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SUMMARY

Irritable bowel syndrome (IBS) is a highly prevalent functional bowel disorder
characterised by abdominal pain or discomfort and associated with altered
bowel habit, abdominal bloating and disturbed defecation. The aetiology of IBS
is multifactorial. Increasing evidence has implicated impaired barrier function

and immune activation in this condition.

The aim of this thesis was to investigate mechanisms by which the increased
mast cell activity documented in IBS may alter intestinal permeability and
junctional proteins in vitro, using cell culture models, and to explore translation

to IBS.

This thesis investigated the effect of: 1) tryptase on Caco-2 monolayers 2) mast
cell stimulation with compound 48/80 in a novel Caco-2/Human Mast Cell-1
(HMC-1) co-culture model 3) mast cell stimulation +/- tryptase inhibition with
nafamostat mesilate (NM). Epithelial integrity was assessed by transepithelial
resistance (TER), permeability to fluorescein isothiocyanate (FITC)-dextran and
transmission electron microscopy (TEM). The expression of tight junction (TJ)
proteins zonula occludens (ZO)-1, junctional adhesion molecule (JAM)-A,
claudin (CLD)-1, CLD-2, CLD-3, occludin and adherens junction protein E-
cadherin was determined by western blotting and immunofluorescence confocal
microscopy. Based on the in vitro results, the thesis further assessed JAM-A, ZO-
1, CLD-1 and E-cadherin protein expression in caecal biopsy tissue from 34 IBS
patients comprising both alternating (IBS-A) and diarrhoea predominant (IBS-D)
subtypes, 12 controls and 8 inflammatory bowel disease (IBD) patients using
immunofluorescence confocal microscopy, and explored associations with IBS
symptoms. Protein expression in the surface epithelium was the primary

outcome, whereas expression in the crypt epithelium the secondary one.
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Tryptase disrupted epithelial integrity in Caco-2 monolayers as shown by a
significant decrease in TER, an increase in permeability to FITC-dextran and a
decrease in the expression of JAM-A, CLD-1 and ZO-1 proteins within 24 hours.
Correspondingly, in the Caco-2/HMC-1 co-culture model mast cell stimulation
with compound 48/80 induced a significant decrease in TER, an increase in
permeability to FITC-dextran, ultrastructural abnormalities in T] regions (dilated
TJs, TEM) a decrease in JAM-A and CLD-1 expression within 24 hours following
stimulation. Tryptase inhibition (NM) significantly reduced the effect of
compound 48/80-stimulated mast cells on JAM-A expression, TER and FITC-
dextran flux. In IBS, JAM-A, ZO-1 and E-cadherin expression was significantly
reduced in the surface epithelium of the caecal mucosa of IBS patients compared
to controls, whereas for CLD-1 there was a trend towards reduction. In the crypt
epithelium, only JAM-A expression was significantly reduced in IBS patients
compared to controls. Significantly lower JAM-A was also found in IBD patients
compared to controls. In the IBS subgroup analyses, JAM-A and ZO-1 expression
was significantly reduced in both IBS-D and IBS-A patients, whereas E-cadherin
was reduced only in IBS-A patients. A trend for reduced levels of E-cadherin and
CLD-1 was reported in the IBS-D subgroup. Lower JAM-A expression and E-
cadherin was associated with more severe abdominal pain and longer duration of

symptoms in IBS patients.

The findings of this thesis are novel - they provide insights to intestinal
permeability, junctional proteins and mast cells in IBS. Reduced expression of
junctional proteins appeared to underlie mechanisms of altered intestinal
epithelial permeability either in response to tryptase or to compound 48/80-
stimulated mast cells in vitro. In IBS, the expression of junctional proteins was
reduced in caecal tissue and was associated with IBS symptoms. This is the first
reporting of reduced JAM-A and E-cadherin protein expression in IBS tissue and
of a corresponding association with IBS symptoms. These findings may improve

understanding of IBS pathogenesis and therapeutic strategies in IBS.
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CHAPTER 1
INTRODUCTION






1.1. The gastrointestinal barrier: an overview of intestinal

permeability, integrity and mast cells

1.1.1. Gastrointestinal barrier physiology and function

The gastrointestinal tract, from the lower oesophageal sphincter to the anus,
contains a continuous epithelial cell layer forming a barrier between the outside
world and the internal human body. The separation of the body from a variety of
environmental agents is important, as they might initiate or perpetuate mucosal
inflammation if they cross the epithelial barrier. Thus, the epithelial barrier must
act as a selective filter allowing the passage of solutes that are beneficial to the
host, such as dietary nutrients and electrolytes, while preventing the passage of
harmful entities such as bacterial toxins or pathogens — a concept known as
intestinal barrier function (1-3). Several mechanisms have evolved to protect the
host against luminal threats including immune (epithelial and immune cells) and
non-immune components (mucus layer, water secretion). The continuous
interactions between these components maintain gut homeostasis whereas defects
in any of them lead to an impaired mucosal barrier (4). The importance of
epithelial barrier function was clearly demonstrated in the experiments
performed in 1993 by Yamada et al. (5) where cell wall products of luminal
bacteria were injected into the colonic wall of rats. Placing the bacterial products
directly to the colonic wall, thereby bypassing the epithelial barrier, induced an
inflammatory condition resembling inflammatory bowel disease (IBD). These
experiments showed that abrogating epithelial barrier function may initiate

inflammatory disease.

