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Abstract
Enteropathogenic Escherichia coli (EPEC) belongs to the attaching and effacing (A/E) family of
bacterial pathogens, which infect intestinal enterocytes with type three secretion system (T3SS),
leading to diarrheal disease. While A/E bacteria also express flagellin (F1iC) which induces
secretion of pro-inflammatory interleukin (IL)-8 from intestinal epithelial cells (IECs), it is unclear
if flagellin is the sole trigger of epithelial responses. IECs express innate toll-like receptors (TLRs)
to recognize flagellin and trigger inflammatory responses. Activation of TLRs is strictly
controlled in IECs producing a state of hyporesponsiveness which prevents unwanted
inflammation. The Single IgG IL-i related receptor (Sigirr) is described as a negative regulator
of IL-1f3 and TLR4 responses. While IECs express Sigirr, it is unknown if Sigirr inhibits innate
responses to bacterial flagellin. The aims of this study were to characterize the role of flagellin in
innate responses to EPEC infection and determine how Sigirr regulates these responses.
Following infection of Caco-2 IECs by wild type and 4fliC EPEC, activation of several proinflammatory genes including IL-8, MCP-i and MIP3CL occurred in a F1iC-dependent manner. At
later time points, a subset of these pro-inflammatory genes (IL-8, MlP3ct) was also induced in cells
infected with AfliC EPEC. The mouse adapted A/E pathogen Citrobacter Rodentium, triggered a
similar innate response through a TLR5-independent but partially NF-kB-dependent mechanism.
Moreover, the EPEC F1iC-independent responses increased in the absence of T3SS, suggesting that
translocated bacterial effectors attenuated these response. While exploring regulatory mechanisms,
we found that exposure of non-transformed TECs to bacterial flagellin transiently downregulated
Sigirr expression correlating with IL-8 response. Transient silencing of the Sigirr gene
augmented IL-S responses to flagellin, whereas stable over-expression of Sigirr diminished the
NF-icB mediated IL-8 response to TLR ligands and inflammatory cytokines. The expression of
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Sigirr increased as IECs differentiated in tissue culture. Similarly, Sigirr expression was
prominent in differentiated cells on the apex while diminished at the base of intestinal crypts in
human colonic tissues. Thus, we demonstrate that A/E pathogens trigger pro-inflammatory
responses through both F1iC-dependent and -independent pathways that are regulated by Sigirr in
differentiated human JEC, with clinical implications for infectious and inflammatory bowel
diseases.
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Chapter 1: Introduction
The human intestine is a microcosm of diverse life forms that co-exist in a mutually
beneficial relationship between the host and the environment. In a healthy subject, the intestinal
flora consists of numerous species of anaerobic bacteria colonizing the large intestine that are
introduced into the host soon after birth and tolerated by the indigenous immune system. In this
milieu, numerous digestive functions proceed and provide the host with nutrition as well as
promoting health and supporting the intestinal microflora. In this setting, there is ongoing cross
talk between the luminal bacteria known as commensals and the intestinal epithelium. Recent
studies have increased our understanding of the underlying molecular mechanisms that support
homeostasis and promote tolerance in the human intestine. Several studies in the last decade
have outlined signaling pathways in the host that are regulated both endogenously and from input
derived from the commensal microbes as well as the pathogenic bacteria. Humans as well as
other mammals are largely dependent on the immune system in the gastrointestinal tract (GIT) to
recognize the presence of commensal and pathogenic bacteria which cause enteric infections.
The intestinal immune system is distinctly different from the systemic immune system
which functions to maintain a relatively sterile environment within the circulation and soft
tissues such as muscle. The gastrointestinal immune system relies on innate responses which
function as an early warning system entrusted with the initial detection of foreign and harmful
stimuli. The innate immune system consists of a germline encoded family of receptors known as
toll-like receptors (TLRs) that are present at birth and capable of sensing pathogenic bacteria,
viruses and other microbes. Activation of the innate receptors protects the host and also
stimulates the adaptive arm of the immune system that develops over time and retains a memory
of the molecular signature of infecting microorganisms. The innate and adaptive responses are
1

complementary and function to protect the host against subsequent encounters with pathogens
and harmful agents. An important consequence of the host immune response is the onset of
inflammation, characterized by infiltration of professional immune cells to the site of infection
with the aim of restricting the spread of pathogens and limiting the ensuing damage to
surrounding tissues. Gastrointestinal inflammation is a predominant finding that characterizes
most intestinal diseases in humans. When inflammatory responses are dysregulated, there is
damage to host tissues and loss of normal GI functions. This inflammation contributes to the
pathogenesis of inflammatory bowel disease (IBD) as well as diarrheal diseases, cancer and
allergic disorders

such

as celiac disease.

