subject from the descending colon to ensure low variability
due to regional differences. Colonic biopsies were immediately collected in a
physiological solution containing 2% antibiotics (Pen-Strep 10,000U/mL, Thermo
Fisher Scientific), and maintained on ice and processed for in-vitro studies within 3h to

ensure high quality DNA and protein samples.

2.4.1.1 Short-term biopsies explant culture

A method was developed to maintain human mucosal biopsies viable in vitro for a 24h
period. Biopsies were maintained in the upper compartment of a transwell system
(Falcon). The medium employed in these studies consisted of DMEM /high glucose
(Sigma-Aldrich) supplemented with 1% antibiotic solution (Pen-Strep 10,000U/mL,
Thermo Fisher Scientific). A series of pilot studies were performed to compare the air-

liquid culture system to the submersion-based in vitro culture.
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2.4.1.2 Histology of colonic biopsies

Biopsies were processed for histopathological evaluation of intestinal inflammation.
Furthermore, histological analysis of biopsies prior (TO) and post-assay (T24h) were
performed to evaluate the quality and cell survival under different explant culture
conditions. Biopsies were thoroughly rinsed before fixing in 10% neutral-buffered
formalin (Thermo Fisher Scientific) for 12h and embedded in paraffin. Paraffin sections
(5um) were cut, mounted onto Superfrost Plus slides (Fisher Scientific) and de-waxed
prior to histochemical staining. Sections were stained with hematoxylin/eosin (H&E;
Sigma-Aldrich) allowing the validation of the overall extent of inflammation
considering inflammatory cell infiltrates, epithelial changes and overall mucosal

architecture.

2.4.2 Treatment of biopsies with anti-TNF-alpha in the ait liquid

interface

The short-term explant culture model is supposed to function as an in-vitro model to
predict the patient-specific response to pharmaceuticals. In order to evaluate the value
of this model, the response of UC donor derived biopsies to anti-TNF-alpha
(Infliximab) was observed via transcriptional gene expression profiling in three groups
of patients. The first group was comprised of patients who are currently and
successfully being treated with anti-TNF-alpha (Responder) therapy, patients who have
been treated with anti-TNF-alpha in the past without any effect (Non-Responder) and
healthy donors (Healthy). Biopsies were cultured in the liquid-air interface and treated
with (Infliximab; Remicade) at a concentration of 100pug/mL for 24h. Untreated

biopsies from the same patient served as internal controls. After 24h biopsies were
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processed for mRNA isolation and subsequent qPCR analysis, according to the methods

described previously.

2.4.2.1 Gene expression analysis by quantitative real-time PCR

Colonic biopsies were stored in RNA stabilization solution RNAlater (Ambion, Thermo
Fisher Scientific) according to manufacturer’s protocol and subsequently lysed in 500 pl
of TRIzol® (Invitrogen) for mRNA isolation. Primer pairs for target and housekeeping
genes were designed as reported in table 3 and purchased from Invitrogen. The relative
mRNA expression was determined by One-step RT-PCR as described previously. Data
were presented as mean £ SD of n=3 replicates of three independent experiments.
Differences were analyzed by Student's ¢ test and p values of <0.05 were regarded as

significant.

2.4.3 Isolation of colonic crypts of human IBD patients and colon

organoid formation

For the growth and culture of colonic crypts, biopsies were carefully washed in
PBS/Antibiotic solution, minced with a scalpel blade and digested for 1h at 37°C, in
10ml of digestion medium containing DMEM high glucose (Sigma-Aldrich), 1% FBS
(Thermo Fisher Scientific), 75U/mL collagenase II (Worthington) and 2U/mL dispase I
(Roche). After removing the digestion medium, crypts were resuspended in HBSS and
transferred to a Petri dish. Crypts were collected under a dissection microscope and
embedded in extracellular matrix hydrogel (Cultrex® Reduced Growth Factor
Basement Membrane Matrix, Type RI1; Trevigen). Organoids were cultured in
IntestiCult™ Organoid Growth Medium. Organoids were cultured at long term

condition and passaged every 10 to 14 days after fragmentation.
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2.4.3.1 Passaging of human colon organoids

To keep the optimal nutrient supply, the organoids were cultured at low density. For
passaging, the cultures were washed with cold PBS. Hydrogel was dissolved in cold BD
cell recovery solution (BD Biosciences) and incubated on ice for 20min. The remaining
gel was dissolved by pipetting. Organoids were fragmented using a 20G gauge needle
before centrifuging at 500g for Smin at 4°C. The cell pellet was washed in PBS twice

before embedding in fresh matrix hydrogel as described above.

2.4.3.2 Cryosectioning and immunofluorescence staining of human colon organoids

Cryosectioning of colon organoids allows the characterization of specific expressed
markers by immunofluorescence staining. Briefly, organoids were incubated in a fixing
solution containing 2% Paraformaldehyde and 0.1% Glutaraldehyde in PBS for 30min
at room temperature. Structures were extensively washed in PBS before being kept in a
20% sucrose solution (Sigma-Aldrich) overnight at 4°C. Hydrogel domes were then
placed in a mold containing optimal cutting temperature (OCT) compound and cut in 5-
10um sections using a cryotome. Sections were washed in PBS to remove OCT and
permeabilized in 0.15% Triton in PBS for 10min. After blocking for 2h at room
temperature in 3% BSA solution before incubation with DAPI counterstaining solution
(1:1000, Invitrogen). Slides were washed in PBS and mounted using Anti-Fade

Mounting Medium (Immunological Sciences).

2.4.4 Tsolation of pericryptal mesenchymal cells

Present in the lamina propria and pericryptal region, mesenchymal cells are known
regulators of the intestinal stem cell niche, the immune cells besides ECM production
and destruction. Therefore, mesenchymal stem cells play an important role in IBD

pathologies and IBD-correlated complications. To isolate cell populations underlying
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the colonic crypts, the biopsies were initially processed as previously described for
preparing organoid cultures. After tissue digestion, cells were seeded on collagen IV-
coated (Sigma-Aldrich) culture plates. Culture medium was composed of DMEM high
glucose (Sigma-Aldrich), 1% antibiotic solution (Thermo Fisher Scientific), 10% FBS
(Thermo Fisher Scientific, 10ng/mL EGF (ImmunoTools) 20ng/mL FGF2
(ImmunoTools) and 40ug/mL insulin (Sigma-Aldrich). The obtained cell populations

were characterized by immunofluorescent staining and processed for qPCR analysis.

2.4.4.1 Immunofluorescence characterization

For immunofluorescence staining, the cells were fixed using BD Cytofix (BD
Biosciences, Milan, Italy) for 20min at 4°C and permeabilized with 0.2% triton X-100
(Sigma-Aldrich) for 10min following a blocking with 1% BSA (Sigma-Aldrich) for 2h
at 4°C. The immunodetection of target markers was executed using primary antibodies
against CD34 (1:50, Santa Cruz), LGRS (1:50, Santa Cruz), prolyl-4-hydroxylase (P4H)
(1:100, Dako), BHI-tubulin (1:100 Millipore), TNF-o (Immunological science) and
AlexaFluor®488- and AlexaFluor®594-conjugated secondary antibodies (1:100,
Invitrogen). After DAPI staining (1:1000, Invitrogen) and mounting with Anti-Fade
Mounting Medium (Immunological Sciences), the samples were examined using a

fluorescence microscope DMI4000B (Leica Microsystems).

2.4.4.2 Gene expression analysis by quantitative real-time PCR

Total cellular RNA was extracted using TRIzol® (Invitrogen) and relative mRNA
expression was determined by One-step RT-PCR as described previously. Primer pairs
for target and housekeeping genes were designed as reported in table 3 and purchased
from Invitrogen. Data were presented as mean + SD of n=3 replicates of three
independent experiments. Differences were analyzed by Student's ¢ test and p values of
<0.05 were regarded as significant.
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Table 3. Primer pairs used for gene expression analysis (F = forward; R = reverse).

Homo sapiens

Amplicon
Gene (Homo Sapiens) Abbreviation Sequence 5°-3° length
Transforming growth factor F: CGTGGAGCTGTACCAGAAATAC
TGFBI 158 bp
beta 1 R: CTAAGGCGAAAGCCCTCAAT
F: TGTCCCTTCTACTGGTGTGA
Mucin 2 MUC2 94 bp
R: CCTGGCACTTGGAGGAATAAA
F: ATGGACAAGCTGAGGAAGATG
Interleukin 1 beta ILIB 114 bp
R: CCCATGTGTCGAAGAAGATAGG
F: GAGCTGTGCAGATGAGTACAA
Interleukin 6 IL6 190 bp
R: GGACTGCAGGAACTCCTTAAA
F: GCTGGAGGACTTTAAGGGTTAC
Interleukin 10 IL10 105 bp
R: GATGTCTGGGTCTTGGTTCTC
F: CCAGGGACCTCTCTCTAATCA
Tumor necrosis factor alpha TNF 106 bp
R: TCAGCTTGAGGGTTTGCTAC
Tumor necrosis factor F: GGACAGGGAGAAGAGAGATAGT
TNFRI 115bp
receptor 1 R: TGGACAGTCATTGTACAAGTAGG
TNF receptor superfamily F: TGCATCGTGAACGTCTGTAG
TNFR2 84 bp
member 1B R: GGAATCTGTGTCTCCCATTGT
F: GGGCTTAGATCATTCCTCAGTG
Matrix metallopeptidase 9 MMP9 94 bp
R: GCCATTCACGTCGTCCTTAT
F: CGACCGCGACAAGAAGTATG
Matrix metallopeptidase 2 MMP2 107 bp
R: TGTTGCCCAGGAAAGTGAAG
F: GTTTGGTCCGATGTAACTCCTC
Matrix metallopeptidase 13 MMPI3 96 bp
R: GAAGTCGCCATGCTCCTTAAT
Hypoxanthine F: ATGGACAGGACTGAACGTCTTGCT
HPRTI 79 bp

phosphoribosyltransferase 1

R:

TTGAGCACACAGAGGGCTACAATG
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3 RESULTS AND DISCUSSION

3.1 Study I: Establishment of a novel in-vitro ENS
model

Physiological aspects of the intestine, including secretion of mucins and cytokines and
the regulation of epithelial barrier function, are controlled by the intrinsic nervous
system in the gut, the ENS (John Barton Furness 2006). In particular, enteric glial cells
have been proven to be active in enteric neurotransmission, maintaining the integrity of
the mucosal barrier and acting as a link between the ENS and the immune system (Riihl
2005). Each of these functions are compromised in IBD and experimental data obtained
from human IBD biopsies and animal models has found considerate ENS abnormalities
on a structural as well as a functional level, as well as changes in neurotransmitter
signaling, accompanying inflammation (Vasina et al. 2006; Mawe, Strong, and Sharkey
2009; Lakhan et al. 2010; Villanacci et al. 2008; Geboes and Collins 1998). Recently
we have demonstrated the involvement of Wnt signaling in enteric neuro-inflammation
induced by bacterial lipopolysaccharide (LPS) (Di Liddo et al. 2015). These
abnormalities consequently are associated with dysfunctional motility, hypersensitivity,
and other ENS dysfunctions even after resolution of acute inflammation (Isgar et al.

44



1983; Gracie and Ford 2017; Beyak and Vanner 2005). Therefore, there is an

increasing research interest in clarifying the role of the ENS in the pathogenesis of IBD.

ENS development is a highly dynamic process, involving events such as the migration
of neural crest cells (NCCs) into and along the developing gut, and extensive
proliferation and differentiation of neuronal and glial cells (Lake and Heuckeroth 2013).
Not all NCCs within the ENS differentiate during development, and a small pool of
enteric neural crest stem cells persist in the postnatal and adult gut [14] to serve as a
backup system. In this way, the adult ENS has the ability to adapt itself to changing
environmental cues under physiologically conditions; responding to diet, aging or injury
throughout the entire lifespan. Among soluble factors, numerous in vitro and in vivo
studies have shown the importance of growth factors such as Glial cell-derived
neurotrophic factor (GDNF) (Moore et al. 1996; K. H. Schifer and Mestres 1999),
nerve growth factor (NGF) (Mulholland et al. 1994; Lin et al. 2005; Kuroda et al. 1994),
basic fibroblast growth factor (bFGF) (Chadi et al. 2004; Hagl et al. 2013), epidermal
growth factor (EGF) for enteric cell survival, proliferation and differentiation.
Furthermore, gut ECM, mainly composed by collagen IV, fibronectin, laminin and
heparinsulfate proteoglycans (Bannerman, Mirsky, and Jessen 1988), has long been
known to provide necessary cues for the formation of enteric ganglia (Pomeranz et al.
1993; Chalazonitis et al. 1997; Letourneau, Condic, and Snow 1994) and for its role in
neurotrophic signaling (Simon-Assmann et al. 1995; Adams and Watt 1993). In
particular Collagen IV and laminin are known to favor neuronal outgrowth,
differentiation and survival (Ali, Pappas, and Parnavelas 1998; Lein 1991) and heparan
sulfate proteoglycan is implicated in GDNF signaling (Mammadov et al. 2012; Barnett

et al. 2002).
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ENS progenitor cells from rodents and humans have successfully been isolated and
cultured in vitro and are usually grown as neurospheres in defined media, supporting
ENS progenitor proliferation (Rauch et al. 2006; Grundmann et al. 2015; K.-H. Schéfer
et al. 1997; T. a Heanue and Pachnis 2011). Subsequential differentiation can be
induced by several soluble factors such as retinoic acid (Y. Sato and Heuckeroth 2008).
Even though these two-dimensional cultures have led to improvement on the
understanding of ENS development and pathologies, there is a need to define new ENS
in-vitro model systems that authentically represent the in-vivo adult ENS. Such a model
system would allow researchers to gain more translatable and clinically relevant data.
Recently, Raghavan and colleagues tested various ECM components individually and in
combination with each other and demonstrated a significant impact of neuronal and glial
differentiation on ENS derived cells (ENSc) (Raghavan and Bitar 2014). Given these
findings, it is evident that 2-dimensional ENS in vitro studies on plastic surfaces cannot
properly mimic the organ specific ultrastructure and biological composition present in
the native gut. The aim of the present study was the development of a 3-dimensional in
vitro model using intestinal acellular matrices (AMs) as a scaffold for primary ENS
cells. This model takes into account tissue architecture, matrix composition as well as
the exogenous neurotrophic factors GDNF, bFGF and EGF to better mimic the enteric

environment in vitro.

3.1.1 Establishment of intestinal acellular matrix

Biologic scaffolds derived from decellularized tissues and organs have been
successfully used in both pre-clinical animal studies and in human clinical applications
(Macchiarini et al. 2008). Acellular matrices (AMs) are obtained by treating tissues with
various reagents that remove the cellular part while leaving almost intact the

architecture of native tissue and ECM network. AMs provide an in vitro 3-dimensional
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culture model supporting adhesion, growth, differentiation and function of several cell
types (Maria Teresa Conconi et al. 2005; De Carlo et al. 2010), whereas in vivo they act

as a template, allowing the ingrowth of the host cells.

Importantly, AMs can be remodeled in a living tissue (Macchiarini et al. 2008; Maria T
Conconi et al. 2009; Dall’Olmo et al. 2014). To date, several decellularization
procedures have been developed (Crapo, Gilbert, and Badylak 2011) and herein we
adapted a previous protocol of trachea decellularization (Maria Teresa Conconi et al.
2005) utilized on the small intestine of adult rats. Histological analysis, DAPI staining,
DNA quantification and SEM analysis verified successful decellularization (Figure 5).
Hematoxylin/Eosin overview staining showed the layers of native small intestinal wall:
serosa, muscularis externa, submucosa and mucosa (Figure 5). After decellularization,
the thickness of the AM layer was reduced, and was free of cells, as confirmed by the

absence of DAPI stained nuclei (Figure 5).

SEM analysis of the native SI demonstrated that the outer layer showed a flat and
homogeneous surface, while the luminal side was characterized by the presence of villi
and crypts (Figure 5). AM revealed a structure of longitudinally arranged fibers in the
outer layer and a loss of villi in the luminal layer (Figure 5). Immunofluorescence and
Western Blot analysis confirmed the preservation of structural proteins such as collagen
IV and laminin (Figure 5) Overall, we have shown an effective procedure for

decellularization of the intestinal acellular matrix.
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Figure 5. Decellularization of adult rat small intestine. (A) Hematoxylin/Eosin overview staining shows
layers of native small intestinal wall: Serosa, muscularis externa, submucosa and mucosa. Successful
decellularization was confirmed by histological studies and SEM studies and the absence of DAPI stained
nuclei. (B) SEM analysis of the native SI outer layer showed a flat and homogeneous surface, while the
luminal side was characterized by the presence of villi and crypts. (B) Quantification of nucleic acid
indicated a decrease as number of decellularization cycles increased (C) Immunofluorescence and
Western Blot analysis demonstrated that structural proteins such as collagen IV and laminin were
preserved from enzymatic digestion. AM revealed the structure of longitudinal arranged fibers in the
outer layer and a loss of villi in the luminal layer.

3.1.2 ENS cells cultured on AM form ganglion-like structures

ENSc were isolated from the myenteric plexus of postnatal rats (P3), expanded as
neurospheres for 7 days in a standard cell culture system, and subsequently seeded on
the outer surface of AMs. At 7 and 14 days, the morphology and the expression of
specific differentiation markers were evaluated by SEM, immunofluorescence and RT-
PCR. SEM analysis verified cell attachment, spreading and proliferation on the AM

reflecting cell-matrix contact and interactions (Figure 6).
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Figure 6. SEM analysis of repopulated AM. ENSc were cultured for 7 days as neurospheres and
subsequently seeded on the outer surface of AMs. SEM images show cell attachment, spreading and
proliferation on the AM, reflecting cell-matrix contact and interactions. At 7 days, small cell clusters
were observed to form ganglion-like structures. This organizational pattern intensified during incubation
time where ganglion-like structures were interconnected with each other and ENS-AM cultures
reassembled networks formation similar to the in vivo situation.

This pattern intensified during incubation time and evolved in ganglion-like
interconnected structures after 14 days (Figure 6). Wholemount staining confirmed BIII

tubulin positive, ganglion-like formations as well as their BIII tubulin positive neuronal

connections (Figure 7).

Figure 7. Wholemount staining of ENS-AM of BIII-tubulin neuronal cells and a-SMA positive cells after
(A) 3 days, (B) 7days, (C) 14days, in vitro. The ENS-AM model revealed similar structural organization
of neuronal networks to (D) the native myenteric plexus. Bar: 100um
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In contrast, ganglion underlying supporting cells that were a-SMA-positive and did not
express BII tubulin, confirming structure and distribution of the native myenteric
plexus (Figure 7). These findings in ENS-AM cultures, in which the observed structures
appeared to be very similar to the myenteric plexus in vivo, prompted us to investigate
whether there may also be functional improvements in terms of neurotransmitter

receptors.

3.1.3 ENS-AM cultures show relevant neurotransmitter receptor

expression

Morphological and electrophysiological studies revealed a huge diversity of neurons
within the in vivo ENS of mammals, including enteric motor neurons, as well as
sensory neurons, including intrinsic primary afferent neurons (IPANs) which contain
specific types of neurotransmitters. These neurotransmitters, including acetylcholine
(ACh), serotonin (5-hydroxytryptamine, 5-HT), substance P (SP), corticotropin-
releasing hormone (CGRP), and vasoactive intestinal peptide (VIP), are involved in
gut homeostasis and when dysregulated, in inflammation (14). Changes in
neurochemical coding are of particular relevance in IBD as different studies revealed
that IBD patients present with shifts of neuronal subtypes (Kerénen et al. 1995; Renzi
et al. 1998; Surrenti et al. 1993; M Neunlist et al. 2003; Belai et al. 1997; J. Schneider

et al. 2001).

Distinctive patterns of neurotransmitter receptors allow identification of different
functional neuronal subclasses. Unfortunately, knowledge of the relationship between
neurotransmitter receptors and their functional role in enteric neurons, as well as their

dysregulation in disease is very limited. Since altered neuronal activity within the
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ENS underlies various GI disorders, including IBD, elucidating the expression and
function of the neurotransmitter systems (which determine neuronal excitability
within the ENS) could reveal novel therapeutic targets. To evaluate the value of the
developed three-dimensional ENS in vitro models (described previously in section
3.1.2) in this context, the expression of neurotransmitter receptors was evaluated and
compared to their expression in conventional two-dimensional cultures on plastic

surfaces (Figure 8).
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Figure 8. RT? Profiler™ PCR Array of neurotransmitter receptors. As neuronal differentiation was
observed in ENSc-AM cultures in standard medium for 14 days, a quantitative gene expression of
neurotrophic receptors was performed. ENSc cultured for 14 days on plastic were considered as a control.
A significant increase was observed with arginine vasopressin receptor 1A (Avprla), gamma-
aminobutyric acid (GABA) A receptor al (Gabral), gamma-aminobutyric acid (GABA) A receptor &
(Gabre), cholinergic receptor, nicotinic, € (Chrne) glutamate receptor, ionotropic, AMPA 3 (Grai3)
glutamate receptor, ionotropic, N-methyl D-aspartate 2A (Grin2a), and somastostatin receptors
Sstr1/Sstr2 Data are presented as mean fold change (2-AACt) + SD of n=3 replicates of three independent
experiments.
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Cholinergic neurons are the most abundant neurons in the adult ENS (Z.-D. Qu et al.
2008) and therefore the main excitatory neurotransmitter in the ENS is acetylcholine
(ACh), which acts through nicotinic ACh receptors (nAChRs) or muscarinic receptors
(mAChR). Nicotinic receptors are ligand-dependent ion channels, and are mainly
located on myenteric neurons (Kirchgessner, Liu, and Alcantara 1997), where they
participate in rapid synaptic transmission and play a central role in motor function. The
mRNA expression of nicotinic ACh receptor (epsilon subunit: Chrne) is significantly
increased on AM-ENS cultures compared to control (fold increase 18.1) (Figure 8). A
significantly higher mRNA expression was also observed for arginine vasopressin
receptor 1A (Avpria) (fold increase: 52.03) (Figure 8), a vasopressin receptor that,
within the gut, is exclusively expressed on a subset of myenteric cholinergic motor
neurons. AVPRIA induces excitatory effects on the contractile fibres, and is therefore
involved in motility functions (Qin et al. 2009; Mastropaolo et al. 2013). These findings
are important because motility dysfunctions are commonly present in IBD patients
(Bassotti et al. 2014).

Another neurotransmitter, abundant in intestinal neuroendocrine cells, is serotonin (5-
hydroxytryptamine, 5-HT). About 95% of 5-HT in the human body is found in the
digestive tract where it regulates a multitude of sensory, motor and secretory functions
through several distinct types of receptors present within the ENS (D.-Y. Kim and
Camilleri 2000; McLean, Borman, and Lee 2007). Abnormal serotonin secretion has
been associated with various detrimental effects on the whole-body level. Intestinal
secretion and peristaltic movements and abnormalities in 5-HT have been linked with
symptoms present in patients with inflammatory bowel syndrome (IBS) (Hansen et al.
2012; Crowell 2004).

The greatest difference was present in the expression of somastostatin receptors in AM-

ENS cultures compared to cultures on plastic with a fold increase of 46.79 and 903.29
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of somastostatin receptor 1 (Sstrl) and somastostatin receptor 2 (Sstr2) respectively
(Figure 8). Somastostatin are known for their inhibitory actions on neurotransmitter and
hormone secretion and cell proliferation.

The mRNA expression of presynaptic cannabinoid receptor (Cnrl) is upregulated by
2.6 fold (Figure 8). Inhibiting motility, in vivo the CNR1 is present within the myenteric
and submucosal plexus, mediating the inhibitory effects of several cannabinoids such as
2-arachidonoylglycerol (2-AG) or anandamide (Pertwee 2001). Cannabinoids are
endogenous bioactive phospholipids (Colombo et al. 1998; Heinemann et al. 1999; Izzo
et al.1999a, 1999b) which are extremely important for gut homeostasis (Pertwee 2001).
Various studies have shown that modulation of the endocannabinoid system can result
in the regulation of various gut functions such as motility, visceral sensation, and
inflammation, and thus is likely to be involved in IBD pathogenesis (Di Sabatino et al.
2011; Alhouayek and Muccioli 2012). Cannabinoids, such as the phytocannabinoid,
delta-9-tetra-hydrocannabinol (THC) have suggested to be of therapeutical use in IBD
treatment (Ahmed and Katz 2016). The three-dimensional ENS model presented herein
therefore allows further clarifications in this field. ENS-AM cultures present also an
excellent model for studies of neurotransmitter y-aminobutyric acid (GABA) that is
located in neuronal as well as in endocrine-like cells, implicating GABA as both a
neurotransmitter and secretory mediator influencing GI function (Krantis 2000).
Significant mRNA expression of GABAAa receptor subunits, GABAa receptor al
(Gabral) and GABAa receptor € (Gabre), as well as GABAg receptor subunits
(Gabbri, Gabbr2) was detected in AM-ENS cultures. Furthermore GABAergic
neuronal cells, mainly interneurons, are particularly represented in the large intestine
where they account for 5-8% of the total myenteric neurons (Hyland and Cryan 2010)
exerting either a stimulatory or inhibitory action on neuronal activity, via activation of

GABA receptors. Given that the GABAergic signaling has been reported to be involved
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not only in motor functions, but also in neuro-immune modulation, a comprehensive
understanding of the GABAergic system is of particular interest in enteric IBD research
of novel ENS factor-based therapeutic strategies for the treatment of inflammatory GI

disorders (Auteri, Zizzo, and Serio 2015).

The ionotropic glutamate receptor (iGluRs), N-methyl-D-aspartate (NMDA) and even
more so the a-amino-3-hydroxy-5-methyl-4- isoxazole propionic acid (AMPA) are
present in the evaluated in vitro model as shown by the increase in their encoding genes
Grin2a (19.31 fold increase), Grai3 (150.54 fold increase) respectively (Figure 8).
Glutaminergic neurons have been shown to modulate the release of nociceptive
neurotransmitters, and have been implicated in chronic visceral pain in the inflamed

colon (Q. Zhou and Nicholas Verne 2008).

3.1.4 Conclusion Study I

Intestinal AM affected the spatial organization of ENS cells and exerted a synergic
effect with supplemented neurotrophic factors. The development of interconnected
ganglion-like structures with a distribution similar to that of native myenteric plexus
was observed. Interestingly, the gene expression of cholinergic, GABA, glutamate,
serotonin and somatostatin receptors significantly increased in samples cultured on AM
compared to conventional two-dimensional plastic surfaces. These results confirm that
gut matrix optimizes the in vitro differentiation process of ENS cells and may be used
as functional in vitro model in further clarifying the role of ENS in IBD pathology and

therapeutic studies.
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3.2 Study II. Unravelling the molecular mechanism of
intestinal inflammation and the anti-inflammatory
effects of phytotherapeutic agents using the zebrafish
model

Due to its genetic and organ similarity with mammals, together with its ease of
breeding, low cost of production, high fecundity and short ex vivo development time,
the zebrafish (Danio rerio) represents an excellent model organism. Zebrafish genome
sequencing revealed that 85% of disease-associated human genes have a zebrafish
orthologue, making this a highly relevant model for studying and modelling human
disease (Howe et al., 2013). Anatomically, the zebrafish intestine is compartmentalized
in three segments: the intestinal bulb, mid-intestine and posterior intestine (Ng et al.
2005). The zebrafish intestinal wall reveals the presence of villus-like structures
(epithelial folds) of a single layer epithelium and underlying lamina propria (Wallace et
al. 2005), effectively mimicking the structure of the human intestinal wall as shown in
(Figure 9). Besides some limitations, such as the lack of Paneth cells, as well as the
absence of crypts and organized lymphoid structures (Jiminez et al. 2015; Brugman
2016), adult zebrafish intestinal epithelial cells exhibit several human-like elements
such as absorptive enterocytes, endocrine and goblet cells. These cells are continuously
replaced from self-renewing stem cells at the base of epithelial folds, which then
migrate to the tip where they are regenerated in a manner parallel to the human intestine

(Wallace et al. 2005).
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Figure 9. Hematoxylin/Eosin staining of zebrafish midgut intestinal wall showing typical structure of
presence of large epithelial folds, basal lamina and underlying longitudinal and circular muscle layer.