At the same time, the intestinal barrier allows small amounts of antigen to

penetrate the intestinal mucosa to interact with the immune system, a
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phenomenon that plays a key role in the induction of immune tolerance. The key
responsibility for transport of molecules from the intestinal lumen to the lamina
propria resides within the plasma membrane of epithelial cells. Since this
membrane consists of a phospholipid bilayer, it is permeable to lipid-soluble
substances. In contrast, most hydrophilic particles must be transferred in the
presence of energy-dependent transporters via the transcellular pathway (2, 6, 7)
or passively through the paracellular pathway (<600 Da) governed by multi-

protein complexes called apical junctional complexes (AJCs) (Figure 1.1).
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pathway pathway Apical
/ membrane
» Apical junctional
complex
L\‘ Lateral
membrane
N\
: N\
Basal
membrane
Figure 1.1 Pathways of epithelial permeability.
LL1A, Cellular components of the intestinal barrier

There is an array of cells composing the intestinal barrier. The epithelium consists
of absorptive enterocytes, mucus-producing goblet cells, Paneth cells of crypts
which secrete antimicrobial peptides, and enteroendocrine cells which produce

peptide hormones (8). Beneath the epithelial lining, in the gut lamina propria,
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there are endothelial cells, myofibroblasts, the enteric nervous system and
endocrine system, and plethora of innate and adaptive immune cells (e.g. mast
cells, lymphocytes, macrophages, dendritic cells and eosinophils) that interact to
maintain a balanced immune response against intestinal antigens (3, 9). Epithelial
cells and immune cells in the lamina propria express a number of receptors that
recognise conserved microbial molecules such as intracellular nucleotide-binding
oligomerisation domain (NOD)-like receptors and the toll-like receptors (TLRs)
(10). In health, TLRs protect the intestinal epithelial barrier and provide
commensal tolerance, whereas NODs regulate antimicrobial activities. In the case
of injury or infection, the activation of epithelial TLRs and NODs stimulates
epithelial cells to release a number of pro-inflammatory mediators. These activate
and recruit innate immune cells (11) which generate an antigen specific response
and finally resolve to heal wounds and prevent chronic inflammation. However,
if the control of the intestinal barrier is impaired it can lead to the excessive
entrance of luminal macromolecules and bacteria (“leaky gut”) resulting in
inflammation and infection or even abscess formation or fibrosis (9, 12). Possibly
such barrier dysfunction could lead to inflammatory bowel diseases, coeliac
disease, inflammatory reactions such as food allergy, and irritable bowel
syndrome (IBS) (13). In addition, more substantial impairments could lead to
more severe complications such as systemic inflammatory response syndrome,

sepsis or multiple organ dysfunction syndrome (14).

1.1.1.2. Extracellular components of the intestinal barrier

Most intestinal epithelial cells are covered with a layer of mucins and lipids
(mucus layer) that limits the exposure to sheer forces and other physical traumas
from entities within the lumen. The mucus layer also prevents large particles,
including bacteria, from directly contacting epithelial cells and colonising the gut

(15). Moreover, this layer contributes to the retention of mucosal secretions rich in



antimicrobial peptides (e.g. defensins) and immunoglobulin (Ig)A to fight
invading pathogens (16, 17). Additionally, the mucus layer limits fluid flow and
contributes to the development of an unstirred fluid layer at the epithelial cell
surface. In the small intestine, this unstirred fluid layer slows the absorption of
nutrients by reducing the rate at which nutrients reach microvillus brush border
rich in protein transporters and digestive enzymes. Microvilli are covered with an
array of glycoproteins and glycolipids, i.e. glycocalyx, that limits pathogen
colonisation (Figure 1.2) (18). In addition, intestinal peristalsis, together with ion
and water secretion, allows the intestine to wash away noxious substances,

preventing their adhesion to the intestinal walls and penetration to the lamina

propria (4).
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Figure 1.2 Anatomy of the human intestinal mucosa. The image was adapted from

Turner (19).