GI inflammation is therefore a common

pathophysiology that characterizes most human diseases of the colon.
The onset of inflammation in the GIT is triggered by intestinal epithelial cells (1ECs) and
dendritic cells (DC5) that form the first line of host defense in the mammalian GIT and based on
their location are in close proximity with commensal bacteria and antigens in the lumen of the
gut. Because of their unique site, IECs and DCs act as sentinels against harmful microorganisms
and activate protective innate defenses. The columnar epithelial cells form a monolayer on the
surface of the villi in the small intestine, whereas in the large intestine, epithelial cells are located
on the surface of crypts. The IEC are uniquely adapted to the diversity of life at the interface of
the host and intestinal luminal environment. For example, they form microvilli on the apical
surface of the intestinal brush border which acts as a structural impediment and its constant
motion prevents pathogens from colonizing the epithelial surface. An integral role of JECs in
colonic homeostasis is to maintain a barrier against luminal contents by forming tight
intercellular junctions between cells. The epithelial barrier functions to separate the host internal
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environment from foreign antigens as well as the effects of digestive enzymes in the lumen and
prevents the loss of water and solutes.
During enteric bacterial infections, such as shigellosis, the pathogen typically disrupts the
epithelial barrier, with resulting loss of water and electrolytes into the lumen, leading to diarrheal
disease. Similarly, in chronic inflammation, IECs are exposed to pro-inflammatory endogenous
mediators such as cytokines, leukotrienes and prostaglandins which cause damage and disruption
of the epithelial layer. In many GI diseases, IECs bear the brunt of the pathology and
consequently the host loses fluids and electrolytes such as sodium and bicarbonate, resulting in
alteration of intestinal homeostasis. Disruption of the epithelial layer also exposes underlying
intestinal tissues to repeated cycles of inflammation. A better understanding of how innate
responses are triggered and subsequently regulated in IECs should help clarify the cytoprotective
mechanisms which may be supported during therapy for GI diseases.

1.1 Intestinal epithelial cells: frontline of host defense and homeostasis
1.1.1 The anatomy of differentiated intestinal epithelial cells
The human gut arises from a primitive endodermal tube and develops into the pharynx,
esophagus, stomach, small intestine and colon. Endodermal buds grow into mesenchyme and
associate with the tube leading to the formation of liver and pancreas (93). The key signaling
molecules required for the development of GI structures include Hedgehog (Hh), bone
morphogenetic protein (BMP), Notch and Wnt/13-catenin signaling pathways and others.
Patterned gene expression inside the endoderm and surrounding mesoderm subsequently
regulates morphogenesis, differentiation and boundaries formed by these organs. The cross talk
between the endoderm and mesoderm is required for morphogenesis and differentiation and later
3