Given the high anatomical and functional similarities of zebrafish intestine, together
with the comparable innate and adaptive immune system (Fénero 2016), the zebrafish
represents a powerful model organism to investigate the fundamental processes
underlying intestinal inflammation present in IBD pathology, and to evaluate new
therapeutics. Many aspects of the host response to microbial colonization, including
intestinal alkaline phosphatase expression and NF-kB activation, have previously been
investigated in this model organism (Bates et al. 2007; Kanther et al. 2011; Kanther and
Rawls 2010). Furthermore the antimicrobial roles of IBD susceptibility genes encoding
NOD are causing intestinal inflammation in zebrafish (Allen 2011). As discussed in the
preceding chapters of this thesis, standard IBD therapies consist of anti-inflammatory
and immunosuppressive drugs or biologic agents, which can interfere with pro-
inflammatory cytokines. Due to severe side effects and unsatisfying clinical efficacy in
some patients, there is a huge interest for alternative treatment options. In this context,
interest in phytotherapy has grown and some new plant-derived products have showed
promising effects (Hur et al. 2012; M. J. Schneider, Abdel-Aziz, and Efferth 2014; Ke,
Yadav, and Ju 2012). Herein, we investigate the protective effect and underlying
mechanisms of action of one of these compounds, STWS5 (fixed combination of nine
herbal extracts; Iberogast®), on the epithelial and ENS compartment from inflamed

intestinal cells. STWS5, used clinically in functional dyspepsia and irritable bowel

56



syndrome (IBS) (Madisch et al. 2004; von Arnim et al. 2007; Ottillinger et al. 2013) ,
has been shown to possess properties that indicate a possible supplemental therapy
option in IBD disease management (Wadie et al. 2012). STWS5 is a fixed combination of
nine herbal extracts from Ilberis amara totalis, peppermint leaves (Menthae piperitae
folium), chamomile flower (Matricariae flos), liquorice root (Liquiritiae radix), angelica
root (Angelicae radix), caraway fruit (Carvi fructus), milk thistle fruit (Silybi mariani
fructus), lemon balm leaves (Melissae folium) and greater celandine herb (Chelidonii
herba), all of which have anti-inflammatory, anti-ulcerogenic and protective effects

(Michael et al. 2009; Khayyal et al. 2006; Awaad, ElI-Meligy, and Soliman 2013).

3.2.1 STWS5 downregulates intestinal mucous production after

DSS-induced inflammation

In the present study, the proposed protective effects of STWS on intestinal inflammation
were tested in the zebrafish model. Inflammation was induced chemically, gut sections
isolated (as previously described), and analysis was conducted to clarify molecular
mechanisms of action. Besides several IBD-like genetically modified zebrafish models
that are used to study IBD genetics (Allen 2011), a number of chemical-based models
using trinitrobenzenesulfonic acid (TNBS) or dextran sodium sulfate (DSS) to induce
enterocolitis have been adapted from the murine system into both larval and adult fish
(Oechlers et al. 2013; Brugman 2016). DSS is a detergent that induces inflammatory
processes when applied to the zebrafish environment. These inflammatory processes
resemble morphological, histopathological and symptomatic features of human IBD as
described previously. In zebrafish larvae, DSS induces barrier defects and subsequent
recruitment of leukocytes with elevated pro-inflammatory gene expression (Oehlers et

al. 2013)
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Furthermore, during inflammatory conditions an altered number of goblet cells and
increased mucus secretion has been reported (Y. S. Kim and Ho 2010). Oechlers and
colleagues have also hypothesized that mucin overproduction in DSS-induced
enterocolitis is induced due to erosive effects, and the consequential penetration of
bacterial products through defective epithelial barrier (Oehlers et al. 2013). Based on
these reports, we used DSS as an inflammatory inducer in the adult zebrafish and
confirmed the mucosecretory phenotype response also in adult zebrafish (Figure 10). As
shown in Figure 10, DSS treatment significantly upregulated mucous production while
STWS treatment reversed this response, thus reducing the quantity of secreted mucus to

the level observed in untreated samples.
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Figure 10. Alcian blue staining demonstrated that treatment of adult zebrafish with (C) DSS leads to
highly upregulated mucus production in bulb, midgut, and hindgut. (B) STW5 was significantly restoring
the physiological condition observed in untreated samples (A). Quantification of goblet cells was
performed considering 5 different sections from three independent experiments. Data are presented as
mean of goblet cells per villus £ SD of n=3 replicates of three independent experiments. Statistical
significance was calculated by Student’s t-test comparing to untreated samples (¥ p <0.05, ** p <0.01);
versus DSS-treated samples (A p <0.05, A Ap <0.01).
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3.2.2 Mechanism of STWS5 action: Activation of anti-

inflammatory WNT signaling

Several studies have demonstrated that STWS5 also targets the enteric nervous system
and has functional effects both motility and inflammation (K. Schifer et al. 2015). To
unravel the molecular mechanism underlying the actions of STWS, special interest was
given towards the zebrafish ENS during the inflammatory processes. Since zebrafish do
not have a submucosa, enteric neuronal/glial cells can only be found between the
circular and longitudinal smooth muscle layer that is directly attached to the mucosa.
Structurally they are organized in single neurons rather than clustered within ganglia as

seen in mammals (Wallace et al. 2005).

To date there is not much knowledge about the adult zebrafish ENS, even though it has
been used extensively for ENS developmental research (Shepherd and Eisen 2011a;
Burzynski, Shepherd, and Enomoto 2009; T. A. Heanue, Shepherd, and Burns 2016).
Like in human ENS, enteric neurons and glial cells derive from neural crest stem cells
that colonize the developing gut and one of the key developmental factors are Wnt
signals (Verkade and Heath 2008). Besides being the main drivers in ISC self-renewal,
Wnt signalling is involved in inflammatory processes and shifts in the expression of
several Wnt ligands and frizzled receptors have even been described in IBD patients
(You et al. 2008). In conjunction with the experiments described in this thesis, we have
recently demonstrated the anti-inflammatory activity of WNT signalling within the rat
ENS, where Frizzled 9 was identified as a new receptor being expressed on ENS cells
and canonical Wnt pathway was activated through Wnt3a counteracting bacterial LPS
induced inflammation (Di Liddo et al. 2015). Preliminary morphological, wholemount
and immunofluorescence (IF) analyses were performed in adult Zebrafish in order to

explore ENS organization and expression of Frizzled (FZD) 9 and ligand Wnt3a, two
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components of the Wnt canonical pathway that have been reported to exert a pivotal

role in balancing the gut inflammatory response.

Figure 11. Immunofluorescent staining shows expression of (A) Frizzled-9 to be co-localized with
neuronal cells (PAN neuronal marker) and in the basal epithelial layer. (B) Wnt3a expression was found
within the muscle layer and isolated epithelial cells. (C) Wholemount staining of adult zebrafish ENS

Herein, enteric neuronal cells of adult zebrafish were visualized within the zebrafish

smooth muscle layer by immunofluorescent staining using a Pan Neuronal Marker
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(Figure 11). The expression of the Wnt signaling receptor, Frizzled 9, was located in the
basal epithelial layer and within ENS ganglia, where it co-localized with neuronal cells
(Figure 11). Moreover, Wnt3a expression was distributed in the muscle-ENS layer and
in isolated epithelial cells localized in the basal layer (Figure 11). Wholemount staining
of adult zebrafish intestinal tissue revealed ENS organization similar to that found in

mammals.

3.2.3 Zebrafish epithelial and ENS cell characterization

The developed protocol allows the parallel isolation of cells of both epithelial and ENS
compartments. Intestinal epithelial cells were adherent to collagen-coated glass
coverslips, forming typical colonies composed of cells with epithelial morphology
(Figure 12A). Immunofluorescent staining confirmed the expression of epithelial
cytokeratin, as shown in the figure below (Figure 12A). Zebrafish ENS cells formed
typical neurospheres within 7 days in culture similar to those of mammalian ENS
(Figure 12B). By FCM, Sox2, a known marker of neuronal progenitors, and Sox10, a
marker of neural crest cells (T. a Heanue and Pachnis 2006; V. Graham et al. 2003;
Laranjeira et al. 2011) were detected in freshly isolated samples (Figure 12C). After
culturing for 1 (T1) and 7 days (T7), the expression of both markers showed to be
maintained on a reduced number of ENS cells, however SOX2 protein content was
determined to be increased, as demonstrated by the higher intensity of geometric mean
fluorescence (MIF) (Figure 12C). On the other hand, Sox10 MIF remained relatively
stable, exhibiting a very slight increase over the time course. Furthermore, ENSc
adhered to the laminin coating and partly differentiated into cells with a neuro/glial
morphology (Figure 12B). The immunofluorescent detection of Pan Neuronal Marker
confirmed that in vitro culture conditions were appropriate for neuronal survival and

differentiation.
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Figure 12. Primary (A) epithelial and (B) ENS cells isolated from the zebrafish gut characterized by Pan-
cytokeratin and Pan neuronal marker respectively. Nuclear counterstaining was performed using DAPI
(C) FCM analysis of Sox2 and Sox10 in ENS cells at time of isolation (T0) and after culturing for 1 (T1)
and 7 (T7) days. Data were expressed as geometric mean fluorescence intensity (MFI)+ SD and
percentage (%) of positive cells + standard deviation (SD). Bar:50 pum.

3.2.4 STWS activates anti-inflammatory response in primary

adult epithelial and ENS cells

Both LPS- and DSS-treatment for 6 and 24h induced the inflammatory response of
isolated primary cells of both compartments as demonstrated by the significant
upregulated gene expression of pro-inflammatory cytokines il1b, il6, il8, il10 (Figures

13-14).

In epithelial cells, STW5 showed a protective effect as demonstrated by a reduced
expression of pro-inflammatory cytokines and an increased transcription of anti-
inflammatory genes wnt3a (6h) and i//0 (24h). Interestingly, under LPS-induced in
vitro inflammation, an early and significant increase of i//0 and wnt3a gene expression

was observed together with a reduced mRNA synthesis of pro-inflammatory cytokines,
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suggesting that STW5 could exert a pivotal regulatory activity during bacterial

inflammation (Figure 13).
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Figure 13. Quantitative RT-PCR analysis in zebrafish epithelial cells treated with STWS5 for 6h and 24h
after (A) DSS or (B) LPS inflammatory induction. The herbal preparation STWS5 showed a protective
effect as demonstrated by a reduced expression of pro-inflammatory cytokines and an increased
transcription of anti-inflammatory genes in both inflammatory conditions. Data are presented as mean
fold change £+ SD of n=3 replicates of three independent experiments. Statistical significance was
calculated by Student’s t-test comparing to untreated samples (* p <0.05, ** p <0.01, *** p <0.001);
versus DSS-treated samples (4 p <0.05, 44p <0.01, 444 p <0.001).
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As expected, in the DSS-induced inflammatory model, a significant upregulation in
mRNA expression of i//0 and wnt3a was induced by STWS5 at 24h in concomitance

with a stronger inflammatory state (Figure 13).
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Figure 14. Quantitative RT-PCR analysis in zebrafish ENS cells treated with STWS5 for 6h and 24h (A)
DSS or (B) LPS inflammatory induction. STW5 demonstrated functional efficacy, inducing a
downregulation of pro-inflammatory cytokines and significantly stimulating the transcription of i//0 and
wnt3a. Furthermore, both inflammatory conditions were negatively modulated by STWS, as demonstrated
by a decreased mRNA expression of pro-inflammatory cytokines. Data are presented as mean fold
change + SD of n=3 replicates of three independent experiments. Statistical significance was calculated
by Student’s t-test comparing to untreated samples (* p <0.05, ** p <0.01, *** p <0.001); versus DSS-
treated samples (4 p <0.05, 44p <0.01, 444 p <0.001).
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In ENS cells, STWS5 demonstrated functional efficacy, inducing a downregulation of
pro-inflammatory cytokines from 6h to 24h, and significantly stimulating the
transcription of i//0 and wnt3a (Figure 14). The inflammatory state induced by DSS
was negatively modulated by STWS5 since it downregulates pro-inflammatory

cytokine expression (Figure 14).

3.2.5 Conclusions Study II

The adult zebrafish has proven to be an excellent model system for in vitro and in vivo
experiments, and allows the investigation of the efficacy of novel and alternative
therapeutics in intestinal inflammatory disorders such as IBD. Herein, we have described
the development of a DSS-induced adult zebrafish inflammation model, and verified
several anti-inflammatory effects of STWS. Primary cell cultures of zebrafish ENS and
intestinal epithelium were developed, allowing in vitro drug screening, which is of
importance for the investigation of molecular mechanisms within specialized gut
compartments. In this context, the anti-inflammatory effects of STWS5 within the ENS
as well as the epithelial compartment were verified to be regulated through Wnt3a and
[1-10. The effects of Wnt3a are hypothesized to act, at least partly, through the Wnt
receptor Frizzled-9, which was demonstrated for the first time to be expressed within

the adult zebrafish ENS and the basal epithelial layer.
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3.3 Study III. The role of Fibrillin in intestinal
inflammation

Extracellular matrix (ECM) components play an important immunoregulatory role and
their composition as well as ultrastructure is involved in intestinal immune responses,
pathological signaling and chronic inflammation (Shimshoni et al. 2015). Fibrillin
microfibrils are a key component of elastic fibers and are responsible for many of the
structural and biomechanical properties of the intestine. For example, fibrillin
microfibrils are essential for peristaltic movement and their structural perturbations
could underlie several intestinal pathologies. Furthermore, the fibrillin network controls
the bioavailability and activity of growth factors of the TGF-B superfamily, which are
essential for the activation of cellular signaling pathways. Within the intestinal mucosa
TGF-B plays an essential role in the maintenance of immune homeostasis by preventing
abnormal inflammatory responses (A. B. Kulkarni 1993; Gorelik and Flavell 2002).
Additionally, TGF-f is one of the main pro-fibrotic cytokines driving myofibroblast
activation, proliferation, and ECM synthesis. Consequently, disturbances in the fibrillin
network structure and stability may result in impaired biomechanical properties, cell-
matrix interactions, pathological immune responses, and TGF-f induced fibrosis
(Lemaire, Bayle, and Lafyatis 2006). In this context, there is evidence suggesting
fibrillin involvement in inflammatory and fibrotic processes, as they are present in

chronic intestinal inflammatory disorders (Rieder and Fiocchi 2009b) .

A widely used mouse model to study consequences of fibrillin network perturbations is
the tight skin mouse (Tsk), which possesses a tandem in-frame duplication of the
fibrillin-1 gene (Fbnl) (Siracusa et al. 1996). In heterozygous Tsk mice, mutant
fibrillin-1 copolymerizes with wild-type fibrillin-1, thus giving rise to altered

morphology and unstable structure (Lemaire, Bayle, and Lafyatis 2006; Wallis et al.
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2001; Filemon K. Tan et al. 1998; F K Tan et al. 2001; X. Zhou et al. 2003). This
ultimately renders the mutant microfibrils more sensitive to proteolysis (Gayraud et al.
2000). This instability leads to a disorganization and fragmentation of elastic fibers due
to structural abnormal microfibrils (Saito et al. 1999; Gardi et al. 1989) as well as an
alteration in TGF- signaling (Kissin et al. 2002). Phenotypically these mice manifest
pathological abnormalities similar to those present in patients suffering systemic
sclerosis (SSc), a connective tissue disorder that has been linked to fibrillin network
disruption with excessive fibrosis, inflammation and vascular dysfunction (Pablos,
Everett, and Norris 2004). Interestingly gastrointestinal manifestations appear in up to
90% of patients suffering SSc (Sallam, McNearney, and Chen 2006), indicating an
important role of fibrillin within the intestine. Another mechanism supporting the
involvement of fibrillin in intestinal inflammation is its regulation of MMPs, which has
previously been described to be induced by fibrillin and elastin fragments due to
unstable networks (Patrick Booms et al. 2005; P Booms et al. 2006). MMPs are known
to be upregulated in IBD and other inflammatory conditions and disturbed ECM
turnover is involved in pathological disease progression (De Bruyn et al. 2016).
Reinforcing an involvement of the fibrillin network in intestinal homeostasis, a recent
study confirmed a downregulation of fibrillin in the lamina propria of human IBD
patients compared to control tissue (Ratzinger et al. 2010a), highlighting the

involvement of fibrillin network disturbance in gut inflammation.

3.3.1 Fibrillin network perturbations change TSK mouse gut

macroscopically and histologically

In order to better characterize the consequences of fibrillin-network perturbations, the

Tsk mouse model was used to characterize consequences of these ECM abnormalities
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within the gastrointestinal tract. Macroscopically, the GIT from stomach to the distal
colon is significantly reduced in length compared to WT littermates (Figure 1A).
Histological analyses also verified an increase in the size of the intestinal muscle layer
of TSK/+ mice, confirming the initiation of fibrotic mechanism within the colon (Figure

1B) as it has been described for other organs within the TSK/+ mice (Manne et al. 2013)

The small intestine of Tsk mice on the other hand was characterized by a large number
of immune cell infiltrates indicating underlying pro-inflammatory processes within the
intestinal tissue (Figure 1B) that were prompting us to furthermore characterize these
hypothesized involvement in inflammatory and fibrotic processes by measuring the
expression of correlated mRNA encoding inflammatory cytokines and  matrix

remodeling enzymes by qRT-PCR (see 4.3.2).

Small intestine

Colon

Figure 15. Macroscopical and histological changes in TSK/+ mice. (A) Macroscopically the gut of TSK/+
mice were significantly reduced in length (>10%) (B) Histological examination revealed a large number
of immune cell infiltrates in the small intestinal gut wall. Within the colon gut wall an increase in muscle
layer thickness was revealed. Magnification: 20x
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3.3.2 Fibrillin network perturbations induce an inflammatory

phenotype in several gut parts

To verify whether underlying inflammation and tissue remodeling processes are active,
whole tissue lysates were analyzed for pro-inflammatory and anti-inflammatory
cytokine expression and expression pro- and anti-fibrotic factors (Figure 16-17).
Regional differences in gene expression profiles of target genes along the length of
gastrointestinal tract were expected due to known differences in the presence,
distribution, and number of immune cell subtypes in specialized gut regions ((reviewed
in (Cerovic et al. 2014)). Therefore, the whole gut was divided into different parts
starting from the stomach, three sub-sections of the small intestine (duodenum, jejunum
and ileum), and three sub-sections of the large intestine (the caecum, proximal colon
and distal colon). Consequently, mRNA expression on all sections was analyzed by
gRT-PCR. Analysis revealed a strong regulation of both pro- and anti- inflammatory
cytokine expression within the small intestine (Figure 16). In particular, within the
jejunum and ileum, the //8 and 7/6 mRNA expression was strongly upregulated in Tsk/+
mice compared to WT mice (Figure 16). IL-8 is generally considered as a strong
chemoattractant for neutrophils, found in increased quantities in the inflamed mucosa of
human IBD patients (Daig et al. 1996). In an acute inflammation accumulated
neutrophils then promote an upregulated release of pro-inflammatory cytokines such as
IL-6, which also has been reported to be increased in IBD patients (Saha et al. 2010),
thus implicating it as a potential player in the progression of IBD. IL-6 acts via its
soluble IL-6 receptor (sIL-6R) together with the membrane bound receptor gp130 in a
process defined as trans-signaling, which initiates a signaling cascade that inhibits T cell
apoptosis through the upregulation of anti-apoptotic factors such as Bcl-2 (B-cell

lymphoma 2) (Mitsuyama, Sata, and Rosejohn 2006; Atreya et al. 2000).
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Figure 16. Quantitative RT-PCR analysis in the stomach and the three segments of small intestine
(duodenum, jejunum, ileum). To verify whether fibrillin network perturbations induce an inflammatory
phenotype in the GIT, whole tissue lysates were analyzed for target inflammatory and fibrotic mediators.
A strong regulation of pro- and anti- inflammatory cytokine, as well as pro- and anti-fibrotic factors
mRNA expression was detected within the small intestine of the Tsk/+ mice. Data are presented as mean
+ SD of n=3 replicates of three independent experiments. Statistical significance was calculated by
Student’s t-test comparing FBN1 Tsk/+ to WT samples (A p <0.05, A Ap <0.01, A A A p <0.001).

Unexpectedly, in parallel with the upregulation of these pro-inflammatory factors,
mRNA expression of the anti-inflammatory cytokines //4 and /110 was also found to be

upregulated in both Ileum and Jejunum (Figure 16).

This data is in concordance with literature which reports the suppression of anti-
inflammatory cytokine by IL-6 (Bettelli et al. 2006). Another pro-inflammatory
cytokine, IL-17, is produced by Tul7 T-helper cells and has shown to be upregulated in
acute inflammation. Its expression has been reported to be induced by the stimulation of
IL-23 (Kobayashi et al. 2008), which is accordance with data reported in the present
study, where mRNA expression of both ///7 and [/23 is upregulated within the
duodenum of Tsk/+ mice (Figure 2). However, within the other two parts of the small

intestine (Ileum and Jejunum) the /723 mRNA expression is downregulated, concurrent
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with significantly higher levels of 1117 mRNA (Figure 16). These results could be
explained by the fact that TH17 differentiation is not only dependent on IL-17 but also
on other cytokines such as IL-6 (Bettelli et al. 2006), which has been found to be

downregulated in both the ileum and jejunum (Figure 16).

Interestingly, 7//8 mRNA production is upregulated in the duodenum. Again, with
apparent strong contrast to remaining small intestinal parts, jejunum and ileum, where
the transcriptional levels of IL-18 are significantly downregulated compared to control.
Among the cytokines implicated in IBD pathogenesis, a special role has been assigned
to the cytokine IL-18 that is produced by intestinal epithelial cells and macrophages. IL-
18 is mainly involved in Tul cell differentiation and IFN-y production and has been
especially correlated with the pathogenesis of CD (Pizarro et al. 1999; Kanai et al.
2001). High 7118 mRNA levels were seen in duodenum (Figure 16) as well as caecum
and colon (Figure 17). Using a DSS-induced mouse model of intestinal inflammation,
Sivakumar and colleagues showed that colitis is diminished when IL-18 is blocked
(Sivakumar et al. 2002), which is why anti-IL-18 antibodies are currently under

investigation as possible therapeutics for IBD patients .

In the context of tissue damage, the expression of the gelatinases MMP2, MMP9 and the
collagenase MMPI13 was investigated. As mentioned earlier, MMPs are enzymes
specifically implicated in dynamically shaping the ECM to retain tissues under
homeostatic conditions. However, when their balance is dysregulated, MMPs are
involved in chronic inflammatory disease and alterations in their expression levels have
been reported to be strongly altered (Lakatos et al. 2012). Strong upregulation of all
investigated MMPs has been observed within ileum and jejunum (Figure 16) as well as
distal colon (Figure 17) indicating possible tissue altering processes confirming the
observations of the histological study (Figure 16). The exact opposite has been observed

in the duodenum where MMPs were significantly downregulated. The effect of fibrillin
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network dysregulation in the TSK/+ mouse seems to only minimally affect the stomach

region as the expression of most cytokines and MMPs are not significantly regulated.
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Figure 17. Quantitative RT-PCR analysis in the large intestine segments (caecum, proximal colon, distal
colon). To verify whether fibrillin network perturbations induce an inflammatory phenotype in the GIT,
whole tissue lysates were analysed for target inflammatory and fibrotic mediators. Structural
dysregulation of fibrillin-1 seem to slightly affect the caccum and proximal colon segments. On the
contrary, significant changes in mRNA expression of both inflammatory and fibrotic mediators were
observed in the distal colon of the Tsk/+ mice. Data are presented as mean + SD of n=3 replicates of three
independent experiments. Statistical significance was calculated by Student’s t-test comparing FBN1
Tsk/+ to WT samples (4 p <0.05, 44p <0.01, 444 p <0.001).

3.3.3 Conclusion Study III

Data obtained from TSK/+, fibrillin mutant mice confirmed that fibrillin-1 networks are
important for maintaining intestinal homeostasis and that structurally altered fibrillin-
networks are involved in inflammatory processes. Besides macroscopic changes with a
reduction in intestinal length, immune infiltrates and tissue alterations, the cytokine
expression was found to be extremely dysregulated. Structural changes and increased

muscle layer thickness within the colon wall indicate the initiation of fibrotic processes
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3.4 Part IV: Establishment of long-term and short-term
cultures of IBD Patient derived mucosal biopsies

Even though huge progress in understanding the complex pathological processes has
been made in the last few decades, current therapies are far from satisfactory, and show
extreme variability of outcomes for different patients. Studies using genetically
manipulated mouse models and cell lines, such as the CACO-2 adenocarcinoma line,
have yielded significant leaps in understanding of intestinal function. This included
clarifying of the role of the individual epithelial cell types, barrier function and other
pathological mechanisms involved in intestinal inflammation (Sambuy et al. 2005;
Ingels et al. 2004). However, these model systems do not represent the heterogeneity of
IBD patients in terms of their different genetic background and immune functions.
Therefore, new culture systems are needed, to improve quality and relevance of data,

and to potentially serve as a platform for personalized medicine in the future.

3.4.1 Evaluation of a short-term biopsy explant culture system

The short-term explant culture model is intended to function as an in-vitro model for the
evaluation of patient-specific responses to novel pharmaceuticals. For future evaluations
of possible therapeutic treatments, it was necessary to develop a culture system that
allowed the maintenance of the biopsy intact and viable during time of in-vitro culture.
To investigate the feasibility of this system, patient-derived colonic biopsies were
maintained in-vitro for 24h in static conditions either submerged in culture medium or
in a liquid-air interface (as described in 3.4.1). Histological evaluation was performed
before and after culturing and revealed a significant collapse and structural changes
when the biopsy was maintained submerged in culture medium for 24h (Figure 18)In

contrast, when the biopsies were cultured in an air-liquid-interface, structural changes
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were minor. Therefore, we could conclude that the liquid-air condition could be a
valuable model for short term culture (up to 24h) of human colon biopsies, as there
were no significant structural changes. All further experiments described in this chapter

thus use the liquid-air method of biopsy culture.

Patient derived mucosal
colon biopsie

/

SUBMERGED
CULTURE

Figure 18. Evaluations of a short-term biopsy explant culture system. Patient-derived mucosal biopsies
were maintained in a liquid-air interface or submerged in culture medium. Biopsies under both conditions
were evaluated by histological analysis and revealed significant loss of structural features when the
biopsy was maintained in the ‘submerged’ condition, while only minor changes were observed in the
samples cultured at ‘air-liquid interface’

74



3.4.2 Short-term culture for in-vitro screening of patient-specific

therapeutic responses

Antibodies targeting TNF-alpha have been used successfully in IBD treatment for many
years, highlighting the importance and clinical relevance of TNF-alpha function in
intestinal inflammation. However, the treatment can cause adverse reactions and there is
a large percentage of initial or secondary non-responders (which do not exhibit any
effect of the treatment), thus there is a significant need for the development of new

patient-specific therapies.