1.1.2. AJC: structural characteristics and regulation of epithelial

permeability

AJCs at intercellular contacts maintain the integrity of the intestinal epithelial
barrier and regulate solute flux via the paracellular pathway. The paracellular
pathway is typically more permeable than the transcellular pathway; thus, it is
the rate-limiting step in transepithelial transport and the principal determinant of
mucosal permeability. Therefore, recognition of the specific barrier properties of
junctional complexes might help to understand mechanism underlying mucosal

permeability.

AJCs are composed of tight junctions (TJs), adherens junctions (A]s) and
desmosomes. TJs are typically located at the apical tip of the basolateral
membrane of epithelial cells, whereas AJs and desmosomes are located below
within the basolateral membrane. TJs and AJs are both connected to the actin
cytoskeleton encircling the perimeter of the cell and these interactions regulate
permeability properties of TJs (20). Desmosomes are linked to intermediate

filaments but the role of these interactions in the gastrointestinal tract is unclear

(Figure 1.3) (21).
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Figure 1.3 Adjacent epithelial cells held together via the apical junctional complex.

Tight junctions, also known as zonula occludens (ZO), are the major constituents
of the AJC and more than 50 T] proteins have been identified to date. They serve
as a gate for the paracellular pathway, regulating epithelial transport towards and
away from the lumen (gate function), and as a fence that separates the plasma
membrane into the apical and basolateral domains (fence function) (22). In
addition to these classical gate and fence functions, more recently TJs emerged as
dynamic signalling complexes which receive signals from the cell interior (e.g. via
transcription factors) to regulate their assembly and function, and they send
information back to the cell to regulate gene expression and subsequently
proliferation and differentiation (23, 24). TJs also open and close in response to a
variety of external stimuli (25) and the mechanisms underlying these will be

explained in greater detail in Section 1.1.3.



Electron microscopy demonstrates that TJs appear as a network of fibrils/strands
with focal contacts (“kisses”) between the plasma membrane of neighbouring
cells (26) that appear as 10 nm rows (27). Each fibril within the plasma membrane
associates laterally with another fibril in the opposing membrane of the
neighbouring cell to form paired TJ fibrils (28). The tightness of TJs is determined
by the number of TJ fibrils, the quality of the fibrils and the complexity of the
network pattern (29-31). These fibrils consist of multiple transmembrane proteins
including occludin (65-85 kDa) (32, 33), members of claudin (CLD) protein family
(~23 kDa) (34), members of junctional adhesion molecule (JAM) protein family
(~40 kDa) (35) and tricellulin (~60 kDa) (36). Transmembrane proteins are
connected to protein complexes called cytoplasmic plaques. These consist of
peripheral (scaffolding) proteins including members of zonula occludens proteins
(ZO) (130-225 kDa) (37, 38) and cingulin (~150 kDa) (39), and regulatory
molecules such as kinases. Transmembrane proteins span the plasma membrane
of epithelial cells. Claudins, occludin and tricellulin span the plasma membrane 4
times while members of the JAM protein family span only once. Several
transmembrane proteins interact with the cytoplasmic plaque proteins (e.g. ZO-1)
via postsynaptic density -95/Drosophila disc large/zonula occludens-1 (PDZ)
domains. Cytoplasmic plaque proteins link transmembrane proteins to the

cytoskeleton (Figure 1.4).

Occludin was the first transmembrane protein to be discovered in TJs; however,
its role in barrier permeability seems to be secondary since occludin knockout
mice appeared to have structurally normal TJs and intestinal barrier functions
(40). Furthermore, occludin-deficient embryonic stem cells exhibited numbers
and morphology of TJ fibrils comparable to controls (41). Possibly, occludin is
involved in cell signalling rather than in the regulation of epithelial permeability
(42). Tricellulin, which shares structural similarities with occludin, is primarily

abundantly expressed at tricellular TJs and to a lesser extent at bicellular TJs (43).



It seems that tricellulin might compensate for occludin loss in TJs (44). In occludin
knockout Madine-Darby canine kidney (MDCK) epithelial cells, tricellulin
appeared to be redistributed to bicellular TJs (44). Another study reported that
the loss of tricellulin expression resulted in a lower resistance and increased

macromolecular paracellular permeability of mammary epithelial cells (36).

Claudins are thought to be both the main structural components of TJs and the
principal regulators of epithelial paracellular permeability. In mammals, 27
members of the claudin family (CLD-1 to CLD-27) have been described to date
(45). Claudins appear to determine, in a tissue-specific manner, properties of the
epithelial barrier such as electrical resistance and paracellular ionic selectivity.
They regulate permeability by forming unique paracellular channels; however,
specific characteristics of individual claudins have just begun to be recognised
(46, 47). For example, several in vitro studies showed that CLD-1 and CLD-3
decrease cation permeability and increase epithelial resistance, CLD-2 and CLD-
10 create cation selective channels and a consecutive decrease in resistance, while
CLD-11 and CLD-15 can either increase or decrease resistance depending on the

presence of other claudins forming TJs (47).