promotes radial patterning in the developing digestive tract. Hh signals are a vital component of
this cross talk and thus required for the normal patterning of the GI tract along anterior-posterior,
dorsal-ventral and radial axes (57).
A blockade of Hh signaling pathway with cyclopamine, a naturally occurring alkaloid
(200), markedly alters the nucleus and cytoplasm in terminally differentiated enterocytes. In the
absence of Hh activity, enterocytes at the luminal surface of the crypt exhibit an enlarged nucleus
and bloated cytoplasm. Expression of molecular markers of enterocyte differentiation is
significantly altered with redistribution of villin to the cytoplasm, decreased carbonic anhydrase,
and increased intestinal trefoil factor (93). Conversely, treatment of HT-29 IECs with butyrate
induces the expression of villin, Cip-1 and increases Indian Hedgehog expression (Ihh). IIih is a
marker of terminally differentiated epithelial cells at the apex of crypts (191). Inhibition of Hh
signaling with cyclopamine decreases butyrate induced Cip-1 and villin induction. Addition of
recombinant Sonic Hedgehog-Shh (homologous to Ihh) leads to induction of Cip-l and villin.
These data suggest a role for Ihh in regulating colonic epithelial differentiation in vivo and in
vitro.
13-Catenin-TCF, a member of the Wnt pathway, is inhibited by [hh in colon cancer cells.
If Wnt signaling is constitutively active, as in adenomatous polyposis coli (APC) gene mutations,
Ihh expression is diminished. This phenomenon is observed in familial adenomatous polyposis
(FAP) resected colonic specimens that contain both normal and dysplastic epithelial cells.
Normal Ihh expression is noted in IECs, while Ihh expression is decreased in dysplastic cells.
Inhibition of f3-catenin-TCF signaling in colon cancer cells causes rapid induction of thh
expression (93). Collectively, these data suggest that activation of Ihh signaling in mature
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epithelial cells on the apical surface of colonic crypts is antagonistic to the 13-catenin-TCF
pathway, thus preventing proliferation and promoting differentiation/maturation in IECs.
In the classical pathway, Wnt signaling inactivates glycogen synthase kinase3l3 (GSK3f3),
a component of the multi-protein destruction complex, which includes APC and axin. This
results in de-phosphorylation and stabilization of 13-catenin, leading to nuclear translocation of 13catenin and activation of target genes (101). It is believed that activation of the canonical Wnt
pathway is essential to maintain the crypt cell population in a proliferative state. The nuclear
accumulation of 13-catenin is observed mostly in cells located at the base of crypts and decreases
as cells move towards the apex of crypts (190). Studies indicate that the transition of IECs along
the crypt-villus axis is under the influence of the Wnt signaling pathway, whereas in terminally
differentiated cells, the canonical Wnt signal is inactive. In 13-catenin or TCF4 knockout mice, or
when Wnt signaling is inhibited by Dkkl (a cell permeable inhibitor of Wnt), there is a
significant loss of proliferative epithelial cells (71, 89). Conversely, when the Wnt pathway is
overactive as in APC mutations, epithelial cells exhibit a proliferative state and are unable to
differentiate (4, 157, 173).
The functions of the intestinal epithelium such as digestion and host defense are
supported by epithelial cells of multiple lineages organized into the crypt-villus axis. In the small
intestine, the epithelium is comprised of four principle lineages-i.e. absorptive enterocytes and
three secretory cell types comprising goblet cells, enteroendocrine cells, secretory crypt cells and
Paneth cells. The colonic epithelium principally consists of absorptive enterocytes and goblet
cells. This multicellular organization is coordinated through the actions of stem cells lying at the
base of the crypt in the human gut (109, 127, 205).

5

1.1.2 Role of epithelial barrier in colonic homeostasis
Previously thought to serve as a simple barrier, recent studies have revealed a key role for
IECs in colonic homeostasis. The colonic epithelium is located at an interface that separates an
antigen rich luminal environment from mucosal immune system that is capable of recognizing
and responding to microbes. The ability of the epithelium to perform its varied functions depends
to a large degree on its capacity to maintain and restore its integrity in the face of challenges such
as microbes and foreign antigens in the diet. If the epithelial barrier is breached, the intestinal
epithelium is repaired by a host of factors which act to restore the normal integrity of the
epithelial layer. Some of these factors include the mucin Muc3 which promotes cell migration,
inhibits apoptosis and accelerates healing in cell lines and in a mouse model of acute colitis (63).
Growth factors have a well defined role in maintaining epithelial integrity. For example, Insulinlike growth factor-i decreases apoptosis of epithelial cells after thermal injury (74). In
experimental necrotizing enterocolitis, heparin binding epidermal growth factor was shown to
increase IEC migration, proliferation and restitution (42). Recent studies have also revealed that
prostaglandins and myeloid differentiation factor-88 (MyD88) signaling pathways play a key
role in epithelial proliferation following injury (15). Since the lifetime of the IECs is relatively
short (5-7 days), the above mechanisms are critical for replenishing the intestinal epithelium by
supporting a continuous cycle of cell growth and restitution of the crypt-villus axis.
The sheet of columnar cells on the epithelial surface is joined together by circumferential
intercellular junctions forming a permeable barrier that allows selective passage of luminal
contents. Components of the epithelial barrier also includes mucus which is secreted on the apical
surface of epithelial cells, lipid plasma membranes of IECs, specific membrane transport systems
responsible for trans-epithelial passage of different molecules such as the NHE3 (sodium hydrogen