In a proof of principle study designed to evaluate the value of the previously described
model for future pharmacological studies, biopsies were divided in three groups, all of
which were treated with anti-TNF-a (Infliximab) for 24h in the short-term, air-liquid
explant culture. The first group was derived from Responders (patients are currently and
successfully in therapy with anti-TNF-a), the second one from Non-Responders (which
have been treated with Infliximab in the past, but who have failed to improve their
condition, and thus are considered a therapy failure), and the third one from healthy
donors. The expression profile analyzed in this study included genes encoding pro-and
anti-inflammatory cytokines as well as TNF-receptors, the tissue remodeling enzyme
MMP2 and mucus forming MUC2. Data obtained from these groups are shown in the
figure below. As expected, gene expression studies revealed that biopsies obtained from
the Responder group strongly reacted upon treatment with Infliximab by effecting a
downregulation of TNFA as well as IL1B expression (Figure 19). Interestingly, in the
non-responder group the expression levels of the pro-inflammatory cytokines were
significantly upregulated, thus confirming the status of these patients as Non-

Responders (Figure 19).
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Figure 19. Proof of principle study. Biopsies obtained from three groups of patients (healthy donors,
responders and non-responders to anti-TNF-alpha therapy) were treated with Infliximab for 24h in the
short-term, air-liquid explant culture, and subsequently analysed by quantitative RT-PCR. Untreated
biopsies were used as control. As expected, a downregulation of TNFA and ILIB, as well as an
upregulation of /L10 and TGFB mRNA expression were detected in the responder group. Interestingly,
increase in mRNA levels of pro-inflammatory cytokines, besides the absence of significant changes in
anti-inflammatory mediators, were observed in the non-responder group, thus confirming the non-
responsiveness of these patients to anti-TNF-alpha treatment. Data are shown as mean £ SD of n=3
replicates of three independent experiments. Statistical significance was calculated by Student’s t-test
comparing samples treated with Infliximab to untreated samples (* p <0.05, ** p <0.01, *** p <0.001).
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TNF-alpha exerts its effects through two receptors: TNFR1 and TNFR2. While TNFR1
is ubiquitously expressed in nearly all cells of the body and is activated by soluble TNF,
TNFR2 is mostly restricted to endothelial, hematopoietic, glial, and some neuronal
cells, is selectively activated in response to transmembrane TNF, and promotes cell
survival and proliferation, including expansion of certain populations of lymphocytes,
including T-regulatory cells (Tartaglia et al. 1993). TNF binding to TNFRI1 triggers
apoptosis through TNFR1-associated death domain (TRADD) and Fas-associated death
domain (FADD) (Hsu, Xiong, and Goeddel 1995; Chinnaiyan et al. 1995). In contrast,
TNFR2 signaling relies on TRAF2 and therefore involves the nuclear pro-survival
factor NFkB (Carpentier, Coornaert, and Beyaert 2004). Since TNFR1 is typically
associated with cell death signaling, while TNFR2 typically promotes cell survival, the
ratio of their co-expression in a given tissue or organ modulates the balance between
apoptosis and survival. IL-10 is one of the main anti-inflammatory cytokines expressed
by different cells of the innate and adaptive immune system and its particular
importance within the gastrointestinal immune system has been demonstrated by an IL-
10 knockout mouse model, which is also a well-established genetic model of IBD
(Kiihn et al. 1993). In the present study, both the Responder and Non-Responder groups
show a significantly lower IL10 expression compared to the expression levels measured
in the healthy control biopsies (Figure 19). The in-vitro explant culture model revealed
significantly upregulated IL10 expression after anti-TNF treatment in the Responder
group, indicating effective treatment. The Non-Responder group on the other hand did

not show significant upregulation of IL10 expression (Figure 19).

In these samples MUC2 expression was also measured. This gene encodes a secretory,
gel-forming component of the intestinal mucin barrier, which separates the intestinal
microbiota from the intestinal epithelium. In particular, patients affected by UC have

been shown to have a decrease in MUC2 gene and protein expression (Moehle et al.
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2006) which can be associated with general goblet cell loss in active disease (Dorofeyev
et al. 2013). A positive regulation of MUC2 expression induced by Infliximab was seen

in all samples.

The pleiotropic cytokine TGF-f does not only have immunoprotective functions, as
discussed earlier, but is also one of the main drivers of tissue regeneration and fibrosis.
TGFB mRNA levels were upregulated in the Responder group, while the Non-
Responder group showed a significant downregulation (Figure 19). Due to its
importance in tissue regeneration and its involvement in disease-associated
complications, the gene expression levels of the matrix degradation enzyme MMP2
were measured and showed a significant up-regulation in the Non-responder group

compared to the Responder group.

Taken together, the biopsy explant culture models have a major advantage in that they
offer the full spectrum of cellular diversity of a given patient. This is extremely useful
as it could allow medical professionals to gain relevant data on the possible outcomes of
patient-specific treatment. However, the disadvantage of this system is the limited
viability of mucosal biopsies outside the body. Improvement of culture conditions, such
as the establishment of new co-culture systems, 3D culture scaffolds, or dynamic rather
than static culture conditions might overcome this problem in the future. Similarly,
human epithelial culture must be enhanced so that biopsies from individuals can be used
to rapidly expand patient derived cell lines, thus allowing functional assays to be

completed in a relatively short time.

3.4.3 Patient-derived long-term cultures epithelial niche cultures

In order to establish appropriate primary in-vitro cultures, it was necessary to better

characterize the intestinal stem cell niche and define appropriate ISC markers. Joseph
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Paneth was the first to propose that cell of the crypt villus units may share the same
original cell (Paneth 1887). In 1948, Leblond and Stevens published a study on the rate
and mechanism of self-renewal of the epithelium, concluding “...the cells formed in the
crypts of Lieberkiihn move upward along the side of the villi to be ejected when they
reach the villus tips” (Leblond and Stevens 1948). Over decades, researchers have
successfully deciphered many key aspects of intestinal stem cell biology and their
native stem cell niche (Blanpain and Simons 2013). More recently it has become
evident that the Wnt signaling pathway is key regulator for maintaining self-renewal
and proliferation of ISCs (L. G. Van der Flier et al. 2007). Wnt signals are strongly
present along the base of the crypt and fade towards the villus region (Vries, Huch, and
Clevers 2010) indicating that ISCs reside within a local Wnt niche, with agonists of the
canonical Wnt signaling being present only in the in the area restricted to the crypts
(Gregorieff et al. 2005), which manifests in high levels of intranuclear B-catenin. The
crypt epithelial cells also express frizzled 5, 6 and 7, and co-receptors LRP5 and 6, and
show activation of the canonical pathway. In this context, development of clonal fate-
mapping technologies has led to the discovery of robust adult ISC markers. The first
marker for crypt based ISCs, Lgr5 (Leu-rich repeat-containing G protein-coupled
receptor 5), was identified as being expressed at the base of mouse and human adult
intestinal crypts in the small intestine and colon (Barker et al. 2007). Lgr5 together with
Lgr4 and Lgr6, constitute the receptors for R-spondins, which are enhancers of Wnt
signaling. The Lgr5/R-spondin complex acts by neutralizing Rnf43 and Znrf3, two
transmembrane E3 ligases, which remove Wnt receptors from the stem cell membrane.
Rnf43/Znrf3 are Wnt target genes and constitute a negative Wnt feedback loop. Thus,
adult ISCs are controlled by a complex interplay of Wnt agonists, antagonists, and anti-

antagonists.
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3.4.4 Long-term culture of primary, patient derived epithelial

niche cells

Within the small intestine, Paneth cells supply important niche factors like Wnt3, EGF,
and Notch signals to neighboring Lgr5+ stem cells (T. Sato et al. 2011). Since the colon
lacks Paneth cells, recent studies identified deep crypt secretory (DCS) cells as Paneth
cell equivalents in close contact with Lgr5" ISCs, which reside within the colon crypt
and express cKit as well as regenerating islet-derived family member 4 (Reg4). In a
manner similar to Paneth cells, they express ISC supporting factors like EGF and Notch
ligands DII1/DIl4 (Sasaki et al. 2016). In contrast to the Paneth cells from the small
intestine, however, they do not express Wnt ligands. Instead, colonic ISCs are
dependent on Wnt signals, express LGRS as well as Frizzled receptors and Lrp5 and 6
(Sasaki et al. 2016). Wnt ligands therefore must have another origin. This is also true
for the small intestinal crypt stem cells, as in vivo studies have shown that epithelial cell
derived Wnt is dispensable and the deletion of Paneth cells does not impair homeostasis
or regeneration (Durand et al. 2012; T.-H. Kim, Escudero, and Shivdasani 2012;
Metcalfe et al. 2014). Wnt and R-spondin proteins must therefore be provided by
extraepithelial cells. Subepithelial myofibroblasts (SEMFs), underlying intestinal crypts
were proposed to be such a source (Powell et al. 2011) since they support epithelial cell
growth in vitro by Wnt2b, Wnt4, and Wnt5a expression (Gregorieff et al. 2005).
However, selective inhibition of Wnt ligands from both epithelium and smooth
muscle/subepithelial myofibroblasts did not cause a loss of Wnt signaling within ISCs
in mice (San Roman et al. 2014). Very recently, Aoki and colleagues identified a
subpopulation of pericryptal FOXL1+/CD34+ (Forkhead box 11) mesenchymal cells,
describing these as an essential stem cell niche cells that expresses Wnt2b, -4, -5, R-

spondin -1 and -3 together with BMP inhibitors Gremlin 1/2. Foxl1+ cells are a small
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subset of mesenchymal subepithelial fibroblasts (Aoki et al. 2016). Deletion of these
cells reduces intestinal epithelial cell proliferation in mice, which is associated with
attenuated Wnt signaling and reduced expression of stem cell markers. Furthermore,
these CD34+ mesenchymal cells reacted to DSS induced inflammation by
overexpressing the stem cell niche, chemokine and inflammatory cytokines involved in
innate and adaptive immunity. These findings indicate a critical role of non-epithelial,

non-immune pericryptal mesenchymal cells.

Taken together, the mesenchymal compartment of the intestinal lamina propria contains
multiple cell populations carrying out a multitude of functions. These include
fibroblasts, myofibroblasts, pericytes, endothelial cells, enteric neuronal/glial and
smooth muscle cells (Powell et al. 2011). They dynamically interact with both epithelial
and immune cells, and their submucosal localization indicates their critical role in gut
homeostasis as well as their clear beneficial effect in physiological processes of
epithelial regenerative responses to barrier damage (Powell et al. 2011; Owens and
Simmons 2013). However, when inappropriately regulated, these cells have been shown
to contribute to many of the pathological and inflammatory mechanisms observed in
IBD, including worsening of inflammatory processes, dysregulated mucosal healing,
tissue damage and intestinal fibrosis. With the protocol described herein, it is possible to
isolate and culture a patient-derived heterogeneous population of epithelial and

mesenchymal cells underlying the crypt.

Patient- derived biopsies were enzymatically digested and seeded on collagen IV coated
culture dishes, where they rapidly attached within the first few hours of culture.
Subsequently cells migrated out of tissue fragments and started to proliferate. Even
though primary cells undergo enhanced cell death within the first week of culture,
which can be associated with the loss of all mature terminally differentiated cells

already present within the mucosal biopsy, cultures stabilize within the first two weeks.
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At this point the obtained cultures are morphologically correct, and show a mixture of
fibroblast-, epithelial- and neuronal-like cells (Figure 20) which can be rapidly

expanded, passaged more than 20 times until today and cryopreserved.
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Figure 20. Primary patient-derived epithelial niche cells. (A) Patient-derived biopsies were enzymatically
digested and seeded on collagen IV coated culture dishes, where they rapidly attached within the first few
hours of culture. Subsequently, cells migrated out of tissue fragments and started to proliferate. Cell
cultures stabilize within the first two weeks, and (B) show a mixture of fibroblast-, epithelial- and
neuronal-like cells, which can be rapidly expanded, passaged, and cryopreserved. Bar 50um

These features make these patient-derived primary cells a very useful and unique in-
vitro long term model to characterize possible dysfunctions in mesenchymal and

stromal cell compartment in IBD pathology.

Figure 21. Immunofluorescent staining of primary intestinal epithelial niche cells isolated from human
mucosal biopsies. The heterogeneous culture contains cells expressing CD34, B-I11 tubulin, P4H, TNFa.
A small subset of LGR5+ cells was maintained in culture. Bar 50pum.
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Furthermore, this system enables the exploration of individual responses of a given
patient to therapy, which would be invaluable for the personalisation of patient care in

the future.

A small proportion of LGR5+ epithelial stem cells was identified by immunofluorescent
staining, indicating the presence of intestinal stem cells within the culture (Figure 21).
Furthermore CD34+ mesenchymal cells which recently have been identified as a major
component of the intestinal stem cell niche were present and can be accounted for the
survival of LGR5+ cells in-vitro (Stzepourginski et al. 2017). Immunofluorescence
staining confirmed the expression of prolyl 4-hydroxylase (P4H, a key enzyme of
collagen biosynthesis, which is also a marker classically associated with fibroblast and
myoepithelial cells) in a large proportion of cultured cells which, at the same time, did
not express a-SMA neglecting their identity as activated myofibroblasts. Furthermore,
primary neuronal cells could be maintained in culture and their identity has been
confirmed by B-III tubulin staining (Figure 21). The origin of these cells could be
explained by the presence of the submucosal enteric plexus in mucosal biopsies. These
cells are of undeniable importance for gut homeostasis and function as discussed above,
and it is likely that they would not interfere negatively with analysis of future drug-
based assays, however future experiments are needed to confirm this. These cells could
also possibly originate from the mucosal glial cells, underlying the epithelium, which
are able to transdifferentiate into neurons in vitro (Joseph et al. 2011; Laranjeira et al.
2011). Since the exact mechanisms are unclear, further experiments have to be

performed for clarification of the origin and effect of these cells in primary culture.

In contrast to traditional cell lines, which often represent a homogeneous population of
cells, long term primary cell cultures of IBD patient-derived biopsies represent a
heterogeneous two-dimensional culture representing the epithelial niche compartment.

This might be especially useful for patient-specific analysis and pharmacological
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studies since they represent not only epithelial cells but also crypt surrounding cells of a
given patient. Immunofluorescent analysis confirmed that a high percentage of cells
within this culture express TNF-alpha (not quantified), the key pro-inflammatory
cytokine involved in IBD pathogenesis, they are clearly involved in inflammatory
processes. Furthermore, many patients develop specific complications such as fistulae,
fibrosis or colon cancer; processes that appear when the fine balance between ECM
synthesis and degradation is disturbed as discussed before. Given that mesenchymal
cells are the main drivers of tissue remodelling processes, it would be extremely useful
to clarify the response to treatment within the epithelial niche cell compartment before

starting treatment.

In this study, we were interested in the response towards Infliximab of a patient
suffering UC, before the patient was started on the therapy. In this context, we evaluated
the response of a patient presenting with severe mucosal inflammation along with
fibrotic stenosis. The patient has not been treated with anti-TNF-a yet, so treatment
outcome is unclear. The following patient-specific experiment is stimulating an example
of how the short-term biopsy-explant culture could be used in a personalized approach

of in-vitro pre-treatment screenings.

Epithelial niche cells were isolated from this patient as described in (3.4.3). In short, the
isolated cells were treated with Infliximab for 24h and mRNA expression was
subsequently quantified by qRT-PCR. Analysis included pro-/anti-inflammatory
cytokine expression (IL1B, IL6, TNFA, IL10) as well as factors involved in tissue

remodelling (MMP2, MMP9, MMP13, TGFB) and mucus layer (MUC?2)
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Figure 22. Example of an in-vitro pre-treatment screening via quantitative RT-PCR. Cells isolated from a
patient suffering UC, who has not been in therapy with anti-TNF-alpha yet, were treated with Infliximab
for 24h to predict a possible clinical outcome. A higher mRNA expression of pro-inflammatory cytokines
and a downregulation of /L/0, as well as an imbalanced mRNA expression of fibrotic mediators was
observed, suggesting that anti-TNF-alpha treatment in this patient would not be beneficial. Data are
shown as mean = SD of n=3 replicates of three independent experiments. Statistical significance was
calculated by Student’s t-test comparing samples treated with Infliximab to untreated samples (* p <0.05,
** p <0.01, *** p <0.001).

Isolated cells of the described patient reacted on the treatment with Infliximab with a
high upregulation of pro-inflammatory cytokines II-1B, 11-6 and TNF-a. As discussed
above (see 3.4.3) the ratio of TNFR1 and TNFR2 expression is important for the
balance of pro-apoptotic and pro-survival signaling, respectively. Moreover, the

expression of IL10 was negatively regulated due to treatment. These data indicate that

the anti-inflammatory effects of anti-TNFa might not be effective in this specific

85



patient. Furthermore, significantly upregulated MMP13 and TGFB together with a
downregulation of MMP2 and MMP9 indicates perturbations in tissue turnover and
involved fibrotic processes as discussed in previous section. Taken together this data

directs that anti- TNF-a treatment in the described patient would not be beneficial.

3.4.5 Establishment of colon organoid cultures

As discussed above, more physiologically relevant model systems serve to replace the
cell line-based assays, in order to better clarify the pathophysiological processes
associated with IBD development and progress (Ranga, Gjorevski, and Lutolf 2014).
The first published report of a culture system that of intestinal stem cells was describing
the culture of intestinal fragments containing both epithelial and mesenchymal cells
from neonatal mice. These cells were noteworthy as they were the first example of an in
vitro culture that was able to form the cyst-like structures of adult in vivo epithelium
(Ootani et al. 2009). A key advance in the field was achieved in 2009 by the
introduction of intestinal organoid cultures generated from adult LGR5+ mouse ISCs
(T. Sato et al. 2009). This system mimics the in-vivo environment of intestinal crypts,
providing appropriate soluble factors, such as EGF and R-Spondin1 to activate the EGF
and WNT pathways, respectively, as well as Noggin to inhibit BMP signaling (T. Sato
et al. 2009). In conjunction with 3-dimensional ECM hydrogels, these culture
conditions assured long-term culture of ISCs as organoids. The structure of these
organoids closely mimics the structural and functional aspects of the mammalian
intestinal epithelium, with a central lumen and surrounding structures representing
intestinal crypts. Within these crypt-like structures, ISCs retain their self-renewing
capacity, while the villus-like domain contains terminally differentiated cells such as

enterocytes, enteroendocrine cells or goblet cells representing differentiation processes
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that are mimicking the situation in the adult epithelium in vivo (T. Sato and Clevers

2013).

A ad
\y Patient derived

mucosal colon biopsie <™~ T 7] COLONIC CRYPT

Figure 23. Establishment of organoid cultures from patient-derived mucosal biopsies. Organoids can be
analyzed by immunofluorescence staining as demonstrated by DAPI staining. Also histological analyses
of the organoid structures are possible as demonstrated by Hematoxylin/Eosin staining.

In the current study, colonic crypts were successfully isolated from IBD patients and
were able to be maintained in long-term culture (Figure 23). The rapid expansion of
cultured organoids allowed preparation of patient-derived epithelium even from a small-
sized biopsy. Organoids can be maintained in long-term culture and experimental
conditions can be easily before samples are processed for analysis by

immunofluorescence or histology (Figure 23).
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3.4.6 Conclusion Part IV

In the present study three different in-vitro models of human epithelial primary cultures
were established. These models will be invaluable in the future prediction of treatment
outcomes for IBD patients. By using primary derived patient tissue, accurate drug

responses can be determined in vitro before patients begin therapy.

These short-term biopsy explant culture models offer the major advantage to provide a
full spectrum of cellular diversity of a given patient that could be useful for help
clinicians to define the correct management of gut inflammation, thus eliminating
unsuccessful therapies in the very early stages of medical care. Furthermore, long term-
epithelial cultures of patient-derived tissues (described herein as organoid cultures) will
be invaluable as they expand rapidly and therefore allow a large number of experiments
from a single mucosal biopsy. Lastly, patient-derived primary epithelial niche cells will
be a great medical and therapeutical benefit as they are present not only in the epithelial
compartment, but also in the crypt underlying mesenchymal cells, which are known

players in IBD pathology.

These features make these patient-derived primary cells a very useful and unique in-
vitro long term model to characterize possible dysfunctions in mesenchymal and
stromal cell compartment in IBD pathology. Furthermore, this system enables the
exploration of individual responses of a given patient to therapy, which would be

invaluable for the personalisation of patient care in the future.
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4 CONCLUSIONS AND
PERSPECTIVES

Taken together, the models described in this thesis display powerful tools to gain a
deeper understanding of processes underlying chronic intestinal inflammation. In
particular, the new three-dimensional model of the ENS, closely resembling the native
myenteric plexus, will be extremely useful in obtaining valuable insights into ENS
dysfunction, as well as the causes and consequences of its involvement in inflammatory
processes. With the prospect of demonstrating a beneficial effect of nutraceuticals as co-
adjuvants in the treatment of IBD, an experimental model of intestinal inflammation
was assessed using adult zebrafish to verify the anti-inflammatory activity of the herbal
preparation STWS5. Primary cell cultures of zebrafish ENS and intestinal epithelium
were developed in order to investigate the molecular mechanisms within specialized gut
compartments. Within primary ENS and epithelial cells, the protective effects of STW5
were verified to be regulated through Wnt3a and II-10. The effects of Wnt3a are
hypothesized to act, at least partly, through the Wnt receptor Frizzled-9, which was
demonstrated for the first time to be expressed within the adult zebrafish ENS and the

basal epithelial layer. In this context, it would be very interesting to investigate this
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relatively new player, FZD9, in the human epithelial and ENS compartment and
clarify its role in intestinal homeostasis and disease. Intestinal homeostasis was also
found to be associated with the extracellular protein fibrillin-1. Data obtained from
TSK/+, fibrillin mutant mice confirmed that Fibrillin-1 networks are important for
maintaining intestinal homeostasis and that structurally altered fibrillin-networks are
involved in inflammatory processes. Besides macroscopic changes with a reduction in
intestinal length, immune infiltrates and tissue alterations, the cytokine expression was
found to be extremely dysregulated. Structural changes and increased muscle layer
thickness within the colon wall indicate the initiation of fibrotic processes. Finally, the
herein described model systems of patient-derived epithelial tissue under different
aspects will be particularly useful for personalized assays and individual drug screening
that enable the prediction of a given patient’s response to treatment, a tool that will
become widespread in the future of IBD disease management. In order to achieve this,
several shortcomings have to be addressed, such as the culture conditions for mucosal
biopsies in order to prolong tissue survival and maintenance. In this context, a dynamic
culture system, rather than static culture conditions, may be used to overcome this
problem in the future. Epithelial organoids can be cultured from small-sized biopsies
and present a state of the art in vitro model of the intestinal epithelium. However, while
impressively reassembling the intestinal epithelium, they lack the mesenchymal cell
compartments that surround the crypts in vivo. The heterogenous patient-derived
epithelial niche cell-lines described in this thesis represent the natural neighbours of
intestinal epithelium. Co-culturing of organoids with epithelial niche cultures derived
from the same patient will further advance personalized cultures, and therefore presents

exciting new possibilities.

90



S5 REFERENCES

A. B. Kulkarni, S. Karlsson. 1993. “Transforming Growth Factor-Beta 1 Knockout
Mice. A Mutation in One Cytokine Gene Causes a Dramatic Inflammatory
Disease.” The American Journal of Pathology 143 (1): 3.

Adams, Josephine C, and Fiona M Watt. 1993. “Regulation of Development and
Differentiation by the Extracellular Matrix” 1198: 1183-98.

Ahmed, Waseem, and Seymour Katz. 2016. “Therapeutic Use of Cannabis in
Inflammatory Bowel Disease.” Gastroenterology & Hepatology 12 (11).
Millenium Medical Publishing: 668—79.

Alhouayek, Mireille, and Giulio G Muccioli. 2012. “The Endocannabinoid System in
Inflammatory Bowel Diseases: From Pathophysiology to Therapeutic
Opportunity.” Trends in Molecular Medicine 18 (10). Elsevier: 615-25.
doi:10.1016/j.molmed.2012.07.009.

Ali, S A, 1 S Pappas, and J G Parnavelas. 1998. “Collagen Type IV Promotes the
Differentiation of Neuronal Progenitors and Inhibits Astroglial Differentiation in
Cortical Cell Cultures.” Brain Research. Developmental Brain Research 110 (1):
31-38. http://www.ncbi.nlm.nih.gov/pubmed/9733911.

Alipour, Misagh, Deenaz Zaidi, Rosica Valcheva, Juan Jovel, Inés Martinez, Consolato
Sergi, Jens Walter, et al. 2016. “Mucosal Barrier Depletion and Loss of Bacterial
Diversity Are Primary Abnormalities in Paediatric Ulcerative Colitis.” Journal of
Crohn’s and Colitis 10 (4): 462—71. doi:10.1093/ecco-jcc/jjv223.

Allen, Irving C. 2011. “A NOD to Zebrafish Models of Inflammatory Bowel Disease
Pathogenesis.” Disease Models & Mechanisms 4 (6). Company of Biologists: 711—
12. doi:10.1242/dmm.008805.

91



Amasheh, Maren, Ingo Grotjohann, Salah Amasheh, Anja Fromm, Johan D. S6derholm,
Martin Zeitz, Michael Fromm, and Jorg-Dieter Schulzke. 2009. “Regulation of
Mucosal Structure and Barrier Function in Rat Colon Exposed to Tumor Necrosis
Factor Alpha and Interferon Gamma in Vitro: A Novel Model for Studying the
Pathomechanisms of Inflammatory Bowel Disease Cytokines.” Scandinavian
Journal of Gastroenterology 44 (10). Taylor & Francis: 1226-35.
doi:10.1080/00365520903131973.

Amiot, Aurelien, Jean-Charles Grimaud, Laurent Peyrin-Biroulet, Jerome Filippi,
Benjamin Pariente, Xavier Roblin, Anthony Buisson, et al. 2016. “Effectiveness
and Safety of Vedolizumab Induction Therapy for Patients With Inflammatory
Bowel Disease.” Clinical Gastroenterology and Hepatology 14 (11): 1593—
1601.e2. doi:10.1016/j.cgh.2016.02.016.

Aoki, Reina, Michal Shoshkes-Carmel, Nan Gao, Soona Shin, Catherine L May, Maria
L Golson, Adam M Zahm, et al. 2016. “Foxl1-Expressing Mesenchymal Cells
Constitute the Intestinal Stem Cell Niche.” Cellular and Molecular
Gastroenterology and Hepatology 2 (2): 175-88.
doi:10.1016/j.jcmgh.2015.12.004.

Ardizzone, Sandro, Gerolamo Bevivino, and Giovanni Monteleone. 2016. “Mongersen,
an Oral Smad7 Antisense Oligonucleotide, in Patients with Active Crohn’s
Disease.” Therapeutic ~Advances in Gastroenterology 9 (4): 527-32.
doi:10.1177/1756283X16636781.

Atreya, R, J Mudter, S Finotto, J Miillberg, T Jostock, S Wirtz, M Schiitz, et al. 2000.
“Blockade of Interleukin 6 Trans Signaling Suppresses T-Cell Resistance against
Apoptosis in Chronic Intestinal Inflammation: Evidence in Crohn Disease and
Experimental Colitis in Vivo.” Nature Medicine 6 (5): 583—88. doi:10.1038/75068.

Auteri, Michelangelo, Maria Grazia Zizzo, and Rosa Serio. 2015. “GABA and GABA
Receptors in the Gastrointestinal Tract: From Motility to Inflammation.”
Pharmacological Research 93 (March): 11-21. doi:10.1016/j.phrs.2014.12.001.

Awaad, Amani S., Reham M. El-Meligy, and Gamal A. Soliman. 2013. “Natural
Products in Treatment of Ulcerative Colitis and Peptic Ulcer.” Journal of Saudi
Chemical Society 17 (1). Elsevier: 101-24. doi:10.1016/J.JSCS.2012.03.002.

Awad, Wageha A, Claudia Hess, and Michael Hess. 2017. “Enteric Pathogens and Their
Toxin-Induced Disruption of the Intestinal Barrier through Alteration of Tight
Junctions in Chickens.” Toxins 9 (2). Multidisciplinary Digital Publishing Institute

92



(MDPI). doi:10.3390/toxins9020060.

Ayabe, T, D P Satchell, C L Wilson, W C Parks, M E Selsted, and A J Ouellette. 2000.
“Secretion of Microbicidal Alpha-Defensins by Intestinal Paneth Cells in Response
to Bacteria.” Nature Immunology 1 (2): 113—18. doi:10.1038/77783.

Babyatsky, M W, G Rossiter, and D K Podolsky. 1996. “Expression of Transforming
Growth Factors Alpha and Beta in Colonic Mucosa in Inflammatory Bowel
Disease.” Gastroenterology 110 (4): 975-84.
http://www.ncbi.nlm.nih.gov/pubmed/8613031.

Bailey, Jennifer R, Paul W Bland, John F Tarlton, lain Peters, Moganaden Moorghen,
Paul A Sylvester, Christopher S J Probert, and Christine V Whiting. 2012. “IL-13
Promotes Collagen Accumulation in Crohn’s Disease Fibrosis by down-Regulation
of Fibroblast MMP Synthesis: A Role for Innate Lymphoid Cells?” PloS One 7
(12): €52332. doi:10.1371/journal.pone.0052332.

Bamias, Giorgos, Mark R Nyce, Sarah A De La Rue, Fabio Cominelli, American
College of Physicians, and American Physiological Society. 2005. “New Concepts
in the Pathophysiology of Inflammatory Bowel Disease.” Annals of Internal
Medicine 143 (12): 895-904. http://www.ncbi.nlm.nih.gov/pubmed/16365470.

Bannerman, Peter G.C., Rhona Mirsky, and Kristjan R. Jessen. 1988. “Antigenic
Markers and Laminin Expression in Cultured Enteric Neural Cells.” Brain
Research 440 (1): 87-98. doi:10.1016/0006-8993(88)91161-4.