JAM-A has been the most extensively studied member of the JAM protein family
in the context of permeability and inflammation. JAM-A is expressed in several
cell types, but it is particularly abundant at the intercellular contacts of
endothelial and epithelial cells (48). At the endothelial sites JAM-A mediates
leukocyte recruitment to sites of inflammation through the paracellular pathway
(49-52), whereas at epithelial sites JAM-A is crucial for T] assembly (35). In vitro
studies have shown that silencing of JAM-A in intestinal epithelial cells increased
paracellular permeability (53) and its inhibition perturbed the intestinal barrier
recovery after epithelial injury (35). Furthermore, Laukoetter et al. (54) reported

that JAM-A" mice exhibited increased permeability and decreased transepithelial
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resistance (TER) of colonic mucosa. In a more recent study, Vetrano et al. (53)
confirmed that JAM-A7 mice had increased mucosal permeability and reported

enhanced pro-inflammatory cytokine production in these mice.

The TJ transmembrane proteins occludin, claudins and JAMs bind with
peripheral ZO proteins. For example, occludin binds to the region of homology to
guanylase kinase (GUK) of ZO, claudins to PDZ1 domain, whereas JAM-A binds
to PDZ3 domain. ZO proteins also interact directly with the actin cytoskeleton
(55). These interactions are crucial to TJ] assembly and the regulation of
paracellular permeability. For example, suppression of both ZO-1 and ZO-2
expression has been shown to prevent claudin recruitment to TJs, the subsequent
TJ assembly and the development of barrier function of mammary epithelial cells
(56). ZO-1, occludin and perijunctional filamentous (F)-actin redistribution from
TJs has been associated with decreased TER and increased paracellular

permeability of intestinal epithelial cells (57).

Adherens junctions, also known as zonula adherens, are protein complexes on the
lateral membrane located below TJs where they link adjacent cells. In AJs, plasma
membranes of apposing cells are 15-20 nm distant apart (28). The major AJ
proteins belong to the cadherins (calcium-dependent adhesion molecule), the
catenins (-a, -B, -0) and the nectins (-1, -2, -3, -4), and serve multiple roles
including the regulation of cell-cell adhesion, epithelial migration and

proliferation, and maintenance of cell polarity (58, 59) (Figure 1.4).

E-cadherin (120 kDa) is the principal mediator of cell adhesion between intestinal
epithelial cells. This protein interacts with cadherins of neighbouring cells to
promote cell-cell adhesion and associates to the cytoskeleton through catenins
(~80-100 kDa) (59-64) containing the F-actin binding site (65). Disruption of E-

cadherin in the transgenic/chimeric murine model was shown to weaken cell-cell
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adhesion and was associated with impaired cell-cell contacts, followed by

intestinal inflammation similar to IBD (66).

Desmosomes, also known as maculae adherents, are intercellular junctions located
below AJs at the lateral cell surfaces and appear as punctuate “spot welds” which
form adhesion between the epithelial cells. Desmosomes consist of components of
at least 3 separate protein families: the catherins (e.g. desmoglein, desmocollin),
the armadillo proteins (e.g. plakoglobin) and the plakins (e.g. desmoplakin)
(Figure 1.4) (21). Desmosomes typically provide strength and resistance to
mechanical stress by forming stable cell-cell contacts that are linked to keratin
intermediate filaments (21). A recent study, however, reported that desmosome-
keratin link was not required for cell-cell adhesion in the intestinal epithelium but

appeared to determine proper shape and length of microvilli (67).
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Figure 1.4 Apical junctional complex in epithelial cells. The tight junction and the
adherens junction are connected to the actin cytoskeleton, while desmosomes to the

keratin cytoskeleton. The image was adapted from Turner (19).
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1.1.3. Factors regulating intestinal epithelial permeability

TJs are recognised as dynamic structures whose permeability can be regulated by
physiological, pathological and pharmacological stimuli. These include dietary
factors, humoral and neuronal signals, inflammatory mediators such as mast cell
products, and a variety of cellular pathways that are susceptible of being usurped
by microbial or viral pathogens (25). The regulation of intestinal permeability can
occur via actomyosin cytoskeleton contractions, achieved via phosphorylation of
the myosin light chain (MLC) by myosin light chain kinase (MLCK), and by
endocytosis of T] proteins. However, longstanding permeability disturbances
involve transcriptional alterations of T] proteins, epithelial cell apoptosis and

epithelial structural alterations (4).

The best studied physiological example is the modulation of the paracellular
pathway by transcellular absorptive processes. In this case, the activation of the
apical sodium dependent glucose transporter (SGLT1) results in a reversible
increase in intestinal paracellular permeability through actomyosin cytoskeleton
contractions and subsequent T] opening. This mechanism allows for the passive
movement of nutrients and wat