6

exchanger) and the stromal compartment below the epithelial layer, known as lamina propria. The
mechanisms that have evolved to regulate these physiological events are complex. While the
structural and functional properties of the intestinal epithelium are designed to limit the amount of
antigens reaching the lamina propria, specialized cells of the follicle-associated epithelium (M
cells) and DCs sample luminal antigens for delivery to cells of the mucosal immune system
thereby establishing immunosurveillance of luminal contents. A critical functional component of
the epithelial barrier is the formation of tight junctions between adjacent epithelial cells, which
forms a continuous cell layer facing the lumen of the gut. An outline of the intestinal epithelial
cells and their specific role in the G1T mucosa is depicted in Figure 1.1

The tight junction is a macromolecular structure located at the apical surface of the lateral
intercellular space and is essential for regulating paracellular movement of fluid and solutes (14).
While the paracellular space contains different types of tight junctions, it is the junction that is
closest to the apical surface that is principally responsible for regulating paracellular
permeability. Adherens junctions and desmosomes are also important in cellular functions
providing anchorage of cells through cytoplasmic actin filaments. The tight junction was studied
using electron microscopic (EM) techniques, which revealed a series of pinpoint contacts
between the apical and lateral membranes of adjacent cells. Freeze-fracture EM showed that the
pinpoint contacts formed a continuous belt of branching fibrils which surrounded each cell (119).
The tight junction fibrils are made up of a complex of integral membrane proteins, which bind to
a group of cytoplasmic plaque proteins. The latter are responsible for tethering the cytoplasmic
component of the tight junction to the cytoskeleton (182).
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Figure 1.1: Intestinal epithelial cells (JECs) in the gastrointestinal mucosa. IECs express (a)
microvilli, (b) tight junctions, (c) secrete mucus and (d) antimicrobial peptides. Bacteria and their
products translocate through (e) M-microfold IECs and presented to (f) dendritic cells resident in
Peyer’s patches (6).

Integral membrane proteins within the epithelial tight junction include occludin, claudins,
and junctional adhesion molecule (JAM). These proteins share similar structures including two
extracellular loops that bind with other integral membrane proteins in neighboring cells. Integral
proteins also possess cytoplasmic tails that interact with cytoplasmic plaque proteins via specific
binding domains. Occludin, a 65-kDa protein was the first integral membrane protein shown to
be localized to tight junction fibrils (44). Subsequently, a group of 20 integral membrane proteins
called claudins (—22 kDa) were discovered that are expressed in a tissue-specific manner and
possibly reflect regional differences in epithelial permeability (124). Site-specific claudin
expression has also been recognized in the mammalian gut. For example, both claudin-3 and
8

claudin-5 are expressed in villi and intestinal crypts in rats, whereas claudin-2 is expressed
specifically in crypts and claudin-4 is expressed solely in villi (144). The 35 kDa integral
membrane protein JAM is known to modulate monocyte migration (110). The formation of tight
junctions by integral proteins requires the presence of fibrils, which are approximately 10 nm in
diameter and similar to gap junction connexons (119).

The cytoplasmic plaque is composed of a series of proteins known as zona occiudens
ZO-1, ZO-2 and ZO-3, which belonging to the membrane-associated guanylate kinase
(MAGUK) superfamily. This family also includes other proteins for example cingulin, and
lymphocytic leukemia fusion-6. Tight junction-associated cell membranes contains high
concentrations of lipids including cholesterol and sphingolipids, resulting in the formation of
membrane microdomains described as detergent-insoluble glycolipid raft in the brush border of
intestinal epithelial cells (29, 133). A summary of tight junction proteins in IECs is presented in

Figure 1.2.