Barker, Nick. 2013. “Adult Intestinal Stem Cells: Critical Drivers of Epithelial
Homeostasis and Regeneration.” Nature Reviews Molecular Cell Biology 15 (1).
Nature Publishing Group: 19-33. doi:10.1038/nrm3721.

Barker, Nick, Johan H van Es, Jeroen Kuipers, Pekka Kujala, Maaike van den Born,
Miranda Cozijnsen, Andrea Haegebarth, et al. 2007. “Identification of Stem Cells
in Small Intestine and Colon by Marker Gene Lgr5.” Nature 449 (7165). Nature
Publishing Group: 1003-7. doi:10.1038/nature06196.

Barnett, Mark W, Carolyn E Fisher, Georgia Perona-Wright, and Jamie A Davies. 2002.
“Signalling by Glial Cell Line-Derived Neurotrophic Factor (GDNF) Requires
Heparan Sulphate Glycosaminoglycan.” Journal of Cell Science 115 (Pt 23):
4495-4503. http://www.ncbi.nlm.nih.gov/pubmed/12414995.

Bassotti, Gabrio, Elisabetta Antonelli, Vincenzo Villanacci, Marianna Salemme,
Manuela Coppola, and Vito Annese. 2014. “Gastrointestinal Motility Disorders in

Inflammatory Bowel Diseases.” World Journal of Gastroenterology 20 (1).

93



Baishideng Publishing Group Inc: 37-44. doi:10.3748/wjg.v20.11.37.

Bates, Jennifer M, Janie Akerlund, Erika Mittge, and Karen Guillemin. 2007. “Intestinal
Alkaline Phosphatase Detoxifies Lipopolysaccharide and Prevents Inflammation in
Zebrafish in Response to the Gut Microbiota.” Cell Host & Microbe 2 (6). NIH
Public Access: 371-82. d0i:10.1016/j.chom.2007.10.010.

Bax, Daniel V., Yashithra Mahalingam, Stuart Cain, Kieran Mellody, Lyle Freeman,
Kerri Younger, C. Adrian Shuttleworth, Martin J. Humphries, John R. Couchman,
and Cay M. Kielty. 2007. “Cell Adhesion to Fibrillin-1: Identification of an Arg-
Gly-Asp-Dependent Synergy Region and a Heparin-Binding Site That Regulates
Focal Adhesion Formation.” Journal of Cell Science 120 (8).

Bax, Daniel V, Sarah E Bernard, Amanda Lomas, Amanda Morgan, Jon Humphries, C
Adrian Shuttleworth, Martin J Humphries, and Cay M Kielty. 2003. “Cell
Adhesion to Fibrillin-1 Molecules and Microfibrils Is Mediated by Alpha 5 Beta 1
and Alpha v Beta 3 Integrins.” The Journal of Biological Chemistry 278 (36).
American Society for Biochemistry and Molecular Biology: 34605-16.
doi:10.1074/jbc.M303159200.

Bazzoni, Flavia, and Bruce Beutler. 1996. “The Tumor Necrosis Factor Ligand and
Receptor Families.” Edited by Jeffrey S. Flier and Lisa H. Underhill. New England
Journal of Medicine 334 (26): 1717-25. doi:10.1056/NEJM199606273342607.

Belai, A, P B Boulos, T Robson, and G Burnstock. 1997. “Neurochemical Coding in the
Small Intestine of Patients with Crohn’s Disease.” Gut 40 (6). BMJ Publishing
Group: 767-74.

Berkes, J, V K Viswanathan, S D Savkovic, and G Hecht. 2003. “Intestinal Epithelial
Responses to Enteric Pathogens: Effects on the Tight Junction Barrier, Ion
Transport, and Inflammation.” Gut 52 (3). BMJ Publishing Group: 439-51.
http://www.ncbi.nlm.nih.gov/pubmed/12584232.

Berns, Marc, and Daniel W. Hommes. 2016. “Anti-TNF-a Therapies for the Treatment
of Crohn’s Disease: The Past, Present and Future.” Expert Opinion on
Investigational Drugs 25 (2): 129-43. doi:10.1517/13543784.2016.1126247.

Bettelli, Estelle, Yijun Carrier, Wenda Gao, Thomas Korn, Terry B. Strom, Mohamed
Oukka, Howard L. Weiner, and Vijay K. Kuchroo. 2006. “Reciprocal
Developmental Pathways for the Generation of Pathogenic Effector TH17 and
Regulatory T Cells.” Nature 441 (7090): 235-38. doi:10.1038/nature04753.

Bevins, Charles L, and Nita H Salzman. 2011. “Paneth Cells, Antimicrobial Peptides

94



and Maintenance of Intestinal Homeostasis.” Nature Reviews. Microbiology 9 (5):
356—-68. doi:10.1038/nrmicro2546.

Beyak, M J, and S Vanner. 2005. “Inflammation-Induced Hyperexcitability of
Nociceptive Gastrointestinal DRG Neurones: The Role of Voltage-Gated Ion
Channels.” Neurogastroenterology and Motility : The Official Journal of the
European Gastrointestinal Motility Society 17 (2): 175-86.
http://www.ncbi.nlm.nih.gov/pubmed/15810172.

Blanpain, Cédric, and Benjamin D Simons. 2013. “Unravelling Stem Cell Dynamics by
Lineage Tracing.” Nature Reviews. Molecular Cell Biology 14 (8): 489-502.
doi:10.1038/nrm3625.

Boirivant, M, R Pica, R DeMaria, R Testi, F Pallone, and W Strober. 1996. “Stimulated
Human Lamina Propria T Cells Manifest Enhanced Fas-Mediated Apoptosis.” The
Journal of Clinical Investigation 98 (11): 2616-22. doi:10.1172/JCI119082.

Booms, P, A Ney, F Barthel, G Moroy, D Counsell, C Gille, G Guo, et al. 2006. “A
Fibrillin-1-Fragment Containing the Elastin-Binding-Protein GxxPG Consensus
Sequence  Upregulates Matrix  Metalloproteinase-1:  Biochemical and
Computational Analysis.” Journal of Molecular and Cellular Cardiology 40 (2):
234-46. doi:10.1016/j.yjmcc.2005.11.009.

Booms, Patrick, Reinhard Pregla, Andreas Ney, Frank Barthel, Dieter P Reinhardt,
Angelika Pletschacher, Stefan Mundlos, and Peter N Robinson. 2005. “RGD-
Containing Fibrillin-1 Fragments Upregulate Matrix Metalloproteinase Expression
in Cell Culture: A Potential Factor in the Pathogenesis of the Marfan Syndrome.”
Human Genetics 116 (1-2): 51-61. doi:10.1007/s00439-004-1194-7.

Brandtzaeg, Per. 2011. “The Gut as Communicator between Environment and Host:
Immunological Consequences.” FEuropean Journal of Pharmacology 668
(September): S16-32. doi:10.1016/j.ejphar.2011.07.006.

Brugman, Sylvia. 2016. “The Zebrafish as a Model to Study Intestinal Inflammation.”
Developmental and Comparative Immunology 64: 82-92.
doi:10.1016/5.dci.2016.02.020.

Burzynski, G, I T Shepherd, and H Enomoto. 2009. “Genetic Model System Studies of
the Development of the Enteric Nervous System, Gut Motility and Hirschsprung’s
Disease.” Neurogastroenterology and Motility : The Official Journal of the
European Gastrointestinal Motility Society 21 (2): 113-27. doi:10.1111/;.1365-
2982.2008.01256.x.

95



Bush, T G, T C Savidge, T C Freeman, H J Cox, E A Campbell, L Mucke, M H
Johnson, and M V Sofroniew. 1998. “Fulminant Jejuno-Ileitis Following Ablation
of Enteric Glia in Adult Transgenic Mice.” Cell 93 (2): 189-201.
http://www.ncbi.nlm.nih.gov/pubmed/9568712.

Calkins, B M. 1989. “A Meta-Analysis of the Role of Smoking in Inflammatory Bowel
Disease.” Digestive Diseases and Sciences 34 (12): 1841-54.

Cameron, H L, and M H Perdue. 2007. “Muscarinic Acetylcholine Receptor Activation
Increases Transcellular Transport of Macromolecules across Mouse and Human
Intestinal Epithelium in Vitro.” Neurogastroenterology and Motility : The Official
Journal of the European Gastrointestinal Motility Society 19 (1): 47-56.
doi:10.1111/5.1365-2982.2006.00845.x.

Card, T, R F A Logan, L C Rodrigues, and J] G Wheeler. 2004. “Antibiotic Use and the
Development of  Crohn’s Disease.” Gut 53 (2): 246-50.
http://www.ncbi.nlm.nih.gov/pubmed/14724158.

Carpentier, I, B Coornaert, and R Beyaert. 2004. “Function and Regulation of Tumor
Necrosis Factor Receptor Type 2.” Current Medicinal Chemistry 11 (16): 2205—
12. http://www.ncbi.nlm.nih.gov/pubmed/15279559.

Cerovic, Vuk, Calum C Bain, Allan M Mowat, and Simon W F Milling. 2014.
“Intestinal Macrophages and Dendritic Cells: What’s the Difference?” Trends in
Immunology 35 (6): 270-77. doi:10.1016/].1t.2014.04.003.

Chadi, Gerson, Vania Canterucci Gomide, Romeu Rodrigues de Souza, Rodrigo Torres
Scabello, and César Mauricio da Silva. 2004. “Basic Fibroblast Growth Factor,
Neurofilament, and Glial Fibrillary Acidic Protein Immunoreactivities in the
Myenteric Plexus of the Rat Esophagus and Colon.” Journal of Morphology 261
(3): 323-33. doi:10.1002/jmor.10252.

Chalazonitis, a, V M Tennyson, M C Kibbey, T P Rothman, and M D Gershon. 1997.
“The alphal Subunit of Laminin-1 Promotes the Development of Neurons by
Interacting with LBP110 Expressed by Neural Crest-Derived Cells
Immunoselected from the Fetal Mouse Gut.” Journal of Neurobiology 33 (2): 118—
38. http://www.ncbi.nlm.nih.gov/pubmed/9240369.

Chang, Chen-Wang, Jau-Min Wong, Chien-Chih Tung, I-Lun Shih, Horng-Yuan Wang,
and Shu-Chen Wei. 2015. “Intestinal Stricture in Crohn’s Disease.” Intestinal
Research 13 (1). Korean Association for the Study of Intestinal Diseases: 19-26.
doi:10.5217/ir.2015.13.1.19.

96



Chang, Minna, Liisa Chang, Hanna M. Chang, and Fuju Chang. 2017. “Intestinal and
Extraintestinal Cancers Associated With Inflammatory Bowel Disease.” Clinical
Colorectal Cancer, June. doi:10.1016/j.clcc.2017.06.009.

Chapman-Kiddell, Christine A., Peter S.W. Davies, Lynda Gillen, and Graham L.
Radford-Smith. 2010. “Role of Diet in the Development of Inflammatory Bowel
Disease.” Inflammatory Bowel Diseases 16 (1): 137-51. doi:10.1002/ibd.20968.

Chassaing, Benoit, and Arlette Darfeuille-Michaud. 2011. “The Commensal Microbiota
and Enteropathogens in the Pathogenesis of Inflammatory Bowel Diseases.”
Gastroenterology 140 (6): 1720-28. doi:10.1053/j.gastro.2011.01.054.

Chinnaiyan, A M, K O’Rourke, M Tewari, and V M Dixit. 1995. “FADD, a Novel
Death Domain-Containing Protein, Interacts with the Death Domain of Fas and
Initiates Apoptosis.” Cell 81 (4): 505-12.
http://www.ncbi.nlm.nih.gov/pubmed/7538907.

Clayburgh, Daniel R, Terrence A Barrett, Yueming Tang, Jon B Meddings, Linda J Van
Eldik, D Martin Watterson, Lane L Clarke, Randall J Mrsny, and Jerrold R Turner.
2005. “Epithelial Myosin Light Chain Kinase-Dependent Barrier Dysfunction
Mediates T Cell Activation-Induced Diarrhea in Vivo.” The Journal of Clinical
Investigation 115 (10). American Society for Clinical Investigation: 2702-15.
doi:10.1172/1CI124970.

Clayburgh, Daniel R, Le Shen, and Jerrold R Turner. 2004. “A Porous Defense: The
Leaky Epithelial Barrier in Intestinal Disease.” Laboratory Investigation 84 (3):
282-91. doi:10.1038/labinvest.3700050.

Conconi, Maria T, Silvia Bellini, Debora Teoli, Paolo de Coppi, Domenico Ribatti,
Beatrice Nico, Enea Simonato, et al. 2009. “In Vitro and in Vivo Evaluation of
Acellular Diaphragmatic Matrices Seeded with Muscle Precursors Cells and
Coated with VEGF Silica Gels to Repair Muscle Defect of the Diaphragm.”
Journal of Biomedical Materials Research. Part A 89 (2): 304-16.
doi:10.1002/jbm.a.31982.

Conconi, Maria Teresa, Paolo De Coppi, Rosa Di Liddo, Simonetta Vigolo, Giovanni
Franco Zanon, Pier Paolo Parnigotto, and Gastone Giovanni Nussdorfer. 2005.
“Tracheal Matrices, Obtained by a Detergent-Enzymatic Method, Support in Vitro
the Adhesion of Chondrocytes and Tracheal Epithelial Cells.” Transplant
International : Official Journal of the European Society for Organ Transplantation
18 (6): 727-34. doi:10.1111/5.1432-2277.2005.00082 ..

97



Cornet, a, T C Savidge, J Cabarrocas, W L Deng, J F Colombel, H Lassmann, P
Desreumaux, and R S Liblau. 2001. “Enterocolitis Induced by Autoimmune
Targeting of Enteric Glial Cells: A Possible Mechanism in Crohn’s Disease?”
Proceedings of the National Academy of Sciences of the United States of America
98 (23): 13306—11. doi:10.1073/pnas.231474098.

Cosnes, Jacques, Stéphane Cattan, Antoine Blain, Laurent Beaugerie, Franck
Carbonnel, Rolland Parc, and Jean-Pierre Gendre. 2002. “Long-Term Evolution of
Disease Behavior of Crohn’s Disease.” Inflammatory Bowel Diseases 8 (4): 244—
50. http://www.ncbi.nlm.nih.gov/pubmed/12131607.

Cosnes, Jacques, Corinne Gower—Rousseau, Philippe Seksik, and Antoine Cortot. 2011.
“Epidemiology and Natural History of Inflammatory Bowel Diseases.”
Gastroenterology 140 (6): 1785—1794.e4. doi:10.1053/j.gastro.2011.01.055.

Crapo, Peter M, Thomas W Gilbert, and Stephen F Badylak. 2011. “An Overview of
Tissue and Whole Organ Decellularization Processes.” Biomaterials 32 (12):
3233-43. doi:10.1016/j.biomaterials.2011.01.057.

Crawford, Monica, and Jeffrey R Curtis. 2008. “Tumor Necrosis Factor Inhibitors and
Infection Complications.” Current Rheumatology Reports 10 (5). NIH Public
Access: 383—89. http://www.ncbi.nlm.nih.gov/pubmed/18817643.

Crowell, Michael D. 2004. “Role of Serotonin in the Pathophysiology of the Irritable
Bowel Syndrome.” British Journal of Pharmacology 141 (8). Wiley-Blackwell:
1285-93. doi:10.1038/sj.bjp.0705762.

Curciarello, Renata, Guillermo H Docena, and Thomas T MacDonald. 2017. “The Role
of Cytokines in the Fibrotic Responses in Crohn’s Disease.” Frontiers in Medicine
4. Frontiers Media SA: 126. doi:10.3389/fmed.2017.00126.

Daig, R, T Andus, E Aschenbrenner, W Falk, J Scholmerich, and V Gross. 1996.
“Increased Interleukin 8 Expression in the Colon Mucosa of Patients with
Inflammatory Bowel Disease.” Gut 38 (2): 216-22.
http://www.ncbi.nlm.nih.gov/pubmed/8801200.

Dall’Olmo, Luigi, Ilenia Zanusso, Rosa Di Liddo, Tatiana Chioato, Thomas Bertalot,
Enrica Guidi, and Maria Teresa Conconi. 2014. “Blood Vessel-Derived Acellular
Matrix for Vascular Graft Application.” BioMed Research International 2014
(January): 685426. doi:10.1155/2014/685426.

De Bruyn, Magali, Jennifer Vandooren, Estefania Ugarte-Berzal, Ingrid Arijs, Séverine

Vermeire, and Ghislain Opdenakker. 2016. “The Molecular Biology of Matrix

98



Metalloproteinases and Tissue Inhibitors of Metalloproteinases in Inflammatory
Bowel Diseases.” Critical Reviews in Biochemistry and Molecular Biology 51 (5):
295-358. doi:10.1080/10409238.2016.1199535.

De Carlo, E, S Baiguera, M T Conconi, S Vigolo, C Grandi, S Lora, C Martini, et al.
2010. “Pancreatic Acellular Matrix Supports Islet Survival and Function in a
Synthetic Tubular Device: In Vitro and in Vivo Studies.” International Journal of
Molecular Medicine 25 (2): 195-202.
http://www.ncbi.nlm.nih.gov/pubmed/20043127.

De Filippo, C., D. Cavalieri, M. Di Paola, M. Ramazzotti, J. B. Poullet, S. Massart, S.
Collini, G. Pieraccini, and P. Lionetti. 2010. “Impact of Diet in Shaping Gut
Microbiota Revealed by a Comparative Study in Children from Europe and Rural
Africa.” Proceedings of the National Academy of Sciences 107 (33): 14691-96.
doi:10.1073/pnas.1005963107.

de la Motte, Carol A. 2011. “Hyaluronan in Intestinal Homeostasis and Inflammation:
Implications for Fibrosis.” American Journal of Physiology. Gastrointestinal and
Liver Physiology 301 (6): G945-9. doi:10.1152/ajpgi.00063.2011.

De Souza, Heitor S. P., and Claudio Fiocchi. 2015. “Immunopathogenesis of IBD:
Current State of the Art.” Nature Reviews Gastroenterology & Hepatology 13 (1).
Nature Research: 13-27. doi:10.1038/nrgastro.2015.186.

De Souza, Heitor S P, Gail A West, Nancy Rebert, Carol de la Motte, Judy Drazba, and
Claudio Fiocchi. 2012. “Increased Levels of Survivin, via Association with Heat
Shock Protein 90, in Mucosal T Cells from Patients with Crohn’s Disease.”
Gastroenterology 143 (4): 1017-26.€9. doi:10.1053/j.gastro.2012.06.039.

Di Liddo, Rosa, Thomas Bertalot, Anne Schuster, Sandra Schrenk, Alessia Tasso, Ilenia
Zanusso, Maria Conconi, and Karl Schéfer. 2015. “Anti-Inflammatory Activity of
Wnt Signaling in Enteric Nervous System: In Vitro Preliminary Evidences in Rat
Primary Cultures.” Journal of Neuroinflammation 12 (1): 23. doi:10.1186/s12974-
015-0248-1.

Di Sabatino, A, N Battista, P Biancheri, C Rapino, L Rovedatti, G Astarita, A Vanoli, et
al. 2011. “The Endogenous Cannabinoid System in the Gut of Patients with
Inflammatory Bowel Disease.” doi:10.1038/mi.2011.18.

Dominguez-Bello, Maria Gloria, Martin J. Blaser, Ruth E. Ley, and Rob Knight. 2011.
“Development of the Human Gastrointestinal Microbiota and Insights From High-

Throughput Sequencing.” Gastroenterology 140 (6): 1713-19.

99



doi:10.1053/j.gastro.2011.02.011.

Dorofeyev, A E, I V Vasilenko, O A Rassokhina, and R B Kondratiuk. 2013. “Mucosal
Barrier in Ulcerative Colitis and Crohn’s Disease.” Gastroenterology Research
and Practice 2013 (May). Hindawi: 431231. doi:10.1155/2013/431231.

Dotan, Iris, Sigal Fishman, Yaara Dgani, Mikael Schwartz, Amir Karban, Aaron Lerner,
Oori Weishauss, et al. 2006. “Antibodies against Laminaribioside and Chitobioside
Are Novel Serologic Markers in Crohn’s Disease.” Gastroenterology 131 (2): 366—
78. doi:10.1053/j.gastro.2006.04.030.

Dryden, Gerald W. 2009. “Overview of Biologic Therapy for Crohn’s Disease.” Expert
Opinion on Biological Therapy 9 (8): 967-74. do0i:10.1517/14712590903048909.

Duerr, R. H., K. D. Taylor, S. R. Brant, J. D. Rioux, M. S. Silverberg, M. J. Daly, A. H.
Steinhart, et al. 2006. “A Genome-Wide Association Study Identifies IL23R as an
Inflammatory Bowel Disease Gene.” Science 314 (5804): 1461-63.
doi:10.1126/science.1135245.

Durand, Aurélie, Bridgitte Donahue, Grégory Peignon, Franck Letourneur, Nicolas
Cagnard, Christian Slomianny, Christine Perret, Noah F Shroyer, and Béatrice
Romagnolo. 2012. “Functional Intestinal Stem Cells after Paneth Cell Ablation
Induced by the Loss of Transcription Factor Mathl (Atohl).” Proceedings of the
National Academy of Sciences of the United States of America 109 (23): 8965-70.
doi:10.1073/pnas.1201652109.

Eckburg, P. B., Elisabeth M Bik, Charles N Bernstein, Elizabeth Purdom, Les
Dethlefsen, Michael Sargent, Steven R Gill, Karen E Nelson, and David A
Relman. 2005. “Diversity of the Human Intestinal Microbial Flora.” Science 308
(5728): 1635-38. doi:10.1126/science.1110591.

Ek, Weronica E, Mauro D’Amato, and Jonas Halfvarson. 2014. “The History of
Genetics in Inflammatory Bowel Disease.” Annals of Gastroenterology 27 (4). The
Hellenic Society of Gastroenterology: 294-303.
http://www.ncbi.nlm.nih.gov/pubmed/25331623.

Elphick, David, Susan Liddell, and Yashwant R Mahida. 2008. “Impaired Luminal
Processing of Human Defensin-5 in Crohn’s Disease: Persistence in a Complex
with Chymotrypsinogen and Trypsin.” The American Journal of Pathology 172
(3): 702—13. doi:10.2353/ajpath.2008.070755.

Fakhoury, Marc, Hani Al-Salami, Rebecca Negrulj, and Armin Mooranian. 2014.

“Inflammatory Bowel Disease: Clinical Aspects and Treatments.” Journal of

100



Inflammation Research 7 (June): 113. doi:10.2147/JIR.S65979.

Fantini, Massimo C., Angelamaria Rizzo, Daniele Fina, Roberta Caruso, Massimiliano
Sarra, Carmine Stolfi, Christoph Becker, et al. 2009. “Smad7 Controls Resistance
of Colitogenic T Cells to Regulatory T Cell-Mediated Suppression.”
Gastroenterology 136 (4). Elsevier: 1308-1316.€3.
doi:10.1053/j.gastro.2008.12.053.

Felder, Joseph B., Burton I. Korelitz, Ramona Rajapakse, Samuel Schwarz, Angelo P.
Horatagis, and Gilbert Gleim. 2000. “Effects of Nonsteroidal Antiinflammatory
Drugs on Inflammatory Bowel Disease: A Case-Control Study.” The American
Journal of  Gastroenterology 95 (8): 1949-54. doi:10.1111/.1572-
0241.2000.02262 .

Fénero, Camila Ideli Morales. 2016. “Inflammatory Diseases Modelling in Zebrafish.”
World Journal of Experimental Medicine 6 (1): 9. doi:10.5493/wjem.v6.11.9.

Fichtner—Feigl, Stefan, Cheryl A. Young, Atsushi Kitani, Edward K. Geissler, Hans—
Jirgen Schlitt, and Warren Strober. 2008. “IL-13 Signaling via IL-13Ra2 Induces
Major Downstream Fibrogenic Factors Mediating Fibrosis in Chronic TNBS
Colitis.” Gastroenterology 135 (6): 2003-2013.¢7.
doi:10.1053/j.gastro.2008.08.055.

Fiocchi, C., and P. K. Lund. 2011. “Themes in Fibrosis and Gastrointestinal
Inflammation.” AJP: Gastrointestinal and Liver Physiology 300 (5): G677-83.
doi:10.1152/ajpgi.00104.2011.

Fisher, Sheila A, Mark Tremelling, Carl A Anderson, Rhian Gwilliam, Suzannah
Bumpstead, Natalie J Prescott, Elaine R Nimmo, et al. 2008. “Genetic
Determinants of Ulcerative Colitis Include the ECM1 Locus and Five Loci
Implicated in Crohn’s Disease.” Nature Genetics 40 (6): 710-12.
doi:10.1038/ng.145.

Foureau, D. M., D. W. Mielcarz, L. C. Menard, J. Schulthess, C. Werts, V. Vasseur, B.
Ryftel, L. H. Kasper, and D. Buzoni-Gatel. 2010. “TLR9-Dependent Induction of
Intestinal -Defensins by Toxoplasma Gondii.” The Journal of Immunology 184
(12): 7022-29. doi:10.4049/jimmunol.0901642.

Franchi, Luigi, Nobuhiko Kamada, Yuumi Nakamura, Aaron Burberry, Peter Kuffa,
Shiho Suzuki, Michael H Shaw, Yun-Gi Kim, and Gabriel Nufiez. 2012. “NLRC4-
Driven Production of IL-1p Discriminates between Pathogenic and Commensal

Bacteria and Promotes Host Intestinal Defense.” Nature Immunology 13 (5): 449—

101



56. doi:10.1038/ni.2263.

Franke, Andre, Tobias Balschun, Tom H Karlsen, Jurgita Sventoraityte, Susanna
Nikolaus, Gabriele Mayr, Francisco S Domingues, et al. 2008. “Sequence Variants
in IL10, ARPC2 and Multiple Other Loci Contribute to Ulcerative Colitis
Susceptibility.” Nature Genetics 40 (11): 1319-23. doi:10.1038/ng.221.

Frisch, M, and G Gridley. 2002. “Appendectomy in Adulthood and the Risk of
Inflammatory Bowel Diseases.” Scandinavian Journal of Gastroenterology 37
(10): 1175-77. http://www.ncbi.nlm.nih.gov/pubmed/12408522.

Fukuda, Shinji, Hidehiro Toh, Koji Hase, Kenshiro Oshima, Yumiko Nakanishi,
Kazutoshi Yoshimura, Toru Tobe, et al. 2011. “Bifidobacteria Can Protect from
Enteropathogenic Infection through Production of Acetate.” Nature 469 (7331):
543-47. doi:10.1038/nature09646.

Furness, John B. 2012. “The Enteric Nervous System and Neurogastroenterology.”
Nature Reviews. Gastroenterology & Hepatology 9 (5). Nature Publishing Group:
286-94. doi:10.1038/nrgastro.2012.32.

Furness, John Barton. 2006. The Enteric Nervous System.

Fuss, 1 J, M Neurath, M Boirivant, J S Klein, C de la Motte, S A Strong, C Fiocchi, and
W Strober. 1996. “Disparate CD4+ Lamina Propria (LP) Lymphokine Secretion
Profiles in Inflammatory Bowel Disease. Crohn’s Disease LP Cells Manifest
Increased Secretion of IFN-Gamma, Whereas Ulcerative Colitis LP Cells Manifest
Increased Secretion of 1L-5.” Journal of Immunology (Baltimore, Md. : 1950) 157
(3): 1261-70. http://www.ncbi.nlm.nih.gov/pubmed/8757634.

Gan, S Ian, and P L Beck. 2003. “A New Look at Toxic Megacolon: An Update and
Review of Incidence, Etiology, Pathogenesis, and Management.” The American
Journal of Gastroenterology 98 (11): 2363-71. doi:10.1111/5.1572-
0241.2003.07696.x.

Ganz, Tomas. 2003. “Defensins: Antimicrobial Peptides of Innate Immunity.” Nature
Reviews  Immunology 3 (9). Nature Publishing Group: 710-20.
doi:10.1038/nri1180.

Gardi, C, P A Martorana, M M de Santi, P van Even, and G Lungarella. 1989. “A
Biochemical and Morphological Investigation of the Early Development of
Genetic Emphysema in Tight-Skin Mice.” Experimental and Molecular Pathology
50 (3): 398-410. http://www.ncbi.nlm.nih.gov/pubmed/2721656.