Brush borders are specialized apical cell surface domains of epithelial cells that consist of
numerous microvilli (up to 3000/cell), which are tubular projections of the plasma membrane
that increase the cell surface area. Brush borders are found on small intestinal enterocyte, kidney
proximal tubule cells and placental syncytiotrophoblast. In addition, brush borders with lesser
degrees of organization are also found on surfaces of many other cell types, including cells of the
pancreas, liver and colonic epithelial cells (122). The apical brush border of IECs contain
membrane associated structures known as lipid rafts (29).
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Figure 1.2: Intestinal epithelial cells and intercellular junctions. TJ-tight junction proteins are
Claudin, Occiudin, Junctional adhesion complex (JAM-A), Coxsackie adenoviral receptor
(CAR), Afadin and Zona occiudens (ZO 1/2/3) proteins. AJ-adherens junction consists of E
cadherin and cytoplasmic cx/J3/y catenins. TJ and AJ are anchored to pen-junctional actin-myosin
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ring. Desmosomes (DE) comprise of JAM-C and desmosomal cadherins. These proteins bind
cellular 7-catenin, desmoplakin, plakophilin and linked to cytoskeletal intermediate filaments
(22).

Recent studies indicate that these rafts are targeted by many pathogens for adhesion
and/or invasion of host cells. A number of pathogens, including bacteria, viruses, fungi, parasites
and toxins specifically recognize raft components when making their initial contact with the
target cell in the host (23, 26, 37). The presence of lipid rafts in the vicinity of tight junctions
possibly reflects a host derived mechanism that clusters membrane bound innate (TLRs)
receptors which act as sensors of pathogen associated molecular patterns (PAMPs). The apical
border of polarized epithelial cells is composed of separate sub-domains such as plasma
membrane protrusions including microvillus and primary cilium, as well as a non-protruding
region. This region contains a variety of lipid species that have distinct physical and chemical
properties. Using the cholesterol-binding protein prominin-1 (CD 133) as a specific marker,
Weigmann et al proposed the co-existence of different cholesterol-based lipid rafts (202).

A number of studies have demonstrated that TLRs are condensed into lipid rafts of
epithelial cells at different sites in humans. For example, TLR2 was translocated to apical lipid
raft complex in the airway epithelial cells following infection with Pseudomonas aeroginosa
(167). In IECs, intracellular recognition of LPS activated the formation of lipid rafts via a
clathrin dependent mechanism in the Golgi complex (66). Interestingly, Escherichia coli
enterotoxin activation of TLR2 signaling requires a lipid raft associated ganglioside GD 1 in
epithelial cells (98). The role of ganglioside in flagellin responses in IEC remains controversial.
Gangliosides such as GM1, GD1a and asialo-GM1 were initially thought to function as co
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receptors for flagellin and were required for anti-microbial host defense (41, 137). However, a
later study by West et al clarified that membrane bound gangliosides inhibit the signaling
pathways induced by bacterial flagellin, without affecting flagellin interaction with host TLR5
(203). Regardless of its role, it is clear that lipid rafts harboring gangliosides influence the effects
of flagellin and modulate TLR5 signaling in host cells. Further studies are needed to clarify the
specific role of gangliosides in TLR5 signaling pathway in IECs.

1.2 Host defense and Intestinal epithelial cells

Several human colonic carcinoma cells lines have been used to model human intestinal
epithelium in the laboratory for investigating host immune responses and digestive functions,
such as absorption, transport of nutrients as well as the metabolism of drugs (112, 174, 189,
196). These cell lines include Caco-2, HT-29 and T84 IECs which undergo varying degrees of
enterocytic and colonic differentiation in culture (68, 155, 213). A desirable feature of Caco-2
IECs, first isolated by Fogh et al (43), is that they undergo spontaneous differentiation in culture
which begins when cells become confluent and form a continuous monolayer. The monolayer is
characterized by formation of numerous dome-like structures which corresponds with the ability
to conduct transepithelial ionic transport. Differentiated Caco-2 cells resemble the apical surface
of the intestinal epithelium by possessing a well-defined brush border and tight cellular junctions
(28, 188). Furthermore, differentiation in Caco-2 IECs is associated with expression of brush
border enzymes such as sodium hydrogen exchanger-NHE3, as well as hydrolases including
alkaline phosphatase and dipeptidyl dipeptidase (97, 164). A component of lipid rafts known as
Alpha-kinase 1 is expressed concomitantly with the Caco-2 cell differentiation marker sucrase
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isomaltase (60). As such, lipid rafts are critical for some homeostatic functions such as
absorption (131) and host defense against enteric pathogens (76).