Gayraud, B, D R Keene, L Y Sakai, and F Ramirez. 2000. “New Insights into the

102



Assembly of Extracellular Microfibrils from the Analysis of the Fibrillin 1
Mutation in the Tight Skin Mouse.” The Journal of Cell Biology 150 (3): 667-80.
http://www.ncbi.nlm.nih.gov/pubmed/10931876.

Geboes, K, and S Collins. 1998. “Structural Abnormalities of the Nervous System in
Crohn’s Disease and Ulcerative Colitis.” Neurogastroenterology and Motility : The
Official Journal of the European Gastrointestinal Motility Society 10 (3): 189-202.
http://www.ncbi.nlm.nih.gov/pubmed/9659662.

Gent, A E, M D Hellier, R H Grace, E T Swarbrick, and D Coggon. 1994.
“Inflammatory Bowel Disease and Domestic Hygiene in Infancy.” Lancet
(London, England) 343 (8900): 766—67.
http://www.ncbi.nlm.nih.gov/pubmed/7907734.

Gersemann, M., J. Wehkamp, and E. F. Stange. 2012. “Innate Immune Dysfunction in
Inflammatory Bowel Disease.” Journal of Internal Medicine 271 (5): 421-28.
doi:10.1111/5.1365-2796.2012.02515.x.

Gershon, M D, and T P Rothman. 1991. “Enteric Glia.” Glia 4 (2): 195-204.
doi:10.1002/glia.440040211.

Gevers, Dirk, Subra Kugathasan, Lee A. Denson, Yoshiki Vazquez-Baeza, Will
Van Treuren, Boyu Ren, Emma Schwager, et al. 2014. “The Treatment-Naive
Microbiome in New-Onset Crohn’s Disease.” Cell Host & Microbe 15 (3): 382—
92. doi:10.1016/j.chom.2014.02.005.

Godet, P G, G R May, and L R Sutherland. 1995. “Meta-Analysis of the Role of Oral
Contraceptive Agents in Inflammatory Bowel Disease.” Gut 37 (5): 668-73.
http://www.ncbi.nlm.nih.gov/pubmed/8549943.

Gordon, Ilyssa O., Neha Agrawal, John R. Goldblum, Claudio Fiocchi, and Florian
Rieder. 2014. “Fibrosis in Ulcerative Colitis.” Inflammatory Bowel Diseases 20
(11): 2198-2206. doi:10.1097/MIB.0000000000000080.

Gorelik, Leonid, and Richard A Flavell. 2002. “Transforming Growth Factor-Beta in T-
Cell Biology.” Nature Reviews. Immunology 2 (1): 46—53. doi:10.1038/nr1704.
Gracie, David J, and Alexander C Ford. 2017. “Ongoing Symptoms in Ulcerative
Colitis Patients in Remission: Irritable Bowel Syndrome or Gastrointestinal
Symptoms in the Absence of Inflammation?”” Inflammatory Bowel Diseases 23 (1):

E4-5. doi:10.1097/MIB.0000000000000984.

Graham, M F, R F Diegelmann, C O Elson, W J Lindblad, N Gotschalk, S Gay, and R

Gay. 1988. “Collagen Content and Types in the Intestinal Strictures of Crohn’s

103



Disecase.” Gastroenterology 94 (2): 257-65.
http://www.ncbi.nlm.nih.gov/pubmed/3335305.

Graham, Victoria, Jane Khudyakov, Pamela Ellis, and Larysa Pevny. 2003. “SOX2
Functions to Maintain Neural Progenitor Identity.” Neuron 39 (5): 749—65.

Greenstein, A J, D B Sachar, A Gibas, D Schrag, T Heimann, H D Janowitz, and A H
Aufses. 1985. “Outcome of Toxic Dilatation in Ulcerative and Crohn’s Colitis.”
Journal of Clinical Gastroenterology 7 (2): 137-43.
http://www.ncbi.nlm.nih.gov/pubmed/4008909.

Greenwood, B, and M Mantle. 1992. “Mucin and Protein Release in the Rabbit
Jejunum: Effects of Bethanechol and Vagal Nerve Stimulation.” Gastroenterology
103 (2): 496-505. http://www.ncbi.nlm.nih.gov/pubmed/1353042.

Gregorieff, Alex, Daniel Pinto, Harry Begthel, Olivier Destrée, Menno Kielman, and
Hans Clevers. 2005. “Expression Pattern of Wnt Signaling Components in the
Adult Intestine.” Gastroenterology 129 (2): 626-38.
doi:10.1016/j.gastro.2005.06.007.

Grundmann, David, Markus Klotz, Holger Rabe, Matthias Glanemann, and Karl-
Herbert Schifer. 2015. “Isolation of High-Purity Myenteric Plexus from Adult
Human and Mouse Gastrointestinal Tract.” Scientific Reports 5 (January). Nature
Publishing Group: 9226. doi:10.1038/srep09226.

Grundy, David, and Simon Brookes. 2011. “Neural Control of Gastrointestinal
Function.” Colloquium Series on Integrated Systems Physiology: From Molecule
to Function 3 (9). Morgan & Claypool Life Sciences : 1-134.
doi:10.4199/C00048ED1V01Y201111ISP030.

Gulati, Ajay S, Michael T Shanahan, Janelle C Arthur, Emily Grossniklaus, Richard J
von Furstenberg, Lieselotte Kreuk, Susan J Henning, Christian Jobin, and R
Balfour Sartor. 2012. “Mouse Background Strain Profoundly Influences Paneth
Cell Function and Intestinal Microbial Composition.” Edited by Stefan Bereswill.
PloS One 7 (2): €32403. doi:10.1371/journal.pone.0032403.

Gulbransen, Brian D, and Keith a Sharkey. 2012. “Novel Functional Roles for Enteric
Glia in the Gastrointestinal Tract.” Nature Reviews. Gastroenterology &
Hepatology 9 (11). Nature Publishing Group: 625-32.
doi:10.1038/nrgastro.2012.138.

Guzman, Javier Rivera, Victoria Susan Conlin, and Christian Jobin. 2013. “Diet,

Microbiome, and the Intestinal Epithelium: An Essential Triumvirate?” BioMed

104



Research International 2013: 425146. doi:10.1155/2013/425146.

Hagl, Cornelia Irene, Elvira Wink, Sabrina Scherf, Sabine Heumiiller-Klug, Barbara
Hausott, and Karl-Herbert Schéfer. 2013. “FGF2 Deficit during Development
Leads to Specific Neuronal Cell Loss in the Enteric Nervous System.”
Histochemistry and Cell Biology 139 (1): 47-57. doi:10.1007/s00418-012-1023-3.

Hampe, Jochen, Andre Franke, Philip Rosenstiel, Andreas Till, Markus Teuber, Klaus
Huse, Mario Albrecht, et al. 2007. “A Genome-Wide Association Scan of
Nonsynonymous SNPs Identifies a Susceptibility Variant for Crohn Disease in
ATG16L1.” Nature Genetics 39 (2): 207-11. doi:10.1038/ng1954.

Hansen, Richard, Richard K Russell, Caroline Reiff, Petra Louis, Freda Mclntosh,
Susan H Berry, Indrani Mukhopadhya, et al. 2012. “Microbiota of de-Novo
Pediatric IBD: Increased Faecalibacterium Prausnitzii and Reduced Bacterial
Diversity in Crohn’s but Not in Ulcerative Colitis.” The American Journal of
Gastroenterology 107 (12): 1913-22. doi:10.1038/ajg.2012.335.

Harrison, O. J., and F. M. Powrie. 2013. “Regulatory T Cells and Immune Tolerance in
the Intestine.” Cold Spring Harbor Perspectives in Biology 5 (7): a018341—
a018341. doi:10.1101/cshperspect.a018341.

Hart, Ailsa L., Hafid Omar Al-Hassi, Rachael J. Rigby, Sally J. Bell, Anton V.
Emmanuel, Stella C. Knight, Michael a. Kamm, and Andrew J. Stagg. 2005.
“Characteristics of Intestinal Dendritic Cells in Inflammatory Bowel Diseases.”
Gastroenterology 129 (1): 50—65. doi:10.1053/j.gastro.2005.05.013.

Heanue, Tiffany A., lain T Shepherd, and Alan J Burns. 2016. “Enteric Nervous System
Development in Avian and Zebrafish Models.” Developmental Biology 417 (2).
Academic Press: 129-38. doi:10.1016/J.YDBIO.2016.05.017.

Heanue, Tiffany a, and Vassilis Pachnis. 2006. “Expression Profiling the Developing
Mammalian Enteric Nervous System Identifies Marker and Candidate
Hirschsprung Disease Genes.” Proceedings of the National Academy of Sciences of

the United States of America 103 (18): 6919-24. doi1:10.1073/pnas.0602152103.

. 2011. “Prospective Identification and Isolation of Enteric Nervous System
Progenitors Using Sox2.” Stem Cells (Dayton, Ohio) 29 (1): 128-40.
doi:10.1002/stem.557.

Helander, Herbert F, and Lars Féandriks. 2014. “Surface Area of the Digestive Tract —
Revisited.” Scandinavian Journal of Gastroenterology 49 (6): 681-89.
doi:10.3109/00365521.2014.898326.

105



Heller, F, P Florian, C Bojarski, J Richter, M Christ, B Hillenbrand, J] Mankertz, et al.
2005. “Interleukin-13 Is the Key Effector Th2 Cytokine in Ulcerative Colitis That
Affects Epithelial Tight Junctions, Apoptosis, and Cell Restitution.”
Gastroenterology 129 (2): 550-64. doi:10.1016/j.gastro.2005.05.002.

Hildebrand, Hans, Petter Malmborg, Johan Askling, Anders Ekbom, and Scott M
Montgomery. 2008. “Early-Life Exposures Associated with Antibiotic Use and
Risk of Subsequent Crohn’s Disease.” Scandinavian Journal of Gastroenterology
43 (8): 961-66. http://www.ncbi.nlm.nih.gov/pubmed/19086166.

Homer, Craig R, Amy L. Richmond, Nancy A Rebert, Jean-Paul Achkar, and Christine
McDonald. 2010. “ATG16L1 and NOD2 Interact in an Autophagy-Dependent
Antibacterial Pathway Implicated in Crohn’s Disease Pathogenesis.”
Gastroenterology 139 (5): 163041, 1641-2. doi:10.1053/j.gastro.2010.07.006.

Honda, Kenya, and Dan R. Littman. 2012. “The Microbiome in Infectious Disease and
Inflammation.”  Annual  Review of Immunology 30 (1): 759-95.
doi:10.1146/annurev-immunol-020711-074937.

Hooper, Lora V., and Andrew J. Macpherson. 2010. “Immune Adaptations That
Maintain Homeostasis with the Intestinal Microbiota.” Nature Reviews
Immunology 10 (3): 159—69. d0i:10.1038/nri2710.

Hsu, H, J Xiong, and D V Goeddel. 1995. “The TNF Receptor 1-Associated Protein
TRADD Signals Cell Death and NF-Kappa B Activation.” Cell 81 (4): 495-504.
http://www.ncbi.nlm.nih.gov/pubmed/7758105.

Hur, Sun Jin, Sung Ho Kang, Ho Sung Jung, Sang Chul Kim, Hyun Soo Jeon, Ick Hee
Kim, and Jae Dong Lee. 2012. “Review of Natural Products Actions on Cytokines
in Inflammatory Bowel Disease.” MNutrition Research 32 (11): 801-16.
doi:10.1016/j.nutres.2012.09.013.

Hyland, Niall P., and John F. Cryan. 2010. “A Gut Feeling about GABA: Focus on
GABAB Receptors.” Frontiers in Pharmacology 1: 124.
doi:10.3389/fphar.2010.00124.

Hynes, Richard O. 2009. “The Extracellular Matrix: Not Just Pretty Fibrils.” Science
(New York, N.Y.) 326 (5957): 1216-19. doi:10.1126/science.1176009.

Ina, Kenji, Jugoh Itoh, Kouhei Fukushima, Kazuo Kusugami, Takeo Yamaguchi,
Kazuhiro Kyokane, Akira Imada, et al. 1999. “Resistance of Crohn’s Disease T
Cells to Multiple Apoptotic Signals Is Associated with a Bcl-2/Bax Mucosal
Imbalance.” The Journal of Immunology 163 ().

106



http://www.jimmunol.org/content/163/2/1081.

Ingels, F, B Beck, M Oth, and P Augustijns. 2004. “Effect of Simulated Intestinal Fluid
on Drug Permeability Estimation across Caco-2 Monolayers.” International
Journal of Pharmaceutics 274 (1-2): 221-32. doi:10.1016/j.ijpharm.2004.01.014.

Isgar, B, M Harman, M D Kaye, and P J Whorwell. 1983. “Symptoms of Irritable
Bowel Syndrome in Ulcerative Colitis in Remission.” Gut 24 (3): 190-92.
http://www.ncbi.nlm.nih.gov/pubmed/6826101.

Jess, Tine, Lene Riis, Cathrine Jespersgaard, Lotte Hougs, Paal Skytt Andersen,
Marianne K Orholm, Vibeke Binder, and Pia Munkholm. 2005. “Disease
Concordance, Zygosity, and NOD2/CARDI15 Status: Follow-up of a Population-
Based Cohort of Danish Twins with Inflammatory Bowel Disease.” The American
Journal of Gastroenterology 100 (11): 2486-92. doi:10.1111/5.1572-
0241.2005.00224 x.

Jiminez, Janelle A., Trina C. Uwiera, G. Douglas Inglis, and Richard R. E. Uwiera.
2015. “Animal Models to Study Acute and Chronic Intestinal Inflammation in
Mammals.” Gut Pathogens 7 (1). BioMed Central: 29. doi:10.1186/s13099-015-
0076-y.

Johansson, Malin E. V., and Gunnar C. Hansson. 2016. “Immunological Aspects of
Intestinal Mucus and Mucins.” Nature Reviews Immunology 16 (10): 639—49.
doi:10.1038/nri.2016.88.

Johansson, Malin E. V., M. Phillipson, J. Petersson, A. Velcich, L. Holm, and G. C.
Hansson. 2008. “The Inner of the Two Muc2 Mucin-Dependent Mucus Layers in
Colon Is Devoid of Bacteria.” Proceedings of the National Academy of Sciences
105 (39): 15064—69. doi:10.1073/pnas.0803124105.

Johansson, Malin E V, Jenny K Gustafsson, Jessica Holmén-Larsson, Karolina S
Jabbar, Lijun Xia, Hua Xu, Fayez K Ghishan, et al. 2014. “Bacteria Penetrate the
Normally Impenetrable Inner Colon Mucus Layer in Both Murine Colitis Models
and Patients with Ulcerative Colitis.” Gut 63 (2). BMJ Publishing Group: 281-91.
doi:10.1136/gutjnl-2012-303207.

Johnson, Laura A, Eva S Rodansky, Kay L Sauder, Jeffrey C Horowitz, Justin D Mih,
Daniel J Tschumperlin, and Peter D Higgins. 2013. “Matrix Stiffness
Corresponding to Strictured Bowel Induces a Fibrogenic Response in Human
Colonic Fibroblasts.” [Inflammatory Bowel Diseases 19 (5): 891-903.
doi:10.1097/M1B.0b013e3182813297.

107



Joseph, Nancy M., Shenghui He, Elsa Quintana, Yun-Gi Kim, Gabriel Nufiez, and Sean
J. Morrison. 2011. “Enteric Glia Are Multipotent in Culture but Primarily Form
Glia in the Adult Rodent Gut.” Journal of Clinical Investigation 121 (9): 3398—
3411. doi:10.1172/JCI58186.

Kaartinen, Vesa, and David Warburton. 2003. “Fibrillin Controls TGF-f Activation.”
Nature Genetics 33 (3). Nature Publishing Group: 331-32. doi:10.1038/ng0303-
331.

Kamada, Nobuhiko, Tadakazu Hisamatsu, Susumu Okamoto, Hiroshi Chinen, Taku
Kobayashi, Toshiro Sato, Atsushi Sakuraba, et al. 2008. “Unique CDI14 +
Intestinal Macrophages Contribute to the Pathogenesis of Crohn Disease via IL-23
/ TFN- vy Axis” 118 (6). doi:10.1172/JCI34610DS1.

Kanai, T, M Watanabe, A Okazawa, T Sato, M Yamazaki, S Okamoto, H Ishii, et al.
2001. “Macrophage-Derived IL-18-Mediated Intestinal Inflammation in the
Murine Model of Crohn’s Disease.” Gastroenterology 121 (4): 875-88.
http://www.ncbi.nlm.nih.gov/pubmed/11606501.

Kanther, Michelle, and John F Rawls. 2010. “Host-Microbe Interactions in the
Developing Zebrafish.” Current Opinion in Immunology 22 (1): 10-19.
do0i:10.1016/j.c01.2010.01.006.

Kanther, Michelle, Xiaolun Sun, Marcus Miihlbauer, Lantz C Mackey, Edward J Flynn,
Michel Bagnat, Christian Jobin, John F Rawls, and John F. Rawls. 2011.
“Microbial Colonization Induces Dynamic Temporal and Spatial Patterns of NF-
kB Activation in the Zebrafish Digestive Tract.” Gastroenterology 141 (1). NIH
Public Access: 197-207. doi:10.1053/j.gastro.2011.03.042.

Kaplan, Gilaad G. 2015. “The Global Burden of IBD: From 2015 to 2025.” Nature
Reviews Gastroenterology & Hepatology 12 (12): 720-217.
doi:10.1038/nrgastro.2015.150.

Katakura, Kyoko, Jongdae Lee, Daniel Rachmilewitz, Gloria Li, Lars Eckmann, and
Eyal Raz. 2005. “Toll-like Receptor 9-Induced Type I IFN Protects Mice from
Experimental Colitis.” The Journal of Clinical Investigation 115 (3): 695-702.
doi:10.1172/JCI22996.

Ke, Fei, Praveen Kumar Yadav, and Liu Zhan Ju. 2012. “Herbal Medicine in the
Treatment of Ulcerative Colitis.” Saudi Journal of Gastroenterology : Olfficial
Journal of the Saudi Gastroenterology Association 18 (1). Wolters Kluwer --
Medknow Publications: 3—10. doi:10.4103/1319-3767.91726.

108



Keighley, M R, D Eastwood, N S Ambrose, R N Allan, and D W Burdon. 1982.
“Incidence and Microbiology of Abdominal and Pelvic Abscess in Crohn’s
Disease.” Gastroenterology 83 (6): 1271-75.
http://www.ncbi.nlm.nih.gov/pubmed/7129031.

Kerdnen, U, T Kiviluoto, H Jarvinen, N Back, E Kivilaakso, and S Soinila. 1995.
“Changes in Substance P-Immunoreactive Innervation of Human Colon Associated
with Ulcerative Colitis.” Digestive Diseases and Sciences 40 (10): 2250-58.
http://www.ncbi.nlm.nih.gov/pubmed/7587798.

Khayyal, M T, M Seif-El-Nasr, M A El-Ghazaly, S N Okpanyi, O Kelber, and D
Weiser. 2006. “Mechanisms Involved in the Gastro-Protective Effect of STW 5
(Iberogast S ) and Its Components against Ulcers and Rebound Acidity.”
Phytomedicine 13: 56—66. doi:10.1016/j.phymed.2006.03.019.

Kim, Doe-Young, and Michael Camilleri. 2000. “Serotonin: A Mediator of the Brain-
Gut Connection.” The American Journal of Gastroenterology 95 (10): 2698-2709.
doi:10.1111/5.1572-0241.2000.03177..x.

Kim, Tae-Hee, Silvia Escudero, and Ramesh A Shivdasani. 2012. “Intact Function of
Lgr5 Receptor-Expressing Intestinal Stem Cells in the Absence of Paneth Cells.”
Proceedings of the National Academy of Sciences of the United States of America
109 (10). National Academy of Sciences: 3932-37. doi:10.1073/pnas.1113890109.

Kim, Young S., and Samuel B. Ho. 2010. “Intestinal Goblet Cells and Mucins in Health
and Disease: Recent Insights and Progress.” Current Gastroenterology Reports 12
(5). Current Science Inc.: 319-30. doi:10.1007/s11894-010-0131-2.

Kirchgessner, Annette L, Min-tsai Liu, and Frederick Alcantara. 1997. “Excitotoxicity
in the Enteric Nervous System” 17 (22): 8804—16.

Kirkland, Donna, Alicia Benson, Julie Mirpuri, Reed Pifer, Baidong Hou, Anthony L
DeFranco, and Felix Yarovinsky. 2012. “B Cell-Intrinsic MyD88 Signaling
Prevents the Lethal Dissemination of Commensal Bacteria during Colonic
Damage.” Immunity 36 (2): 228-38. doi:10.1016/j.immuni.2011.11.019.

Kissin, Eugene Y, Raphael Lemaire, Joseph H Korn, and Robert Lafyatis. 2002.
“Transforming Growth Factor Beta Induces Fibroblast Fibrillin-1 Matrix
Formation.” Arthritis and Rheumatism 46 (11): 3000-3009. doi:10.1002/art.10621.

Kitajima, S, M Morimoto, E Sagara, C Shimizu, and Y Ikeda. 2001. “Dextran Sodium
Sulfate-Induced Colitis in Germ-Free 1QI/Jic Mice.” Experimental Animals 50 (5):
387-95. http://www.ncbi.nlm.nih.gov/pubmed/11769541.

109



Kobayashi, T, S Okamoto, T Hisamatsu, N Kamada, H Chinen, R Saito, M T Kitazume,
et al. 2008. “IL23 Differentially Regulates the Th1/Th17 Balance in Ulcerative
Colitis and Crohn’s Disease.” Gut 57 (12): 1682-89.
doi:10.1136/gut.2007.135053.

Koutroubakis, L.LE., and I.G. Vlachonikolis. 2000. “Appendectomy and the Development
of Ulcerative Colitis: Results of a Metaanalysis of Published Case-Control
Studies.” The American Journal of Gastroenterology 95 (1): 171-76.
doi:10.1111/5.1572-0241.2000.01680.x.

Koutroubakis, I E, E Petinaki, P Dimoulios, E Vardas, M Roussomoustakaki, A N
Maniatis, and E A Kouroumalis. 2003. “Serum Laminin and Collagen IV in
Inflammatory Bowel Disease.” Journal of Clinical Pathology 56 (11). BMIJ Group:
817-20. http://www.ncbi.nlm.nih.gov/pubmed/14600124.

Kozuch, Patricia L, and Stephen B Hanauer. 2008. “Treatment of Inflammatory Bowel
Disease: A Review of Medical Therapy.” World Journal of Gastroenterology 14
(3): 354-77. http://www.ncbi.nlm.nih.gov/pubmed/18200659.

Krantis, Anthony. 2000. “GABA in the Mammalian Enteric Nervous System.” News in
Physiological Sciences : An International Journal of Physiology Produced Jointly
by the International Union of Physiological Sciences and the American
Physiological Society 15 (December): 284-90.
http://www.ncbi.nlm.nih.gov/pubmed/11390928.

Kiihn, R, J Lohler, D Rennick, K Rajewsky, and W Miiller. 1993. “Interleukin-10-
Deficient Mice Develop Chronic Enterocolitis.” Cell 75 (2): 263-74.
http://www.ncbi.nlm.nih.gov/pubmed/8402911.

Kumagai, S, H Ohtani, T Nagai, K Funa, N O Hiwatashi, Shimosegawa, and H Nagura.
2001. “Platelet-Derived Growth Factor and Its Receptors Are Expressed in Areas
of Both Active Inflammation and Active Fibrosis in Inflammatory Bowel Disease.”
The Tohoku Journal of Experimental Medicine 195 (1): 21-33.
http://www.ncbi.nlm.nih.gov/pubmed/11780721.

Kuroda, T, M Ueda, M Nakano, and M Sacki. 1994. “Altered Production of Nerve
Growth Factor in Aganglionic Intestines.” Journal of Pediatric Surgery 29 (2):
288-92-3. http://www.ncbi.nlm.nih.gov/pubmed/8176607.

Lakatos, Gabor, Ferenc Sipos, Pal Miheller, Istvan Hritz, Maria Zsofia Varga, Mark
Juhész, Béla Molnar, Zsolt Tulassay, and Laszl6 Herszényi. 2012. “The Behavior
of Matrix Metalloproteinase-9 in Lymphocytic Colitis, Collagenous Colitis and

110



Ulcerative Colitis.” Pathology & Oncology Research 18 (1): 85-91.
doi:10.1007/s12253-011-9420-9.

Lake, Jonathan I, and Robert O Heuckeroth. 2013. “Enteric Nervous System
Development: Migration, Differentiation, and Disease.” American Journal of
Physiology.  Gastrointestinal —and Liver  Physiology 305 (1): GI1-24.
doi:10.1152/ajpgi.00452.2012.

Lakhan, Shaheen E, Annette Kirchgessner, MA Engel, MF Neurath, SM Collins, P
Blennerhassett, DL Vermillion, et al. 2010. “Neuroinflammation in Inflammatory
Bowel Disease.” Journal of Neuroinflammation 7 (1). BioMed Central: 37.
doi:10.1186/1742-2094-7-37.

Langholz, E., P. Munkholm, M. Davidsen, O. H. Nielsen, and V. Binder. 1996.
“Changes in Extent of Ulcerative Colitis A Study on the Course and Prognostic
Factors.” Scandinavian Journal of Gastroenterology 31 (3). Taylor & Francis:
260—-66. doi:10.3109/00365529609004876.

Laranjeira, Catia, Katarina Sandgren, Nicoletta Kessaris, William Richardson,
Alexandre Potocnik, Pieter Vanden Berghe, and Vassilis Pachnis. 2011. “Glial
Cells in the Mouse Enteric Nervous System Can Undergo Neurogenesis in
Response to Injury” 121 (9). doi:10.1172/JCI58200DS]1.

Latella, Giovanni, Jacopo Di Gregorio, Vincenzo Flati, Florian Rieder, and Ian C
Lawrance. 2015. “Mechanisms of Initiation and Progression of Intestinal Fibrosis
in IBD.” Scandinavian Journal of Gastroenterology 50 (1). Informa Healthcare:
53-65. do0i:10.3109/00365521.2014.968863.

Lathrop, Stephanie K., Seth M. Bloom, Sindhuja M. Rao, Katherine Nutsch, Chan-
Wang Lio, Nicole Santacruz, Daniel A. Peterson, Thaddeus S. Stappenbeck, and
Chyi-Song Hsieh. 2011. “Peripheral Education of the Immune System by Colonic
Commensal Microbiota.” Nature 478 (7368): 250-54. doi:10.1038/nature10434.

Leblond, C. P., and C. E. Stevens. 1948. “The Constant Renewal of the Intestinal
Epithelium in the Albino Rat.” The Anatomical Record 100 (3). Wiley
Subscription Services, Inc., A Wiley Company: 357-717.
doi:10.1002/ar.1091000306.

Lee, Jongdae, Ji-Hun Mo, Kyoko Katakura, Irit Alkalay, Adam N Rucker, Yu-Tsueng
Liu, Hyun-Ku Lee, et al. 2006a. “Maintenance of Colonic Homeostasis by
Distinctive Apical TLR9 Signalling in Intestinal Epithelial Cells.” Nature Cell
Biology 8 (12): 1327-36. doi:10.1038/ncb1500.

111



. 2006b. “Maintenance of Colonic Homeostasis by Distinctive Apical TLR9
Signalling in Intestinal Epithelial Cells.” Nature Cell Biology 8 (12): 1327-36.
doi:10.1038/ncb1500.

Lein, P. J. 1991. “The NC1 Domain of Type IV Collagen Promotes Axonal Growth in
Sympathetic Neurons through Interaction with the Alpha 1 Beta 1 Integrin.” The
Journal of Cell Biology 113 (2): 417-28. doi:10.1083/jcb.113.2.417.

Lemaire, Raphael, Julie Bayle, and Robert Lafyatis. 2006. “Fibrillin in Marfan
Syndrome and Tight Skin Mice Provides New Insights into Transforming Growth
Factor-Beta Regulation and Systemic Sclerosis.” Current Opinion in
Rheumatology 18 (6): 582—87. d0i:10.1097/01.bor.0000245719.64393.57.

Letourneau, P C, M L Condic, and D M Snow. 1994. “Interactions of Developing
Neurons with the Extracellular Matrix.” The Journal of Neuroscience : The Olfficial
Journal of the Society for Neuroscience 14 (3 Pt 1) 915-28.
http://www.ncbi.nlm.nih.gov/pubmed/8120634.

Lewis, James D., and Maria T. Abreu. 2017. “Diet as a Trigger or Therapy for
Inflammatory Bowel Diseases.” Gastroenterology 152 (2): 398-414.¢e6.
doi:10.1053/j.gastro.2016.10.019.

Lieberkiihn, J.N. 1745. Dissertatio Anatomico-Physiologica de Fabrica et Actione
Villorum ... - Johann Nathanael Lieberkiihn - Google Libri.

Lin, Agueda, Sandra Lourenssen, Roger D P Stanzel, and Michael G Blennerhassett.
2005. “Nerve Growth Factor Sensitivity Is Broadly Distributed among Myenteric
Neurons of the Rat Colon.” The Journal of Comparative Neurology 490 (2): 194—
206. doi:10.1002/cne.20654.

Littman, Dan R, and Eric G Pamer. 2011. “Role of the Commensal Microbiota in
Normal and Pathogenic Host Immune Responses.” Cell Host & Microbe 10 (4):
311-23. doi:10.1016/j.chom.2011.10.004.

Liu, Jimmy Z, Suzanne van Sommeren, Hailiang Huang, Siew C Ng, Rudi Alberts,
Atsushi Takahashi, Stephan Ripke, et al. 2015. “Association Analyses Identify 38
Susceptibility Loci for Inflammatory Bowel Disease and Highlight Shared Genetic
Risk across Populations.” Nature Genetics 47 (9): 979-86. doi:10.1038/ng.3359.

Liu, Jinghua, Nancy M Walker, Matthew T Cook, Akifumi Ootani, and Lane L Clarke.
2012. “Functional Cftr in Crypt Epithelium of Organotypic Enteroid Cultures from
Murine Small Intestine.” American Journal of Physiology. Cell Physiology 302
(10): C1492-503. doi:10.1152/ajpcell.00392.2011.

112



Livak, Kenneth J., and Thomas D. Schmittgen. 2001. “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the 2—AACT Method.”
Methods 25 (4): 402—8. doi:10.1006/meth.2001.1262.

Lodes, Michael J., Yingzi Cong, Charles O. Elson, Raodoh Mohamath, Carol J.
Landers, Stephan R. Targan, Madeline Fort, and Robert M. Hershberg. 2004.
“Bacterial Flagellin Is a Dominant Antigen in Crohn Disease.” Journal of Clinical
Investigation 113 (9): 1296-1306. doi:10.1172/JCI120295.

Lozupone, Catherine A, Jesse I Stombaugh, Jeffrey I Gordon, Janet K Jansson, and Rob
Knight. 2012. “Diversity, Stability and Resilience of the Human Gut Microbiota.”
Nature 489 (7415). NIH Public Access: 220-30. doi:10.1038/nature11550.

Lu, Pengfei, Ken Takai, Valerie M Weaver, and Zena Werb. 2011. “Extracellular
Matrix Degradation and Remodeling in Development and Disease.” Cold Spring
Harbor Perspectives in Biology 3 (12). doi:10.1101/cshperspect.a005058.

Macchiarini, Paolo, Philipp Jungebluth, Tetsuhiko Go, M Adelaide Asnaghi, Louisa E
Rees, Tristan a Cogan, Amanda Dodson, et al. 2008. “Clinical Transplantation of a
Tissue-Engineered Airway.” Lancet 372 (9655). Elsevier Ltd: 2023-30.
doi:10.1016/S0140-6736(08)61598-6.

Mackey, Ann Corken, Lanh Green, Li-ching Liang, Patricia Dinndorf, and Mark
Avigan. 2007. “Hepatosplenic T Cell Lymphoma Associated With Infliximab Use
in Young Patients Treated for Inflammatory Bowel Disease.” Journal of Pediatric
Gastroenterology and Nutrition 44 (2): 265-67.
doi:10.1097/MPG.0b013e31802f6424.

Madisch, A., G. Holtmann, G. Mayr, B. Vinson, and J. Hotz. 2004. “Treatment of
Functional Dyspepsia with a Herbal Preparation.” Digestion 69 (1): 45-52.
doi:10.1159/000076546.

Mammadov, Busra, Rashad Mammadov, Mustafa O Guler, and Ayse B Tekinay. 2012.
“Cooperative Effect of Heparan Sulfate and Laminin Mimetic Peptide Nanofibers
on the Promotion of Neurite Outgrowth.” Acta Biomaterialia 8 (6): 2077-86.
doi:10.1016/j.actbio.2012.02.006.

Man, Si Ming, Nadeem O. Kaakoush, and Hazel M. Mitchell. 2011. “The Role of
Bacteria and Pattern-Recognition Receptors in Crohn’s Disease.” Nature Reviews
Gastroenterology & Hepatology 8 (3): 152—68. doi:10.1038/nrgastro.2011.3.

Manetti, Mirko, Elena Neumann, Anna Franca Milia, Ingo H Tarner, Paolo Bechi,

Marco Matucci-Cerinic, Lidia Ibba-Manneschi, and Ulf Miiller-Ladner. 2007.

113



“Severe Fibrosis and Increased Expression of Fibrogenic Cytokines in the Gastric
Wall of Systemic Sclerosis Patients.” Arthritis and Rheumatism 56 (10): 3442—47.
doi:10.1002/art.22940.

Manne, Jayanthi, Marina Markova, Linda D Siracusa, and Sergio A Jimenez. 2013.
“Collagen Content in Skin and Internal Organs of the Tight Skin Mouse: An
Animal Model of Scleroderma.” Biochemistry Research International 2013:
436053. doi:10.1155/2013/436053.

Mastropaolo, Mariangela, Maria Grazia Zizzo, Michelangelo Auteri, Flavia Mule, and
Rosa Serio. 2013. “Arginine Vasopressin, via Activation of Post-Junctional V1
Receptors, Induces Contractile Effects in  Mouse Distal Colon.”
doi:10.1016/j.regpep.2013.10.005.

Matsuoka, Katsuyoshi, and Takanori Kanai. 2015. “The Gut Microbiota and
Inflammatory Bowel Disease.” Seminars in Immunopathology 37 (1). Springer:
47-55. doi:10.1007/s00281-014-0454-4.

Mawe, G M, D S Strong, and K a Sharkey. 2009. “Plasticity of Enteric Nerve Functions
in the Inflamed and Postinflamed Gut.” Neurogastroenterology and Motility : The
Official Journal of the European Gastrointestinal Motility Society 21 (5): 481-91.
doi:10.1111/5.1365-2982.2009.01291 .x.

Mayne, Christopher G., and Calvin B. Williams. 2013. “Induced and Natural
Regulatory T Cells in the Development of Inflammatory Bowel Disease.”
Inflammatory Bowel Diseases 19 (8): 1772-88.
doi:10.1097/MIB.0b013e318281f5a3.

Mazmanian, Sarkis K, June L Round, and Dennis L Kasper. 2008. “A Microbial
Symbiosis Factor Prevents Intestinal Inflammatory Disease.” Nature 453 (7195):
620-25. doi:10.1038/nature07008.

McGovern, Dermot P B, Agnés Gardet, Leif Torkvist, Philippe Goyette, Jonah Essers,
Kent D Taylor, Benjamin M Neale, et al. 2010. “Genome-Wide Association
Identifies Multiple Ulcerative Colitis Susceptibility Loci.” Nature Genetics 42 (4):
332-37. doi:10.1038/ng.549.

McGuckin, Michael A., Rajaraman Eri, Lisa A. Simms, Timothy H.J. Florin, and
Graham Radford-Smith. 2009. “Intestinal Barrier Dysfunction in Inflammatory
Bowel Diseases.” Inflammatory Bowel Diseases 15 (1): 100-113.
doi:10.1002/ibd.20539.

McLean, Peter G., Richard A. Borman, and Kevin Lee. 2007. “5-HT in the Enteric

114



Nervous System: Gut Function and Neuropharmacology.” Trends in Neurosciences
30 (1): 9—-13. doi:10.1016/j.tins.2006.11.002.

Medzhitov, Ruslan. 2007. “Recognition of Microorganisms and Activation of the
Immune Response.” Nature 449 (7164): 819-26. doi:10.1038/nature06246.

Metcalfe, Ciara, Noelyn M. Kljavin, Ryan Ybarra, and Frederic J. de Sauvage. 2014.
“Lgr5+ Stem Cells Are Indispensable for Radiation-Induced Intestinal
Regeneration.” Cell Stem Cell 14 (2): 149-59. do0i:10.1016/j.stem.2013.11.008.

Michael, Sebastian, Olaf Kelber, Sunna Hauschildt, Katharina Spanel-Borowski, and
Karen Nieber. 2009. “Inhibition of Inflammation-Induced Alterations in Rat Small
Intestine by the Herbal Preparations STW 5 and STW 6.” Phytomedicine :
International Journal of Phytotherapy and Phytopharmacology 16 (2-3): 161-71.
doi:10.1016/j.phymed.2008.10.011.

Miele, E, F Pascarella, L Quaglietta, E Giannetti, L Greco, R Troncone, and A Staiano.
2007. “Altered Intestinal Permeability Is Predictive of Early Relapse in Children
with Steroid-Responsive Ulcerative Colitis.” Alimentary Pharmacology &
Therapeutics 25 (8): 933-39. do0i:10.1111/j.1365-2036.2007.03291 .x.

Mitsuyama, K., M. Sata, and S Rosejohn. 2006. “Interleukin-6 Trans-Signaling in
Inflammatory Bowel Disease.” Cytokine & Growth Factor Reviews 17 (6): 451—
61. doi:10.1016/j.cytogfr.2006.09.003.

Moehle, Christoph, Nikolaus Ackermann, Thomas Langmann, Charalampos Aslanidis,
Alexander Kel, Olga Kel-Margoulis, Anna Schmitz-Madry, Alexandra Zahn,
Wolfgang Stremmel, and Gerd Schmitz. 2006. “Aberrant Intestinal Expression and
Allelic Variants of Mucin Genes Associated with Inflammatory Bowel Disease.”
Journal of Molecular Medicine 84 (12): 1055—66. doi:10.1007/s00109-006-0100-
2.

Monteleone, G, A Kumberova, N M Croft, C McKenzie, H W Steer, and T T
MacDonald. 2001. “Blocking Smad7 Restores TGF-betal Signaling in Chronic
Inflammatory Bowel Disease.” The Journal of Clinical Investigation 108 (4): 601—
9. doi:10.1172/JCI12821.

Moore, M W, R D Klein, I Farifias, H Sauer, M Armanini, H Phillips, L F Reichardt, A
M Ryan, K Carver-Moore, and A Rosenthal. 1996. “Renal and Neuronal
Abnormalities in Mice Lacking GDNF.” Nature 382 (6586): 76-79.
doi:10.1038/382076a0.

Moum, Bjorn, Anders Ekbom, Morten H. Vatn, and Kjell Elgjo. 1999. “Change in the

115



Extent of Colonoscopic and Histological Involvement in Ulcerative Colitis over
Time.” The American Journal of Gastroenterology 94 (6): 1564—69.
doi:10.1111/5.1572-0241.1999.01145 .x.

Mow, William S, Eric A Vasiliauskas, Ying-Chao Lin, Phillip R Fleshner, Konstantinos
A Papadakis, Kent D Taylor, Carol J Landers, et al. 2004. “Association of
Antibody Responses to Microbial Antigens and Complications of Small Bowel
Crohn’s Disease.” Gastroenterology 126 (2): 414-24.
http://www.ncbi.nlm.nih.gov/pubmed/14762777.

Mulholland, M W, G Romanchuk, K Lally, and D M Simeone. 1994. “Nerve Growth
Factor Promotes Neurite Outgrowth in Guinea Pig Myenteric Plexus Ganglia.” The
American  Journal  of  Physiology 267 (4 Pt 1) G716-22.
http://www.ncbi.nlm.nih.gov/pubmed/7943336.

Murdoch, Travis B, Wei Xu, Joanne M Stempak, Carol Landers, Stephan R Targan,
Jerome I Rotter, and Mark S Silverberg. 2012. “Pattern Recognition Receptor and
Autophagy Gene Variants Are Associated with Development of Antimicrobial
Antibodies in Crohn’s Disease.” Inflammatory Bowel Diseases 18 (9): 1743-48.
doi:10.1002/ibd.22884.

Murphy, Kenneth M, and Brigitta Stockinger. 2010. “Effector T Cell Plasticity:
Flexibility in the Face of Changing Circumstances.” Nature Immunology 11 (8):
674-80. doi:10.1038/ni.1899.

Neunlist, M, P Aubert, S Bonnaud, L. Van Landeghem, E Coron, T Wedel, P Naveilhan,
et al. 2007. “Enteric Glia Inhibit Intestinal Epithelial Cell Proliferation Partly
through a TGF-betal-Dependent Pathway.” American Journal of Physiology.
Gastrointestinal and Liver Physiology 292 (1): G231-41.
doi:10.1152/ajpgi.00276.2005.

Neunlist, M, P Aubert, C Toquet, T Oreshkova, J Barouk, P A Lehur, M Schemann, and
J P Galmiche. 2003. “Changes in Chemical Coding of Myenteric Neurones in
Ulcerative Colitis.” Gut 52 (1). BMIJ Publishing Group: 84-90.
http://www.ncbi.nlm.nih.gov/pubmed/12477766.

Neunlist, Michel, Férial Toumi, Tsvetelina Oreschkova, Marc Denis, Joel Leborgne,
Christian L. Laboisse, Jean-Paul Galmiche, and Anne Jarry. 2003. “Human ENS
Regulates the Intestinal Epithelial Barrier Permeability and a Tight Junction-
Associated Protein ZO-1 via VIPergic Pathways.” American Journal of Physiology
- Gastrointestinal ~— and  Liver  Physiology 285 (5): G1028-36.

116



doi:10.1152/ajpgi.00066.2003.

Neurath, Markus F. 2014. “Cytokines in Inflammatory Bowel Disease.” Nature Reviews
Immunology 14 (5): 329-42. doi:10.1038/nri3661.

Neutra, M R. 1998. “Current Concepts in Mucosal Immunity. V Role of M Cells in
Transepithelial Transport of Antigens and Pathogens to the Mucosal Immune
System.” The American Journal of Physiology 274 (5 Pt 1): G785-91.
http://www.ncbi.nlm.nih.gov/pubmed/9612256.

Ng, Annie N Y, Tanya A de Jong-Curtain, David J] Mawdsley, Sara J White, Jimann
Shin, Bruce Appel, P Duc Si Dong, Didier Y R Stainier, and Joan K Heath. 2005.
“Formation of the Digestive System in Zebrafish: III. Intestinal Epithelium
Morphogenesis.” Developmental Biology 286 (1): 114-35.
doi:10.1016/5.ydbi0.2005.07.013.

O’Sullivan, Shane, John F Gilmer, and Carlos Medina. 2015. ‘“Matrix
Metalloproteinases in Inflammatory Bowel Disease: An Update.” Mediators of
Inflammation 2015 (January): 964131. doi:10.1155/2015/964131.

Oehlers, Stefan H., Maria Vega Flores, Christopher J. Hall, Kazuhide S. Okuda, John
Oliver Sison, Kathryn E. Crosier, and Philip S. Crosier. 2013. “Chemically
Induced Intestinal Damage Models in Zebrafish Larvae.” Zebrafish 10 (2): 184-93.
doi:10.1089/zeb.2012.0824.

Olivieri, Jacopo, Silvia Smaldone, Francesco Ramirez, CM Kielty, JM Sherratt, A
Marson, C Baldock, et al. 2010. “Fibrillin Assemblies: Extracellular Determinants
of Tissue Formation and Fibrosis.” Fibrogenesis & Tissue Repair 3 (1). BioMed
Central: 24. doi:10.1186/1755-1536-3-24.

Ootani, Akifumi, Xingnan Li, Eugenio Sangiorgi, Quoc T Ho, Hiroo Ueno, Shuji Toda,
Hajime Sugihara, et al. 2009. “Sustained in Vitro Intestinal Epithelial Culture
within a Wnt-Dependent Stem Cell Niche.” Nature Medicine 15 (6): 701-6.
doi:10.1038/nm.1951.

Oshima, Tadayuki, Hiroto Miwa, and Takashi Joh. 2008. “Changes in the Expression of
Claudins in Active Ulcerative Colitis.” Journal of Gastroenterology and
Hepatology 23 (December): S146—50. doi:10.1111/5.1440-1746.2008.05405.x.

Otte, Jan-Michel, Tan M Rosenberg, and Daniel K Podolsky. 2003. “Intestinal
Myofibroblasts in Innate Immune Responses of the Intestine.” Gastroenterology
124 (7): 1866—78. doi:10.1016/S0016-5085(03)00403-7.

Ottillinger, Bertram, Martin Storr, Peter Malfertheiner, and Hans-Dieter Allescher.

117



2013. “STW 5 (Iberogast®)--a Safe and Effective Standard in the Treatment of
Functional Gastrointestinal Disorders.” Wiener Medizinische Wochenschrift (1946)
163 (3—4): 65-72. doi:10.1007/s10354-012-0169-x.

Ouellette, André J. 2010. “Paneth Cells and Innate Mucosal Immunity.” Current
Opinion in Gastroenterology 26 (6): 547-53.
doi:10.1097/MOG.0b013e32833dccde.

Owens, B M J, and A Simmons. 2013. “Intestinal Stromal Cells in Mucosal Immunity
and Homeostasis.” Mucosal Immunology 6 (2): 224-34. d0i:10.1038/mi.2012.125.

Pablos, J L, E T Everett, and J S Norris. 2004. “The Tight Skin Mouse: An Animal
Model of Systemic Sclerosis.” Clinical and Experimental Rheumatology 22 (3
Suppl 33): S81-5. http://www.ncbi.nlm.nih.gov/pubmed/15344604.

Paneth, Josef. 1887. “Ueber Die Secernirenden Zellen Des Diinndarm-Epithels.” Archiv
Fiir  Mikroskopische ~ Anatomie 31  (1).  Springer-Verlag:  113-91.
doi:10.1007/BF02955706.

Parkes, Miles, Jeffrey C Barrett, Natalie J Prescott, Mark Tremelling, Carl A Anderson,
Sheila A Fisher, Roland G Roberts, et al. 2007. “Sequence Variants in the
Autophagy Gene IRGM and Multiple Other Replicating Loci Contribute to
Crohn’s Disease Susceptibility.” Nature Genetics 39 (7): 830-32.
doi:10.1038/ng2061.

Pertwee, R G. 2001. “Cannabinoids and the Gastrointestinal Tract.” Gut 48 (6): 859—-67.

Pizarro, T T, M H Michie, M Bentz, ] Woraratanadharm, M F Smith, E Foley, C A
Moskaluk, S J Bickston, and F Cominelli. 1999. “IL-18, a Novel
Immunoregulatory Cytokine, Is up-Regulated in Crohn’s Disease: Expression and
Localization in Intestinal Mucosal Cells.” Journal of Immunology (Baltimore,
Md. : 1950) 162 (11). American Association of Immunologists: 6829-35.
http://www.ncbi.nlm.nih.gov/pubmed/10352304.

Pomeranz, H D, T P Rothman, A Chalazonitis, V M Tennyson, and M D Gershon.
1993. “Neural Crest-Derived Cells Isolated from the Gut by Immunoselection
Develop Neuronal and Glial Phenotypes When Cultured on Laminin.”
Developmental Biology 156 (2): 341-61. doi:10.1006/dbi0.1993.1082.

Potten, C S. 1998. “Stem Cells in Gastrointestinal Epithelium: Numbers, Characteristics
and Death.” Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 353 (1370): 821-30. doi:10.1098/rstb.1998.0246.

Powell, D.W., LV. Pinchuk, JI Saada, Xin Chen, and R.C. Mifflin. 2011.

118



“Mesenchymal Cells of the Intestinal Lamina Propria.” Annual Review of
Physiology 73 (1): 213-37. doi:10.1146/annurev.physiol.70.113006.100646.

Pucilowska, J B, K K McNaughton, N K Mohapatra, E C Hoyt, E M Zimmermann, R B
Sartor, and P K Lund. 2000. “IGF-I and Procollagen alphal(I) Are Coexpressed in
a Subset of Mesenchymal Cells in Active Crohn’s Disease.” American Journal of
Physiology. Gastrointestinal and Liver Physiology 279 (6): G1307-22.
http://www.ncbi.nlm.nih.gov/pubmed/11093955.

Pucilowska, J B, K L Williams, and P K Lund. 2000. “Fibrogenesis. IV. Fibrosis and
Inflammatory Bowel Disease: Cellular Mediators and Animal Models.” American
Journal of Physiology. Gastrointestinal and Liver Physiology 279 (4): G653-9.
http://www.ncbi.nlm.nih.gov/pubmed/11005750.

Qin, Junfang, Kejing Liu, Paulus S. Wang, and Chuanyong Liu. 2009. “V1 Receptor in
ENS Mediates the Excitatory Effect of Vasopressin on Circular Muscle Strips of
Gastric Body in Vitro in Rats.” Regulatory Peptides 157 (1-3): 32-36.
doi:10.1016/j.regpep.2009.06.003.

Qu, X D, K C Lloyd, J] H Walsh, and R I Lehrer. 1996. “Secretion of Type II
Phospholipase A2 and Cryptdin by Rat Small Intestinal Paneth Cells.” Infection
and Immunity 64 (12): 5161-65. http://www.ncbi.nlm.nih.gov/pubmed/8945560.

Qu, Zheng-Dong, Michelle Thacker, Patricia Castelucci, Maria Bagyanszki, Miles L.
Epstein, and John B. Furness. 2008. “Immunohistochemical Analysis of Neuron
Types in the Mouse Small Intestine.” Cell and Tissue Research 334 (2): 147-61.
doi:10.1007/s00441-008-0684-7.

Quinton, J F, B Sendid, D Reumaux, P Duthilleul, A Cortot, B Grandbastien, G
Charrier, S R Targan, J F Colombel, and D Poulain. 1998. “Anti-Saccharomyces
Cerevisiae Mannan Antibodies Combined with Antineutrophil Cytoplasmic
Autoantibodies in Inflammatory Bowel Disease: Prevalence and Diagnostic Role.”
Gut 42 (6): 788-91. http://www.ncbi.nlm.nih.gov/pubmed/9691915.

Raghavan, Shreya, and Khalil N Bitar. 2014. “The Influence of Extracellular Matrix
Composition on the Differentiation of Neuronal Subtypes in Tissue Engineered
Innervated Intestinal Smooth Muscle Sheets.” Biomaterials 35 (26). Elsevier Ltd:
7429-40. doi:10.1016/j.biomaterials.2014.05.037.

Rakoff-Nahoum, Seth, Justin Paglino, Fatima Eslami-Varzaneh, Stephen Edberg, and
Ruslan Medzhitov. 2004. “Recognition of Commensal Microflora by Toll-like
Receptors Is Required for Intestinal Homeostasis.” Cell 118 (2): 229-41.

119



doi:10.1016/j.cell.2004.07.002.

Ramirez, Francesco, Lynn Y. Sakai, Harry C. Dietz, and Daniel B. Rifkin. 2004.
“Fibrillin Microfibrils: Multipurpose Extracellular Networks in Organismal
Physiology.” Physiological Genomics 19 (2): 151-54.
doi:10.1152/physiolgenomics.00092.2004.

Ranga, Adrian, Nikolche Gjorevski, and Matthias P Lutolf. 2014. “Drug Discovery
through Stem Cell-Based Organoid Models.” Advanced Drug Delivery Reviews
69-70 (April): 19-28. doi:10.1016/j.addr.2014.02.006.

Ratzinger, Sabine, Johannes A. Eble, Anja Pasoldt, Alfred Opolka, Gerhard Rogler,
Joachim Grifka, and Susanne Grissel. 2010a. “Collagen X VI Induces Formation of
Focal Contacts on Intestinal Myofibroblasts Isolated from the Normal and
Inflamed  Intestinal  Tract.”  Matrix  Biology 29  (3): 177-93.
doi:10.1016/j.matbi0.2009.11.004.

Ratzinger, Sabine, Johannes A Eble, Anja Pasoldt, Alfred Opolka, Gerhard Rogler,
Joachim Gritka, and Susanne Gréssel. 2010b. “Collagen XVI Induces Formation of
Focal Contacts on Intestinal Myofibroblasts Isolated from the Normal and
Inflamed Intestinal Tract.” Matrix Biology : Journal of the International Society
for Matrix Biology 29 (3): 177-93. doi:10.1016/j.matbio.2009.11.004.

Rauch, Ulrich, Andrea Hénsgen, Cornelia Hagl, Stefan Holland-Cunz, and Karl-Herbert
Schéfer. 2006. “Isolation and Cultivation of Neuronal Precursor Cells from the
Developing Human Enteric Nervous System as a Tool for Cell Therapy in
Dysganglionosis.” International Journal of Colorectal Disease 21 (6): 554-59.
doi:10.1007/s00384-005-0051-z.

Renz, Harald, Per Brandtzaeg, and Mathias Hornef. 2011. “The Impact of Perinatal
Immune Development on Mucosal Homeostasis and Chronic Inflammation.”
Nature Reviews. Immunology 12 (1): 9-23. doi:10.1038/nri3112.

Renzi, D, P Mantellini, A Calabro, C Panerai, A Amorosi, I Paladini, G Salvadori, M R
Garcea, and C Surrenti. 1998. “Substance P and Vasoactive Intestinal Polypeptide
but Not Calcitonin Gene-Related Peptide Concentrations Are Reduced in Patients
with Moderate and Severe Ulcerative Colitis.” ltalian Journal of Gastroenterology
and Hepatology 30 (1): 62-70.

Rescigno, Maria, and Antonio Di Sabatino. 2009. “Dendritic Cells in Intestinal
Homeostasis and Disease.” The Journal of Clinical Investigation 119 (9).

American Society for Clinical Investigation: 2441-50. doi:10.1172/JCI39134.

120



Rieder, Florian, Shardul Bhilocha, Anja Schirbel, Zhufeng Ouyang, Gail West, Ashish
Atreja, Hyunjin K. Rho, Carol de la Motte, and Claudio Fiocchi. 2011. “Activation
of Toll-Like Receptor (TLR) 5 Induces a PRO-Fibrogenic Phenotype on Human
Intestinal Myofibroblasts (HIF) — A Novel Pathway Mediated by Caspase 1.”
Gastroenterology 140 (5). Elsevier: S-114. doi:10.1016/S0016-5085(11)60462-9.

Rieder, Florian, and Claudio Fiocchi. 2009a. “Intestinal Fibrosis in IBD—a Dynamic,
Multifactorial Process.” Nature Reviews Gastroenterology & Hepatology 6 (4):
228-35. doi:10.1038/nrgastro.2009.31.

—— 2009b. “Intestinal Fibrosis in IBD—a Dynamic, Multifactorial Process.”
Nature  Reviews  Gastroenterology &  Hepatology 6 (4): 228-35.
doi:10.1038/nrgastro.2009.31.

Rieder, Florian, Claudio Fiocchi, and Gerhard Rogler. 2017. “Mechanisms,
Management, and Treatment of Fibrosis in Patients With Inflammatory Bowel
Diseases.” Gastroenterology 152 (2): 340-350.¢6.
doi:10.1053/j.gastro.2016.09.047.

Rivas, Manuel A, M¢lissa Beaudoin, Agnes Gardet, Christine Stevens, Yashoda
Sharma, Clarence K Zhang, Gabrielle Boucher, et al. 2011. “Deep Resequencing of
GWAS Loci Identifies Independent Rare Variants Associated with Inflammatory
Bowel Disease.” Nature Genetics 43 (11): 1066—73. doi:10.1038/ng.952.

Rossi, Marco, and James W Young. 2005. “Human Dendritic Cells: Potent Antigen-
Presenting Cells at the Crossroads of Innate and Adaptive Immunity.” Journal of
Immunology (Baltimore, Md. : 1950) 175 (3): 1373-81.
http://www.ncbi.nlm.nih.gov/pubmed/16034072.

Round, June L, and Sarkis K Mazmanian. 2010. “Inducible Foxp3+ Regulatory T-Cell
Development by a Commensal Bacterium of the Intestinal Microbiota.”
Proceedings of the National Academy of Sciences of the United States of America
107 (27): 12204-9. doi:10.1073/pnas.0909122107.