Like Caco-2 IECs, T84 cells spontaneously differentiate in culture after confluency, but
their brush border is not well developed and they do not express microvillous enzymes such as
alkaline phosphatase and dipeptidyl dipeptidase (38). T84 cells also resemble adult colonic crypt
cells in their morphology with tight junctions and ionic transport characteristics (61). In contrast,
HT-29 IECs do not differentiate spontaneously under normal culture conditions. However, they
can be induced to differentiate by addition of agents such as butyrate (47) and phorbol 12myristate 13-acetate (PMA), which induces PKC dependent mucin gene expression in HT-29
cells. The HT-29 cell is a useful model for in-vitro studies, and may be utilized for investigating
the role of the mucus layer in host defense andlor homeostasis.

The GI mucosa has developed several physical adaptations for host defense which impair
translocation of pathogens and microbial products across the epithelium. In addition to the brush
border microvilli, the epithelial barrier is reinforced by a continuous sheet of mucus and
glycocalyx which covers the apical surface of IECs. The mucus is widely distributed throughout
the GI tract and is produced by specialized epithelial cells known as goblet cells (99). Goblet
cells are found in colonic crypts, as well as in small intestine, and secrete mucus that is mostly
composed of mucins. The mucins provide attachment sites for microbes by forming a
polysaccharide network that is rigid and sticky, so that pathogens are trapped and removed by
peristalsis. The mucus layer in the GI tract therefore constitutes a physical shield that prevents
pathogens from colonizing the epithelium (130).
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In addition to the physical barrier, the mucosa in the GI tract expresses a broad spectrum
of cationic anti-microbial peptides (Camps) that are produced by specialized epithelial cells
known as Paneth cells in the terminal ileum and released into the lumen. The Camps include
alpha and beta defensins, cathelicidins and resistin-like molecule (Relm) beta (30). Together,
these Camps target various components of pathogenic microbes through disruption and
permeabilization of the bacterial cell wall and inhibition of viral nucleic acid production (45).
The secretion of Camps is possibly disseminated in the lumen of the intestine by the mucus
layer, thus protecting the host against infection and disease.

The ability of IEC to distinguish between the diverse elements of intestinal flora as well
as responding to pathogens has been the subject of intense study. It is known that germ-line
encoded pattern recognition receptors (PRRs) are the principal sensors of microbes and their

products. PRR recognize conserved bacterial and viral signature motifs and form an integral part
of the innate immune system in the gut. Metchnikoff first described the innate immune system
more than a century ago; however, research on innate immunity was largely overshadowed by
the discovery of antibodies, B and T cells, and other components of the adaptive immune system
(166). Recent work has increased our insight into innate immunity and how it functions at
different sites. By utilizing an intricate network of effector mechanisms, innate immune
responses lead to either clearance or restriction of pathogen replication until the adaptive
immune system mounts a more specific and robust response. In 1993, Janeway proposed that
innate effector mechanisms are initiated via the specific detection of microbes by germline
encoded, non-clonal receptors, which are essential for early detection and subsequent control of
infection in mammals (73). This response is triggered by microbial products including
lipopolysaccharide (LPS), bacterial flagellin, lipoproteins, and viral or bacterial nucleic acids.
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Signaling through PRR induces a cascade of events including the production of proinflammatory
chemokines and cytokines, activation of complement, recruitment of phagocytic cells, and
mobilization of professional antigen-presenting cells which constitute the adaptive immune
response (92).
In the late 1990s, three key discoveries significantly advanced our understanding of the
function of PRRs in innate immunity. In 1996, the Drosophila melanogaster protein Toll,
identified previously for its role in dorso-ventral embryonal patterning, was shown to be critical
for effective immune responses in adult flies against the fungus Aspergillus fumigates (94). A
mammalian homolog of the Drosophila Toll receptor, initially called human Toll and now
known as Toll-like receptor 4 (TLR4), was then identified. A constitutively active form of TLR4
could activate the key transcription factor NF-KB, leading to the expression of pro-inflammatory
genes encoding IL-113, IL-6, IL-8 and co-immunostimulatory molecules (117). The discovery of
a point mutation in the Tlr4 gene that made mice less responsive to LPS challenge and more
susceptible to Gram-negative bacterial sepsis, definitively established the protective role of TLRs
in innate responses (143).