Riihl, a. 2005. “Glial Cells in the Gut.” Neurogastroenterology and Motility : The
Official Journal of the European Gastrointestinal Motility Society 17 (6): 777-90.
doi:10.1111/5.1365-2982.2005.00687.x.

Riihl, a, Y Nasser, and K a Sharkey. 2004. “Enteric Glia.” Neurogastroenterology and
Motility : The Official Journal of the European Gastrointestinal Motility Society 16
Suppl 1 (April): 44-49. doi:10.1111/5.1743-3150.2004.00474 .x.

Rumio, Cristiano, Dario Besusso, Marco Palazzo, Silvia Selleri, Lucia Sfondrini,

121



Francesco Dubini, Sylvie Ménard, and Andrea Balsari. 2004. “Degranulation of
Paneth Cells via Toll-like Receptor 9.” The American Journal of Pathology 165
(2): 373-81. doi:10.1016/S0002-9440(10)63304-4.

Rumio, Cristiano, Michele Sommariva, Lucia Sfondrini, Marco Palazzo, Danicle
Morelli, Laura Vigano, Loris De Cecco, Elda Tagliabue, and Andrea Balsari. 2012.
“Induction of Paneth Cell Degranulation by Orally Administered Toll-like
Receptor Ligands.” Journal of Cellular Physiology 227 (3): 1107-13.
doi:10.1002/jcp.22830.

Saha, Sukumar, Xuefang Jing, Shin Yong Park, Shiyong Wang, Xinna Li, Dipika
Gupta, and Roman Dziarski. 2010. “Peptidoglycan Recognition Proteins Protect
Mice from Experimental Colitis by Promoting Normal Gut Flora and Preventing
Induction of Interferon-Gamma.” Cell Host & Microbe 8 (2): 147-62.
doi:10.1016/j.chom.2010.07.005.

Saito, S, H Nishimura, T D Brumeanu, S Casares, A C Stan, T Honjo, and C A Bona.
1999. “Characterization of Mutated Protein Encoded by Partially Duplicated
Fibrillin-1 Gene in Tight Skin (TSK) Mice.” Molecular Immunology 36 (3): 169—
76. http://www.ncbi.nlm.nih.gov/pubmed/10403482.

Sallam, H., T. A. McNearney, and J. D. Z Chen. 2006. “Systematic Review:
Pathophysiology and Management of Gastrointestinal Dysmotility in Systemic
Sclerosis (Scleroderma).” Alimentary Pharmacology and Therapeutics 23 (6):
691-712. doi:10.1111/5.1365-2036.2006.02804.x.

Sambuy, Y., I. De Angelis, G. Ranaldi, M. L. Scarino, A. Stammati, and F. Zucco.
2005. “The Caco-2 Cell Line as a Model of the Intestinal Barrier: Influence of Cell
and Culture-Related Factors on Caco-2 Cell Functional Characteristics.” Cell
Biology and Toxicology 21 (1): 1-26. doi:10.1007/s10565-005-0085-6.

San Roman, Adrianna K, Chenura D Jayewickreme, L Charles Murtaugh, and Ramesh
A Shivdasani. 2014. “Wnt Secretion from Epithelial Cells and Subepithelial
Myofibroblasts Is Not Required in the Mouse Intestinal Stem Cell Niche in Vivo.”
Stem Cell Reports 2 (2). Elsevier: 127-34. doi:10.1016/j.stemcr.2013.12.012.

Sandborn, William J., Subrata Ghosh, Julian Panes, Ivana Vranic, Chinyu Su, Samantha
Rousell, Wojciech Niezychowski, and Study A3921063 Investigators. 2012.
“Tofacitinib, an Oral Janus Kinase Inhibitor, in Active Ulcerative Colitis.” New
England Journal of Medicine 367 (7): 616-24. doi:10.1056/NEJMoal112168.

Sandle, Geoffrey 1. 2005. “Pathogenesis of Diarrhea in Ulcerative Colitis: New Views

122



on an Old Problem.” Journal of Clinical Gastroenterology 39 (4 Suppl 2): S49-52.
http://www.ncbi.nlm.nih.gov/pubmed/15758659.

Sasaki, Nobuo, Norman Sachs, Kay Wiebrands, Saskia I J Ellenbroek, Arianna
Fumagalli, Anna Lyubimova, Harry Begthel, et al. 2016. “Reg4+ Deep Crypt
Secretory Cells Function as Epithelial Niche for Lgr5+ Stem Cells in Colon.”
Proceedings of the National Academy of Sciences of the United States of America
113 (37): E5399-407. doi:10.1073/pnas.1607327113.

Sato, Toshiro, and Hans Clevers. 2013. “Growing Self-Organizing Mini-Guts from a
Single Intestinal Stem Cell: Mechanism and Applications.” Science (New York,
N.Y.) 340 (6137): 1190-94. doi:10.1126/science.1234852.

Sato, Toshiro, Johan H van Es, Hugo J Snippert, Daniel E Stange, Robert G Vries,
Maaike van den Born, Nick Barker, Noah F Shroyer, Marc van de Wetering, and
Hans Clevers. 2011. “Paneth Cells Constitute the Niche for Lgr5 Stem Cells in
Intestinal Crypts.” Nature 469 (7330): 415—18. doi:10.1038/nature09637.

Sato, Toshiro, Robert G. Vries, Hugo J. Snippert, Marc van de Wetering, Nick Barker,
Daniel E. Stange, Johan H. van Es, et al. 2009. “Single Lgr5 Stem Cells Build
Crypt—villus Structures in Vitro without a Mesenchymal Niche.” Nature 459
(7244): 262—65. doi:10.1038/nature07935.

Sato, Yoshiharu, and Robert O Heuckeroth. 2008. “Retinoic Acid Regulates Murine
Enteric Nervous System Precursor Proliferation, Enhances Neuronal Precursor
Differentiation, and Reduces Neurite Growth in Vitro.” Developmental Biology
320 (1). NIH Public Access: 185-98. doi:10.1016/j.ydbi0.2008.05.524.

Satoh, Y. 1988. “Atropine Inhibits the Degranulation of Paneth Cells in Ex-Germ-Free
Mice.” Cell and Tissue Research 253 (2): 397-402.
http://www.ncbi.nlm.nih.gov/pubmed/3409291.

Satoh, Y, Y Habara, K Ono, and T Kanno. 1995. “Carbamylcholine- and
Catecholamine-Induced Intracellular Calcium Dynamics of Epithelial Cells in
Mouse Ileal Crypts.” Gastroenterology 108 (5): 1345-56.
http://www.ncbi.nlm.nih.gov/pubmed/7729625.

Savidge, Tor C., Paul Newman, Charalabos Pothoulakis, Anne Ruhl, Michel Neunlist,
Arnaud Bourreille, Roger Hurst, and Michael V. Sofroniew. 2007. “Enteric Glia
Regulate Intestinal Barrier Function and Inflammation Via Release of S-
Nitrosoglutathione.” Gastroenterology 132 (4): 1344-58.
doi:10.1053/j.gastro.2007.01.051.

123



Savidge, Tor C, Michael V Sofroniew, and Michel Neunlist. 2007. “Starring Roles for
Astroglia in Barrier Pathologies of Gut and Brain.” Laboratory Investigation, a
Journal  of Technical Methods and Pathology 87 (8): 731-36.
doi:10.1038/labinvest.3700600.

Schifer, K H, and P Mestres. 1999. “The GDNF-Induced Neurite Outgrowth and
Neuronal Survival in Dissociated Myenteric Plexus Cultures of the Rat Small
Intestine Decreases Postnatally.” Experimental Brain Research 125 (4):. 447-52.
http://www.ncbi.nlm.nih.gov/pubmed/10323291.

Schéfer, Karl-Herbert, M.Jill Saffrey, Geoffrey Burnstock, and Pedro Mestres-Ventura.
1997. “A New Method for the Isolation of Myenteric Plexus from the Newborn
Rat Gastrointestinal Tract.” Brain Research Protocols 1 (2): 109-13.
doi:10.1016/S1385-299X(96)00017-7.

Schifer, KH, D Grundmann, M Klotz, M Weyland, H Rabe, H Abdel-Aziz, and O
Kellber. 2015. “Influences of STW 5, a Multi-Component Herbal Preparation, on
Motility and Inflammation Challenges in Gut and Enteric Nervous System (ENS).”
Planta Medica 81 (16): PW_73. do0i:10.1055/s-0035-1565697.

Schneider, J, E C Jehle, M J Starlinger, M Neunlist, K Michel, S Hoppe, and M
Schemann. 2001. “Neurotransmitter Coding of Enteric Neurones in the Submucous
Plexus Is Changed in Non-Inflamed Rectum of Patients with Crohn’s Disease.”
Neurogastroenterology and Motility : The Official Journal of the European
Gastrointestinal Motility Society 13 (3): 255-64.
http://www.ncbi.nlm.nih.gov/pubmed/11437988.

Schneider, Mathias Jochen, Heba Abdel-Aziz, and Thomas Efferth. 2014.
“Phytochemicals for the Treatment of Inflammatory Bowel Diseases.”
Phytochemistry Reviews 13 (3): 629—-42. doi:10.1007/s11101-013-9320-6.

Schwartz, David A, Edward V Loftus, William J Tremaine, Remo Panaccione, W Scott
Harmsen, Alan R Zinsmeister, and William J Sandborn. 2002. “The Natural
History of Fistulizing Crohn’s Disease in Olmsted County, Minnesota.”
Gastroenterology 122 (4): 875-80.
http://www.ncbi.nlm.nih.gov/pubmed/11910338.

Secondulfo, M, L de Magistris, R Fiandra, L Caserta, M Belletta, M T Tartaglione, G
Riegler, F Biagi, G R Corazza, and R Carratu. 2001. “Intestinal Permeability in
Crohn’s Disease Patients and Their First Degree Relatives.” Digestive and Liver

Disease : Official Journal of the Italian Society of Gastroenterology and the Italian

124



Association  for  the  Study of the Liver 33 (8): 680-85.
http://www.ncbi.nlm.nih.gov/pubmed/11785714.

Sender, Ron, Shai Fuchs, and Ron Milo. 2016. “Are We Really Vastly Outnumbered?
Revisiting the Ratio of Bacterial to Host Cells in Humans.” Cel/ 164 (3). Elsevier:
337-40. doi:10.1016/j.cell.2016.01.013.

Sewell, Gavin W, Daniel Jb Marks, and Anthony W Segal. 2009. “The
Immunopathogenesis of Crohn’s Disease: A Three-Stage Model.” Current Opinion
in Immunology 21 (5): 506—13. do0i:10.1016/j.c01.2009.06.003.

Shepherd, Iain, and Judith Eisen. 2011a. “Development of the Zebrafish Enteric
Nervous System.” Methods in Cell Biology 101. NIH Public Access: 143-60.
doi:10.1016/B978-0-12-387036-0.00006-2.

. 2011b. “Development of the Zebrafish Enteric Nervous System.” Methods in

Cell Biology 101 (January): 143—-60. doi:10.1016/B978-0-12-387036-0.00006-2.

Shimshoni, Elee, Doron Yablecovitch, Liran Baram, Iris Dotan, and Irit Sagi. 2015.

“ECM Remodelling in IBD: Innocent Bystander or Partner in Crime? The
Emerging Role of Extracellular Molecular Events in Sustaining Intestinal
Inflammation.” Gut 64 (3). BMJ Group: 367—-72. doi:10.1136/gutjnl-2014-308048.

Siegel, Corey A., Sadie M. Marden, Sarah M. Persing, Robin J. Larson, and Bruce E.
Sands. 2009. “Risk of Lymphoma Associated With Combination Anti—Tumor
Necrosis Factor and Immunomodulator Therapy for the Treatment of Crohn’s
Disease: A Meta-Analysis.” Clinical Gastroenterology and Hepatology 7 (8): 874—
81. doi:10.1016/j.cgh.2009.01.004.

Simmonds, Naomi, Mark Furman, Evi Karanika, Alan Phillips, and Alan WH Bates.
2014. “Paneth Cell Metaplasia in Newly Diagnosed Inflammatory Bowel Disease
in Children.” BMC Gastroenterology 14 (1): 93. doi:10.1186/1471-230X-14-93.

Simms, L A, J] D Doecke, M D Walsh, N Huang, E V Fowler, and G L Radford-Smith.
2008. “Reduced -Defensin Expression Is Associated with Inflammation and Not
NOD2 Mutation Status in Ileal Crohn’s Disease.” Gut 57 (7): 903-10.
doi:10.1136/gut.2007.142588.

Simon-Assmann, P, M Kedinger, A De Arcangelis, V Rousseau, and P Simo. 1995.
“Extracellular Matrix Components in Intestinal Development.” Experientia 51 (9—
10): 883-900. http://www.ncbi.nlm.nih.gov/pubmed/7556570.

Siracusa, L D, R McGrath, Q Ma, J J Moskow, J Manne, P J Christner, A M Buchberg,
and S A Jimenez. 1996. “A Tandem Duplication within the Fibrillin 1 Gene Is

125



Associated with the Mouse Tight Skin Mutation.” Genome Research 6 (4): 300—
313. http://www.ncbi.nlm.nih.gov/pubmed/8723723.

Sivakumar, P V, G M Westrich, S Kanaly, K Garka, T L Born, ] M J Derry, and J L
Viney. 2002. “Interleukin 18 Is a Primary Mediator of the Inflammation
Associated with Dextran Sulphate Sodium Induced Colitis: Blocking Interleukin
18 Attenuates Intestinal Damage.” Gut 50 (6): 812-20.
http://www.ncbi.nlm.nih.gov/pubmed/12010883.

Smythies, Lesley E, Marty Sellers, Ronald H Clements, Meg Mosteller-Barnum, Gang
Meng, William H Benjamin, Jan M Orenstein, and Phillip D Smith. 2005. “Human
Intestinal Macrophages Display Profound Inflammatory Anergy despite Avid
Phagocytic and Bacteriocidal Activity.” The Journal of Clinical Investigation 115
(1): 66—75. doi:10.1172/JC119229.

Séderholm, J D, G Olaison, E Lindberg, U Hannestad, A Vindels, C Tysk, G Jérnerot,
and R Sjodahl. 1999. “Different Intestinal Permeability Patterns in Relatives and
Spouses of Patients with Crohn’s Disease: An Inherited Defect in Mucosal
Defence?” Gut 44 (1): 96—-100. http://www.ncbi.nlm.nih.gov/pubmed/9862833.

Sokol, Harry, Bénédicte Pigneur, Laurie Watterlot, Omar Lakhdari, Luis G Bermudez-
Humaran, Jean-Jacques Gratadoux, Sébastien Blugeon, et al. 2008.
“Faecalibacterium Prausnitzii Is an Anti-Inflammatory Commensal Bacterium
Identified by Gut Microbiota Analysis of Crohn Disease Patients.” Proceedings of
the National Academy of Sciences of the United States of America 105 (43):
16731-36. doi:10.1073/pnas.0804812105.

Spenlé, Caroline, Olivier Lefebvre, Jo€l Lacroute, Agnés Méchine-Neuville, Frédérick
Barreau, Hervé M Blotti¢re, Bernard Duclos, et al. 2014. “The Laminin Response
in Inflammatory Bowel Disease: Protection or Malignancy?” PloS One 9 (10):
e111336. doi:10.1371/journal.pone.0111336.

Stallmach, Andreas, Detlef Schuppan, Hans H. Riese, Harald Matthes, and Ernst Otto
Riecken. 1992. “Increased Collagen Type III Synthesis by Fibroblasts Isolated
from Strictures of Patients with Crohn’s Disease.” Gastroenterology 102 (6):
1920-29. doi:10.1016/0016-5085(92)90314-0.

Stecher, Birbel, and Wolf-Dietrich Hardt. 2011. “Mechanisms Controlling Pathogen
Colonization of the Gut.” Current Opinion in Microbiology 14 (1): 82-91.
doi:10.1016/7.mib.2010.10.003.

Sternini, Catia, Laura Anselmi, and Enrique Rozengurt. 2008. “Enteroendocrine Cells:

126



A Site of ‘Taste’ in Gastrointestinal Chemosensing.” Current Opinion in
Endocrinology, Diabetes, and Obesity 15 (1). NIH Public Access: 73-78.
doi:10.1097/MED.0b013e3282f43a73.

Strasser, Andreas, and Marc Pellegrini. 2004. “T-Lymphocyte Death during Shutdown
of an Immune Response.” Trends in Immunology 25 (11): 610-15.
doi:10.1016/].it.2004.08.012.

Stumpf, M, W Cao, U Klinge, B Klosterhalfen, R Kasperk, and V Schumpelick. 2001.
“Increased Distribution of Collagen Type III and Reduced Expression of Matrix
Metalloproteinase 1 in Patients with Diverticular Disease.” International Journal
of Colorectal Disease 16 (5): 271-75.
http://www.ncbi.nlm.nih.gov/pubmed/11686522.

Stumpf, Michael, Wei Cao, Uwe Klinge, Bernd Klosterhalfen, Karsten Junge, Carsten
Johannes Krones, and Volker Schumpelick. 2016. “Reduced Expression of
Collagen Type I and Increased Expression of Matrix Metalloproteinases 1 in
Patients with Crohn’s Disease.” Journal of Investigative Surgery: The Official
Journal of the Academy of Surgical Research 18 (1): 33—-38. Accessed October 23.
doi:10.1080/08941930590905198.

Sturm, A, A Z A Leite, S Danese, K A Krivacic, G A West, S Mohr, ] W Jacobberger,
and C Fiocchi. 2004. “Divergent Cell Cycle Kinetics Underlie the Distinct
Functional Capacity of Mucosal T Cells in Crohn’s Disease and Ulcerative
Colitis.” Gut 53 (11): 1624-31. doi:10.1136/gut.2003.033613.

Sturm, Andreas, Jugoh Itoh, James W Jacobberger, and Claudio Fiocchi. 2002. “p53
Negatively Regulates Intestinal Immunity by Delaying Mucosal T Cell Cycling.”
The Journal of Clinical Investigation 109 (11): 1481-92. doi:10.1172/JCI14967.

Stzepourginski, Igor, Giulia Nigro, Jean-Marie Jacob, Sophie Dulauroy, Philippe J.
Sansonetti, Gérard Eberl, and Lucie Peduto. 2017. “CD34 * Mesenchymal Cells
Are a Major Component of the Intestinal Stem Cells Niche at Homeostasis and
after Injury.” Proceedings of the National Academy of Sciences 114 (4): E506—13.
doi:10.1073/pnas.1620059114.

Surrenti, C, D Renzi, M R Garcea, E Surrenti, and G Salvadori. 1993. “Colonic
Vasoactive Intestinal Polypeptide in Ulcerative Colitis.” Journal of Physiology,
Paris 87 (5): 307-11.

Tan, F K, N Wang, M Kuwana, R Chakraborty, C A Bona, D M Milewicz, and F C
Arnett. 2001. “Association of Fibrillin 1 Single-Nucleotide Polymorphism

127



Haplotypes with Systemic Sclerosis in Choctaw and Japanese Populations.”
Arthritis and Rheumatism 44 (4): 893-901. doi:10.1002/1529-0131(200104).

Tan, Filemon K., David N. Stivers, Morris W. Foster, Ranajit Chakraborty, Robert F.
Howard, Dianna M. Milewicz, and Frank C. Arnett. 1998. “Association of
Microsatellite Markers near the Fibrillin 1 Gene on Human Chromosome 15q with
Scleroderma in a Native American Population.” Arthritis & Rheumatism 41 (10):
1729-37. d0i:10.1002/1529-0131(199810)41:10<1729:: AID-ART5>3.0.CO;2-8.

Tanabe, Hiroki, Tokiyoshi Ayabe, Brian Bainbridge, Tina Guina, Robert K Ernst,
Richard P Darveau, Samuel I Miller, and Andre J Ouellette. 2005. “Mouse Panecth
Cell Secretory Responses to Cell Surface Glycolipids of Virulent and Attenuated
Pathogenic  Bacteria.”  Infection and  Immunity 73 (4): 2312-20.
doi:10.1128/1A1.73.4.2312-2320.2005.

Tanaka, M, H Saito, T Kusumi, S Fukuda, T Shimoyama, Y Sasaki, K Suto, A
Munakata, and H Kudo. 2001. “Spatial Distribution and Histogenesis of Colorectal
Paneth Cell Metaplasia in Idiopathic Inflammatory Bowel Disease.” Journal of
Gastroenterology and Hepatology 16 (12): 1353-59.
http://www.ncbi.nlm.nih.gov/pubmed/11851832.

Tao, Qingsong, Baochai Wang, Yu Zheng, Xiaohua Jiang, Zheng Pan, and Jianan Ren.
2015. “Vitamin D Prevents the Intestinal Fibrosis Via Induction of Vitamin D
Receptor and Inhibition of Transforming Growth Factor-Betal/Smad3 Pathway.”
Digestive  Diseases and  Sciences 60 (4). Springer US: 868-75.
doi:10.1007/s10620-014-3398-6.

Tartaglia, L A, D V Goeddel, C Reynolds, I S Figari, R F Weber, B M Fendly, and M A
Palladino. 1993. “Stimulation of Human T-Cell Proliferation by Specific
Activation of the 75-kDa Tumor Necrosis Factor Receptor.” Journal of
Immunology (Baltimore, Md. : 1950) 151 9): 4637-41.
http://www.ncbi.nlm.nih.gov/pubmed/8409424.

Toumi, F, M Neunlist, E Cassagnau, S Parois, C L Laboisse, J-P Galmiche, and A Jarry.
2003. “Human Submucosal Neurones Regulate Intestinal Epithelial Cell
Proliferation: Evidence from a Novel Co-Culture Model.” Neurogastroenterology
and Motility : The Official Journal of the European Gastrointestinal Motility
Society 15 (3): 239—-42. http://www.ncbi.nlm.nih.gov/pubmed/12787332.

Valencia, Xavier, Geoffrey Stephens, Raphaela Goldbach-Mansky, Mildred Wilson,
Ethan M Shevach, and Peter E Lipsky. 2006. “TNF Downmodulates the Function

128



of Human CD4+CD25hi T-Regulatory Cells.” Blood 108 (1): 253-61.
doi:10.1182/blood-2005-11-4567.

van der Flier, Laurens G., and Hans Clevers. 2009. “Stem Cells, Self-Renewal, and
Differentiation in the Intestinal Epithelium.” Annual Review of Physiology 71 (1):
241-60. doi:10.1146/annurev.physiol.010908.163145.

Van der Flier, Laurens G., Jacob Sabates—Bellver, Irma Oving, Andrea Haegebarth,
Mariagrazia De Palo, Marcello Anti, Marielle E. Van Gijn, et al. 2007. “The
Intestinal Wnt/TCF  Signature.”  Gastroenterology 132 (2): 628-32.
doi:10.1053/j.gastro.2006.08.039.

Van der Sluis, Maria, Barbara A.E. De Koning, Adrianus C.J.M. De Bruijn, Anna
Velcich, Jules P.P. Meijerink, Johannes B. Van Goudoever, Hans A. Biiller, et al.
2006. “Muc2-Deficient Mice Spontaneously Develop Colitis, Indicating That
MUC?2 Is Critical for Colonic Protection.” Gastroenterology 131 (1): 117-29.
doi:10.1053/j.gastro.2006.04.020.

Van Landeghem, Laurianne, Julien Chevalier, Maxime M Mah¢, Thilo Wedel, Petri
Urvil, Pascal Derkinderen, Tor Savidge, and Michel Neunlist. 2011. “Enteric Glia
Promote Intestinal Mucosal Healing via Activation of Focal Adhesion Kinase and
Release of proEGF.” American Journal of Physiology. Gastrointestinal and Liver
Physiology 300 (6): G976-87. doi:10.1152/ajpgi.00427.2010.

Vasina, Valentina, Giovanni Barbara, Luigia Talamonti, Vincenzo Stanghellini, Roberto
Corinaldesi, Marcello Tonini, Fabrizio De Ponti, and Roberto De Giorgio. 2006.
“Enteric Neuroplasticity Evoked by Inflammation.” Autonomic Neuroscience :
Basic & Clinical 126—127 (June): 264-72. doi:10.1016/j.autneu.2006.02.025.

Velcich, Anna, WanCai Yang, Joerg Heyer, Alessandra Fragale, Courtney Nicholas,
Stephanie Viani, Raju Kucherlapati, Martin Lipkin, Kan Yang, and Leonard
Augenlicht. 2002. “Colorectal Cancer in Mice Genetically Deficient in the Mucin
Muc2.” Science (New York, N.Y.) 295 (5560). American Association for the
Advancement of Science: 1726-29. doi:10.1126/science.1069094.

Veloso, Fernando Tavarela. 2011. “Extraintestinal Manifestations of Inflammatory
Bowel Disease: Do They Influence Treatment and Outcome?” World Journal of
Gastroenterology 17 (22): 2702. doi:10.3748/wjg.v17.122.2702.

Verkade, Heather, and Joan K. Heath. 2008. “Wnt Signaling Mediates Diverse
Developmental Processes in Zebrafish.” In , 225-51. Humana Press, Totowa, NJ.

doi:10.1007/978-1-60327-469-2 17.

129



Villanacci, V, G Bassotti, R Nascimbeni, E Antonelli, M Cadei, S Fisogni, B Salerni,
and K Geboes. 2008. “Enteric Nervous System Abnormalities in Inflammatory
Bowel Diseases.” Neurogastroenterology and Motility : The Official Journal of the
European Gastrointestinal Motility Society 20 (9): 1009-16. doi:10.1111/j.1365-
2982.2008.01146.x.

von Arnim, Ulrike, Ulrich Peitz, Bettina Vinson, Karl-Josef Gundermann, and Peter
Malfertheiner. 2007. “STW 5, a Phytopharmacon for Patients With Functional
Dyspepsia: Results of a Multicenter, Placebo-Controlled Double-Blind Study.” The
American Journal of Gastroenterology 102 (6): 1268-75. doi:10.1111/5.1572-
0241.2006.01183.x.

Vries, Robert G.J., Meritxell Huch, and Hans Clevers. 2010. “Stem Cells and Cancer of
the Stomach and Intestine.” Molecular Oncology 4 (5): 373-84.
doi:10.1016/j.molonc.2010.05.001.

Wadie, Walaa, Heba Abdel-Aziz, Hala F Zaki, Olaf Kelber, Dieter Weiser, and
Mohamed T Khayyal. 2012. “STW 5 Is Effective in Dextran Sulfate Sodium-
Induced Colitis in Rats.” International Journal of Colorectal Disease 27 (11):
1445-53. do0i:10.1007/s00384-012-1473-z.

Wallace, Kenneth N, Shafinaz Akhter, Erin M Smith, Kristin Lorent, and Michael Pack.
2005. “Intestinal Growth and Differentiation in Zebrafish.” Mechanisms of
Development 122 (2): 157-73. doi:10.1016/j.m0d.2004.10.009.

Wallis, Debra D., Filemon K. Tan, Cay M. Kielty, Misty D. Kimball, Frank C. Arnett,
and Dianna M. Milewicz. 2001. “Abnormalities in Fibrillin 1-Containing
Microfibrils in Dermal Fibroblast Cultures from Patients with Systemic Sclerosis
(Scleroderma).” Arthritis & Rheumatism 44 (8): 1855-64. doi:10.1002/1529-
0131(200108)44:8<1855::AID-ART324>3.0.CO;2-Q.

Watson, Alastair J M, and Kevin R Hughes. 2012. “TNF-a-Induced Intestinal Epithelial
Cell Shedding: Implications for Intestinal Barrier Function.” Annals of the New
York Academy of Sciences 1258 (1): 1-8. doi:10.1111/5.1749-6632.2012.06523 .x.

Weaver, Casey T, and Robin D Hatton. 2009. “Interplay between the TH17 and TReg
Cell Lineages: A (Co-)Evolutionary Perspective.” Nature Reviews. Immunology 9
(12): 883—89. doi:10.1038/nri2660.

Weber, Christopher R., David R. Raleigh, Liping Su, Le Shen, Erika A. Sullivan,
Yingmin Wang, and Jerrold R. Turner. 2010. “Epithelial Myosin Light Chain

Kinase Activation Induces Mucosal Interleukin-13 Expression to Alter Tight

130



Junction lon Selectivity.” Journal of Biological Chemistry 285 (16): 12037-46.
doi:10.1074/jbc.M109.064808.

Wehkamp, J., N. H. Salzman, E. Porter, S. Nuding, M. Weichenthal, R. E. Petras, B.
Shen, et al. 2005. “Reduced Paneth Cell -Defensins in Ileal Crohn’s Disease.”
Proceedings of the National Academy of Sciences 102 (50): 18129-34.
doi:10.1073/pnas.0505256102.

Wehkamp, Jan, Juergen Harder, Michael Weichenthal, Oliver Mueller, Klaus R
Herrlinger, Klaus Fellermann, Jens M Schroeder, and Eduard F Stange. 2003.
“Inducible and Constitutive Beta-Defensins Are Differentially Expressed in
Crohn’s Disease and Ulcerative Colitis.” Inflammatory Bowel Diseases 9 (4): 215—
23. http://www.ncbi.nlm.nih.gov/pubmed/12902844.

Wells, Rebecca G. 2008. “The Role of Matrix Stiffness in Regulating Cell Behavior.”
Hepatology 47 (4): 1394—-1400. doi:10.1002/hep.22193.

Xu, Xin, Patricia L. Jackson, Scott Tanner, Matthew T. Hardison, Mojtaba Abdul Roda,
James Edwin Blalock, and Amit Gaggar. 2011. “A Self-Propagating Matrix
Metalloprotease-9 (MMP-9) Dependent Cycle of Chronic Neutrophilic
Inflammation.” Edited by Dominik Hartl. PLoS ONE 6 (1): el578l.
doi:10.1371/journal.pone.0015781.

Yanai, Henit, and Stephen B Hanauer. 2011. “Assessing Response and Loss of
Response to Biological Therapies in IBD.” The American Journal of
Gastroenterology 106 (4): 685-98. doi:10.1038/ajg.2011.103.

Yang, Jianbo, Chao Ding, Xujie Dai, Tengfei Lv, Tingbing Xie, Tenghui Zhang, Wen
Gao, et al. 2016. “Soluble Dietary Fiber Ameliorates Radiation-Induced Intestinal
Epithelial-to-Mesenchymal Transition and Fibrosis.” Journal of Parenteral and
Enteral Nutrition, September. SAGE PublicationsSage CA: Los Angeles, CA,
14860711667110. doi:10.1177/0148607116671101.

You, Joann, Anthony V. Nguyen, C. Gregory Albers, Fritz Lin, and Randall F.
Holcombe. 2008. “Wnt Pathway-Related Gene Expression in Inflammatory Bowel
Disease.” Digestive Diseases and Sciences 53 (4): 1013-19. doi:10.1007/s10620-
007-9973-3.

Zeissig, S, N Biirgel, D Giinzel, J Richter, ] Mankertz, U Wahnschaffe, A J Kroesen, M
Zeitz, M Fromm, and J-D Schulzke. 2007. “Changes in Expression and
Distribution of Claudin 2, 5 and 8 Lead to Discontinuous Tight Junctions and

Barrier Dysfunction in Active Crohn’s Disease.” Gut 56 (1): 61-72.

131



doi:10.1136/gut.2006.094375.

Zheng, Xiu, Kiichiro Tsuchiya, Ryuichi Okamoto, Michiko Iwasaki, Yoshihito Kano,
Naoya Sakamoto, Tetsuya Nakamura, and Mamoru Watanabe. 2011. “Suppression
of hathl Gene Expression Directly Regulated by hesl via Notch Signaling Is
Associated with Goblet Cell Depletion in Ulcerative Colitis.” Inflammatory Bowel
Diseases 17 (11): 2251-60. doi:10.1002/ibd.21611.

Zhou, Qiqi, and G Nicholas Verne. 2008. “NMDA Receptors and Colitis: Basic Science
and Clinical Implications.” Reviews in Analgesia 10 (1). NIH Public Access: 33—
43. http://www.ncbi.nlm.nih.gov/pubmed/20574552.

Zhou, Xiaodong, Filemon K Tan, Ning Wang, Momiao Xiong, Samuel Maghidman,
John D Reveille, Dianna M Milewicz, Ranajit Chakraborty, and Frank C Arnett.
2003. “Genome-Wide Association Study for Regions of Systemic Sclerosis
Susceptibility in a Choctaw Indian Population with High Disease Prevalence.”
Arthritis and Rheumatism 48 (9): 2585-92. doi:10.1002/art.11220.

Zilbauer, Matthias, Andreas Jenke, Gundula Wenzel, Jan Postberg, Andreas Heusch,
Alan D. Phillips, Gabriele Noble-Jamieson, et al. 2010. “Expression of Human
Beta-Defensins in Children with Chronic Inflammatory Bowel Disease.” Edited by
Stefan Bereswill. PLoS ONE 5 (10): €15389. doi:10.1371/journal.pone.0015389.

132



List of Tables

TABLE 1. PRIMER PAIRS USED FOR GENE EXPRESSION ANALYSIS (F = FORWARD; R =
REVERSE). DANIO RERIO ......cccuvveeiieeeieieaiiieeeieeeasteeessseeessseeenssaessseessseessseessseesssens 35
TABLE 2. PRIMER PAIRS USED FOR GENE EXPRESSION ANALYSIS (F = FORWARD; R =
REVERSE). MUS MUSCULUS ....cccceeuveeeeeeuiieeeeeiieeeessisseeessaseeesasssseesssssseaessssesessssseseens 37
TABLE 3. PRIMER PAIRS USED FOR GENE EXPRESSION ANALYSIS (F = FORWARD; R =

REVERSE). HOMO SAPIENS ........oeeiueeeiuiieeeieeeeeeeeiteeesseeessseesnsseesnsseessseessseesssesessees 43

List of Figures

FIGURE 1. BIOLOGICAL AGENTS IN IBD TREATMENT. ANTIBODIES TARGETING SOLUBLE
TUMOR NECROSIS FACTOR (TNF) AND MEMBRANE-BOUND TNF (SUCH AS
INFLIXIMAB, ADALIMUMAB, CERTOLIZUMAB PEGOL AND GOLIMUMAB) ARE
STANDARD THERAPIES IN IBD MANAGMENT. RECENTLY, NOVEL BIOLOGIC AGENTS
BLOCKING OTHER PRO-INFLAMMATORY CYTOKINES SUCH AS INTERLEUKIN-6 (IL-6)
(TOCILIZUMAB), OR SUBUNITS OF IL-12 AND IL-23 (USTEKINUMAB) ARE BEING
UNDER INVESTIGATION FOR. THERAPEUTICAL AGENTS INHIBITING THE JAK /STAT
PATHWAY (TOFACITINIB), INVOLVED IN PRO-INFLAMMATORY CYTOKINE SIGNALING
ARE BEING TESTED IN CLINICAL TRIALS (NEURATH 2014)....ccccvviiiiiieiieeeiieeeree e 4

FIGURE 2. FACTORS THAT INFLUENCE THE DEVELOPMENT AND PROGRESSION OF IBD CAN
BE GROUPED INTO FOUR SUBTYPES: GENETIC, ENVIRONMENTAL, GUT MICROBIOTA,
AND IMMUNE FACTORS. KEY GENES, PATHWAYS, AND ASSOCIATED ELEMENTS OF

EACH GROUP ARE INDICATED. FIGURE IS ADAPTED FROM (DE SOUZA AND FIOCCHI

FIGURE 3. SCHEMATIC DIAGRAM OF THE INTESTINAL EPITHELIAL CELLS. (LEFT)
INTESTINAL STEM CELLS WITHIN THE SMALL INTESTINE ARE LOCATED ALONG WITH
PANETH CELLS AT THE BASE OF THE CRYPT. THESE MULTIPOTENT STEM CELLS
GENERATE TRANSIT-AMPLIFYING (TA) CELLS AND ARE CONTINUOUSLY
DIFFERENTIATING INTO VARIOUS ADULT EPITHELIAL CELLS SUCH AS PANETH CELLS,
ENTEROCYTES, GOBLET CELLS, ENTEROENDOCRINE CELLS OR TUFT CELLS WHILE
MIGRATING UPWARDS INTO THE VILLUS REGION. (RIGHT) IN THE COLON, INTESTINAL
STEM CELLS ARE LOCATED IN THE BASE OF THE CRYPT AND PROLIFERATING TA

CELLS MIGRATE UPWARDS TOWARDS THE SURFACE EPITHELIUM WHILE

133



DIFFERENTIATING INTO ADULT EPITHELIAL CELLS. PANETH CELLS ARE NOT PRESENT

WITHIN THE COLON. FIGURE ADAPTED FROM (BARKER 2013)......cccccvviviiieniieeereenne, 8

FIGURE 4. ORGANIZATION OF THE ENTERIC NERVOUS SYSTEM. (A) THE ENS COMPRISES

TWO GANGLIONATED PLEXUSES, THE SUBMUCOSAL AND MYENTERIC, WHICH
INTERCONNECT WITH EACH OTHER AND HAVE FAR REACHING PROJECTIONS ALSO
WITHIN THE MUCOSA. (B-D) DIFFERENT GLIAL CELLS CAN BE DISTINGUISHED BY
THEIR LOCATION AND FUNCTION. (B) MUCOSAL ENTERIC GLIA CELLS ARE LOCATED
UNDERNEATH THE INTESTINAL EPITHELIUM AND DIRECTLY AND INDIRECTLY
INFLUENCE EPITHELIAL CELL BEHAVIOR. (C) INTRAGANGLIONIC ENTERIC GLIA CELLS
INTERACT WITH ENTERIC NEURONS AND HAVE NEUROPROTECTIVE ACTIONS. (D)

INTRAMUSCULAR ENTERIC GLIA ADAPTED FROM (GULBRANSEN AND SHARKEY

FIGURE 5. DECELLULARIZATION OF ADULT RAT SMALL INTESTINE. (A)

HEMATOXYLIN/EOSIN OVERVIEW STAINING SHOWS LAYERS OF NATIVE SMALL
INTESTINAL WALL: SEROSA, MUSCULARIS EXTERNA, SUBMUCOSA AND MUCOSA.
SUCCESSFUL DECELLULARIZATION WAS CONFIRMED BY HISTOLOGICAL STUDIES AND
SEM STUDIES AND THE ABSENCE OF DAPI STAINED NUCLEL (B) SEM ANALYSIS OF
THE NATIVE SI OUTER LAYER SHOWED A FLAT AND HOMOGENEOUS SURFACE, WHILE
THE LUMINAL SIDE WAS CHARACTERIZED BY THE PRESENCE OF VILLI AND CRYPTS.
(B) QUANTIFICATION OF NUCLEIC ACID INDICATED A DECREASE AS NUMBER OF
DECELLULARIZATION CYCLES INCREASED (C) IMMUNOFLUORESCENCE AND
WESTERN BLOT ANALYSIS DEMONSTRATED THAT STRUCTURAL PROTEINS SUCH AS
COLLAGEN IV AND LAMININ WERE PRESERVED FROM ENZYMATIC DIGESTION. AM
REVEALED THE STRUCTURE OF LONGITUDINAL ARRANGED FIBERS IN THE OUTER

LAYER AND A LOSS OF VILLI IN THE LUMINAL LAYER. .euueeteteeeeeeeeeeeeeeeeeeeeeaeeeeennns 48

FIGURE 6. SEM ANALYSIS OF REPOPULATED AM. ENSC WERE CULTURED FOR 7 DAYS AS

134

NEUROSPHERES AND SUBSEQUENTLY SEEDED ON THE OUTER SURFACE OF AMS. SEM
IMAGES SHOW CELL ATTACHMENT, SPREADING AND PROLIFERATION ON THE AM,
REFLECTING CELL-MATRIX CONTACT AND INTERACTIONS. AT 7 DAYS SMALL CELL
CLUSTERS WERE OBSERVED TO FORM GANGLION-LIKE STRUCTURES. THIS
ORGANIZATIONAL PATTERN INTENSIFIED DURING INCUBATION TIME WHERE
GANGLION-LIKE STRUCTURES WERE INTERCONNECTED WITH EACH OTHER AND ENS-
AM CULTURES REASSEMBLED NETWORKS FORMATION SIMILAR TO THE IN VIVO

SITUATION . ¢ttt eeeetteee e e e e e eeetaaaeeeeseeeeetaaaaaeseeeessssanaaessesesrasanneseseesrsrnnnnanseees 49



FIGURE 7. WHOLEMOUNT STAINING OF ENS-AM OF BIII-TUBULIN NEURONAL CELLS AND
A-SMA POSITIVE CELLS AFTER (A) 3 DAYS, (B) 7DAYS, (C) 14DAYS, IN VITRO. THE
ENS-AM MODEL REVEALED SIMILAR STRUCTURAL ORGANIZATION OF NEURONAL
NETWORKS TO (D) THE NATIVE MYENTERIC PLEXUS. BAR: 100UM .........ccceevunennneee. 49

FIGURE 8. RT? PROFILER™ PCR ARRAY OF NEUROTRANSMITTER RECEPTORS. AS
NEURONAL DIFFERENTIATION WAS OBSERVED IN ENSC-AM CULTURES IN STANDARD
MEDIUM FOR 14 DAYS, A QUANTITATIVE GENE EXPRESSION OF NEUROTROPHIC
RECEPTORS WAS PERFORMED. ENSC CULTURED FOR 14 DAYS ON PLASTIC WERE
CONSIDERED AS A CONTROL. A SIGNIFICANT INCREASE WAS OBSERVED WITH
ARGININE VASOPRESSIN RECEPTOR 1A (AVPRIA), GAMMA-AMINOBUTYRIC ACID
(GABA) A RECEPTOR Al (GABRAl), GAMMA-AMINOBUTYRIC ACID (GABA) A
RECEPTOR E (GABRE), CHOLINERGIC RECEPTOR, NICOTINIC, E (CHRNE) GLUTAMATE
RECEPTOR, IONOTROPIC, AMPA 3 (GRAI3) GLUTAMATE RECEPTOR, IONOTROPIC, N-
METHYL D-ASPARTATE 2A (GRIN2A), AND SOMASTOSTATIN RECEPTORS
SSTR1/SSTR2 DATA ARE PRESENTED AS MEAN FOLD CHANGE (2-AACT) £+ SD OF N=3
REPLICATES OF THREE INDEPENDENT EXPERIMENTS.......coiitiiieniieaieeniieeieesieeeieenene 51

FIGURE 9. HEMATOXYLIN/EOSIN STAINING OF ZEBRAFISH MIDGUT INTESTINAL WALL
SHOWING TYPICAL STRUCTURE OF PRESENCE OF LARGE EPITHELIAL FOLDS, BASAL
LAMINA AND UNDERLYING LONGITUDINAL AND CIRCULAR MUSCLE LAYER............. 56

FIGURE 10. ALCIAN BLUE STAINING DEMONSTRATED THAT TREATMENT OF ADULT
ZEBRAFISH WITH (C) DSS LEADS TO HIGHLY UPREGULATED MUCUS PRODUCTION IN
BULB, MIDGUT, AND HINDGUT. (B) STWS5 WAS SIGNIFICANTLY RESTORING THE
PHYSIOLOGICAL  CONDITION  OBSERVED IN UNTREATED SAMPLES (A).
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SECTIONS FROM THREE INDEPENDENT EXPERIMENTS. DATA ARE PRESENTED AS MEAN
OF GOBLET CELLS PER VILLUS + SD OF N=3 REPLICATES OF THREE INDEPENDENT
EXPERIMENTS. STATISTICAL SIGNIFICANCE WAS CALCULATED BY STUDENT’S T-TEST
COMPARING TO UNTREATED SAMPLES (* P <0.05, ** P <0.01); VERSUS DSS-TREATED
SAMPLES (A P <0.05, A AP <0.01). oot 58

FIGURE 11. IMMUNOFLUORESCENT STAINING SHOWS EXPRESSION OF (A) FRIZZLED-9 TO
BE CO-LOCALIZED WITH NEURONAL CELLS (PAN NEURONAL MARKER) AND IN THE
BASAL EPITHELIAL LAYER. (B) WNT3A EXPRESSION WAS FOUND WITHIN THE MUSCLE
LAYER AND ISOLATED EPITHELIAL CELLS. (C) WHOLEMOUNT STAINING OF ADULT
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FIGURE 12. PRIMARY (A) EPITHELIAL AND (B) ENS CELLS ISOLATED FROM THE

ZEBRAFISH GUT CHARACTERIZED BY PAN-CYTOKERATIN AND PAN NEURONAL
MARKER RESPECTIVELY. NUCLEAR COUNTERSTAINING WAS PERFORMED USING DAPI
(C) FCM ANALYSIS OF SOX2 AND SOX10 IN ENS CELLS AT TIME OF ISOLATION (TO0)
AND AFTER CULTURING FOR 1 (T1) AND 7 (T7) DAYS. DATA WERE EXPRESSED AS
GEOMETRIC MEAN FLUORESCENCE INTENSITY (MFI)+ SD AND PERCENTAGE (%) OF

POSITIVE CELLS £ STANDARD DEVIATION (SD). BAR:50 MM. .......coooviiiiiieiieciien, 62

FIGURE 13. QUANTITATIVE RT-PCR ANALYSIS IN ZEBRAFISH EPITHELIAL CELLS TREATED

WITH STWS5 FOR 6H AND 24H AFTER (A) DSS OR (B) LPS INFLAMMATORY
INDUCTION. THE HERBAL PREPARATION STWJ5 SHOWED A PROTECTIVE EFFECT AS
DEMONSTRATED BY A REDUCED EXPRESSION OF PRO-INFLAMMATORY CYTOKINES
AND AN INCREASED TRANSCRIPTION OF ANTI-INFLAMMATORY GENES IN BOTH
INFLAMMATORY CONDITIONS. DATA ARE PRESENTED AS MEAN FOLD CHANGE + SD
OF N=3 REPLICATES OF THREE INDEPENDENT EXPERIMENTS. STATISTICAL
SIGNIFICANCE WAS CALCULATED BY STUDENT’S T-TEST COMPARING TO UNTREATED
SAMPLES (* P <0.05, ** P <0.01, *** p <0.001); VERSUS DSS-TREATED SAMPLES (4 P
<0.05, 24P <0.01, A2 A P<0.001). .evoeeeeeeeeeeeeeeeeee e 63

FIGURE 14. QUANTITATIVE RT-PCR ANALYSIS IN ZEBRAFISH ENS CELLS TREATED WITH

STWS5 FOR 6H AND 24H (A) DSS OR (B) LPS INFLAMMATORY INDUCTION. STW5
DEMONSTRATED FUNCTIONAL EFFICACY, INDUCING A DOWNREGULATION OF PRO-
INFLAMMATORY  CYTOKINES  AND  SIGNIFICANTLY  STIMULATING  THE
TRANSCRIPTION OF [LI0 AND WNT34. FURTHERMORE, BOTH INFLAMMATORY
CONDITIONS WERE NEGATIVELY MODULATED BY STWS5, AS DEMONSTRATED BY A
DECREASED MRNA EXPRESSION OF PRO-INFLAMMATORY CYTOKINES. DATA ARE
PRESENTED AS MEAN FOLD CHANGE + SD OF N=3 REPLICATES OF THREE
INDEPENDENT EXPERIMENTS. STATISTICAL SIGNIFICANCE WAS CALCULATED BY
STUDENT’S T-TEST COMPARING TO UNTREATED SAMPLES (* P <0.05, ** P <0.01, ***

P <0.001); VERSUS DSS-TREATED SAMPLES (4 P <0.05, 44p <0.01, 444 p <0.001).

FIGURE 15. MACROSCOPICAL AND HISTOLOGICAL CHANGES IN TSK/+ MICE. (A)
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MACROSCOPICALLY THE GUT OF TSK/+ MICE WERE SIGNIFICANTLY REDUCED IN
LENGTH (>10%) (B) HISTOLOGICAL EXAMINATION REVEALED A LARGE NUMBER OF
IMMUNE CELL INFILTRATES IN THE SMALL INTESTINAL GUT WALL. WITHIN THE
COLON GUT WALL AN INCREASE IN MUSCLE LAYER THICKNESS WAS REVEALED.
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FIGURE 16. QUANTITATIVE RT-PCR ANALYSIS IN THE STOMACH AND THE THREE
SEGMENTS OF SMALL INTESTINE (DUODENUM, JEJUNUM, ILEUM). TO VERIFY
WHETHER FIBRILLIN NETWORK PERTURBATIONS INDUCE AN INFLAMMATORY
PHENOTYPE IN THE GIT, WHOLE TISSUE LYSATES WERE ANALYZED FOR TARGET
INFLAMMATORY AND FIBROTIC MEDIATORS. A STRONG REGULATION OF PRO- AND
ANTI- INFLAMMATORY CYTOKINE, AS WELL AS PRO- AND ANTI-FIBROTIC FACTORS
MRNA EXPRESSION WAS DETECTED WITHIN THE SMALL INTESTINE OF THE TSK/+
MICE. DATA ARE PRESENTED AS MEAN #+ SD OF N=3 REPLICATES OF THREE
INDEPENDENT EXPERIMENTS. STATISTICAL SIGNIFICANCE WAS CALCULATED BY
STUDENT’S T-TEST COMPARING FBN1 Tsk/+ TO WT SAMPLES (A P <0.05, A AP
<001, A A A P<0.001). i e e rae e s 70

FIGURE 17. QUANTITATIVE RT-PCR ANALYSIS IN THE LARGE INTESTINE SEGMENTS
(CAECUM, PROXIMAL COLON, DISTAL COLON). TO VERIFY WHETHER FIBRILLIN
NETWORK PERTURBATIONS INDUCE AN INFLAMMATORY PHENOTYPE IN THE GIT,
WHOLE TISSUE LYSATES WERE ANALYZED FOR TARGET INFLAMMATORY AND
FIBROTIC MEDIATORS. STRUCTURAL DYSREGULATION OF FIBRILLIN-1 SEEM TO
SLIGHTLY AFFECT THE CAECUM AND PROXIMAL COLON SEGMENTS. ON THE
CONTRARY, SIGNIFICANT CHANGES IN MRNA EXPRESSION OF BOTH INFLAMMATORY
AND FIBROTIC MEDIATORS WERE OBSERVED IN THE DISTAL COLON OF THE TSK/+
MICE. DATA ARE PRESENTED AS MEAN = SD OF N=3 REPLICATES OF THREE
INDEPENDENT EXPERIMENTS. STATISTICAL SIGNIFICANCE WAS CALCULATED BY
STUDENT’S T-TEST COMPARING FBN1 TSk/+ TO WT SAMPLES (4 P <0.05, 44p
<001, A28 P <O.001). et 72

FIGURE 18. EVALUATIONS OF A SHORT-TERM BIOPSY EXPLANT CULTURE SYSTEM.
PATIENT-DERIVED MUCOSAL BIOPSIES WERE MAINTAINED IN A LIQUID-AIR
INTERFACE OR SUBMERGED IN CULTURE MEDIUM. BIOPSIES UNDER BOTH
CONDITIONS WERE EVALUATED BY HISTOLOGICAL ANALYSIS AND REVEALED
SIGNIFICANT LOSS OF STRUCTURAL FEATURES WHEN THE BIOPSY WAS MAINTAINED
IN THE ‘SUBMERGED’ CONDITION, WHILE ONLY MINOR CHANGES WERE OBSERVED IN
THE SAMPLES CULTURED AT ‘AIR-LIQUID INTERFACE’ ....uuiiiiiiieeeeeeeeeeeeeee e 74

FIGURE 19. PROOF OF PRINCIPLE STUDY. BIOPSIES OBTAINED FROM THREE GROUPS OF
PATIENTS (HEALTHY DONORS, RESPONDERS AND NON-RESPONDERS TO ANTI-TNF-
ALPHA THERAPY) WERE TREATED WITH INFLIXIMAB FOR 24H IN THE SHORT-TERM,
AIR-LIQUID EXPLANT CULTURE, AND SUBSEQUENTLY ANALYZED BY QUANTITATIVE

RT-PCR. UNTREATED BIOPSIES WERE USED AS CONTROL. AS EXPECTED, A
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DOWNREGULATION OF TNFA AND ILIB, AS WELL AS AN UPREGULATION OF IL10
AND TGFB MRNA EXPRESSION WERE DETECTED IN THE RESPONDER GROUP.
INTERESTINGLY, INCREASE IN MRNA LEVELS OF PRO-INFLAMMATORY CYTOKINES,
BESIDES THE ABSENCE OF SIGNIFICANT CHANGES IN ANTI-INFLAMMATORY
MEDIATORS, WERE OBSERVED IN THE NON-RESPONDER GROUP, THUS CONFIRMING
THE NON-RESPONSIVENESS OF THESE PATIENTS TO ANTI-TNF-ALPHA TREATMENT.
DATA ARE SHOWN AS MEAN = SD OF N=3 REPLICATES OF THREE INDEPENDENT
EXPERIMENTS. STATISTICAL SIGNIFICANCE WAS CALCULATED BY STUDENT’S T-TEST
COMPARING SAMPLES TREATED WITH INFLIXIMAB TO UNTREATED SAMPLES (* P
<0.05, ¥* P <0.01, #*F*¥ P <0.001). 1eeeeeiieeiieeeiie ettt e e e 76
FIGURE 20. PRIMARY PATIENT-DERIVED EPITHELIAL NICHE CELLS. (A) PATIENT-DERIVED
BIOPSIES WERE ENZYMATICALLY DIGESTED AND SEEDED ON COLLAGEN IV COATED
CULTURE DISHES, WHERE THEY RAPIDLY ATTACHED WITHIN THE FIRST FEW HOURS
OF CULTURE. SUBSEQUENTLY, CELLS MIGRATED OUT OF TISSUE FRAGMENTS AND
STARTED TO PROLIFERATE. CELL CULTURES STABILIZE WITHIN THE FIRST TWO
WEEKS, AND (B) SHOW A MIXTURE OF FIBROBLAST-, EPITHELIAL- AND NEURONAL-
LIKE CELLS, WHICH CAN BE RAPIDLY EXPANDED, PASSAGED, AND CRYOPRESERVED.
BAR SOUM ittt e et e e et e e e et e e e e aaaeeeearaaaeann 82
FIGURE 21. IMMUNOFLUORESCENT STAINING OF PRIMARY INTESTINAL EPITHELIAL NICHE
CELLS ISOLATED FROM HUMAN MUCOSAL BIOPSIES. THE HETEROGENEOUS CULTURE
CONTAINS CELLS EXPRESSING CD34, g-III TUBULIN, P4H, TNFA. A SMALL SUBSET
OF LGR5+ CELLS WAS MAINTAINED IN CULTURE. BAR 50uM. ....ovvvveiiiiiiiiinnnennne.. 82
FIGURE 22. EXAMPLE OF AN IN-VITRO PRE-TREATMENT SCREENING VIA QUANTITATIVE
RT-PCR. CELLS ISOLATED FROM A PATIENT SUFFERING UC, WHO HAS NOT BEEN IN
THERAPY WITH ANTI-TNF-ALPHA YET, WERE TREATED WITH INFLIXIMAB FOR 24H TO
PREDICT A POSSIBLE CLINICAL OUTCOME. A HIGHER MRNA EXPRESSION OF PRO-
INFLAMMATORY CYTOKINES AND A DOWNREGULATION OF ILI(), AS WELL AS AN
IMBALANCED MRNA EXPRESSION OF FIBROTIC MEDIATORS WAS OBSERVED,
SUGGESTING THAT ANTI-TNF-ALPHA TREATMENT IN THIS PATIENT WOULD NOT BE
BENEFICIAL. DATA ARE SHOWN AS MEAN + SD OF N=3 REPLICATES OF THREE
INDEPENDENT EXPERIMENTS. STATISTICAL SIGNIFICANCE WAS CALCULATED BY
STUDENT’S T-TEST COMPARING SAMPLES TREATED WITH INFLIXIMAB TO UNTREATED
SAMPLES (* P <0.05, ** P <0.01, *** P <0.001)...cccueiiiiiiiiiieeiienieeeeee e 85
FIGURE 23. ESTABLISHMENT OF ORGANOID CULTURES FROM PATIENT-DERIVED MUCOSAL

BIOPSIES. ORGANOIDS CAN BE ANALYZED BY IMMUNOFLUORESCENCE STAINING AS
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DEMONSTRATED BY DAPI STAINING. ALSO HISTOLOGICAL ANALYSES OF THE
ORGANOID STRUCTURES ARE POSSIBLE AS DEMONSTRATED BY HEMATOXYLIN/EOSIN

STAINING. -ttt ettt et e e et e e e et e e e et e e e et e e e e raneeeenaneeeenaneeeenanaeeenanaeeennns 87
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