1.2.1 Toll-like receptor signaling pathways in the colonic epithelium
TLRs are type I transmembrane proteins of the IL-i receptor (IL-1R) family that possess:
a) an N-terminal leucine-rich repeat (LRR) domain for ligand binding, b) a single transmembrane
domain and c) a C-terminal intracellular signaling domain. IL-i receptors and TLRs are
members of a large super-family of phylogenetically conserved proteins involved in innate
immunity and inflammation (100). The members of this family share a conserved sequence of
proteins in their cytoplasmic region, known as the ToI1JIL-1R (Tifi) domain that is involved in
the activation of the canonical signaling pathway leading to NF-icB activation as well as
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activation of the MAP kinase pathway involving p38, JNK and ERK. There is however, an
important difference in the structure of the extracellular domain of TLRs and IL-1R. Whereas
TLRs contain sequences known as leucine-rich repeats (LRR) motifs that recognize PAMPS, the
IL-iRs bear immunoglobulin (IgG) like domains which bind their corresponding interleukins.
TLRs are widely expressed in many cell types, including professional immune cells such
as macrophages where TLR function has been intensively examined. TLRs are also expressed by
non-hematopoietic epithelial and endothelial cells, although most cell types express only a select
subset of these receptors. Thus far, 13 mammalian TLRs, 10 in humans and 13 in mice, have
been identified. TLRs 1-9 are conserved among humans and mice, whereas TLR1O is present
only in humans and TLR1 1 is functional only in mice. Although much is known about the
ligands and signaling pathways of TLRs 1-9 and 11, the biological roles of TLRs 10, 12, and 13
remain unknown. Furthermore, their expression patterns, ligands, and signaling pathways are yet
to be identified (156). Most TLRs require MyD88 as an adaptor to relay signals downstream
from the receptor. TLR3 signaling, on the other hand, requires the TRW adaptor protein, which
can also signal for TLR4 (204). Whereas TLR activation leads to secretion of inflammatory
cytokines such as IL-6 and IL-8, ligation of TLR3, TLR7 and TLR9 leads to activation of IFN
inducible genes. As mentioned earlier, TLR4 activation can stimulate inflammatory cytokines in
addition to type 1 IFN genes. A summary of MyD88-dependent and independent pathway is
presented in Figure 1.3.
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Figure 1.3: MyD88 dependent and independent Toll-like receptor signaling pathways (77).
In contrast to professional immune cells, IECs express only a subset of TLRs and
maintain a state of hyporesponsiveness to microbial and inflammatory stimuli. To date, a number
of mechanisms have been proposed to explain the hyporesponsivess seen in colonic IECs.
Several groups have shown that IECs express low levels of TLR4JMD-2 complex as well as
TLR2, and therefore quiescent to their ligands (2, 18, 118). The induction of tolerance to
commensal bacteria has been shown to involve decreased MyD88 and IL-1R-associated kinase
(IRAK) expression and activity (116). An emerging role for negative regulators of TLR signaling
was described for Toll-interacting protein (Tollip) expression in IEC (211).
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IECs have been reported to develop tolerance by downregulating some TLRs and
increasing the expression of negative regulators such as Tollip (138). Another mechanism
explaining the limited responsiveness of IEC to commensal bacteria is the polarity of the
intestinal epithelial cells and differential expression patterns of various TLRs in apical
compartments versus basolateral orientation in differentiated epithelial cells.

In IECs, TLR5 specifically binds bacterial flagellin, TLR4 binds LPS, TLR2 binds
bacterial cell wall lipoprotein and TLR9 recognizes bacterial DNA. These cells also express
TLR3 to detect double stranded RNA viruses while TLR7 and TLR8 are not expressed in human
IECs. Caco-2 and T84 IECs exhibit a polarized phenotype with apical and basolateral surfaces,
when grown on transwell supports. This model of polarized epithelia has been utilized to identify
the apical versus basolateral expression of TLRs and their adaptor proteins. For instance, TLR2
expression in intestinal epithelial cells has been shown to be localized at the apical membrane
(17) while other authors have reported TLR5 expression on basolateral membranes. In this
model, only pathogenic flagellated bacteria that could translocate across the intestinal epithelial
lining will be recognized by basolateral TLR5 and induce an innate immune response. In
contrast, other studies suggested that TLR5 is expressed on the apical surface of IEC in mice (9).

Currently, our understanding of TLR5 expression in human colonic epithelia remains
very limited, with a single report demonstrating that TLR5 expression is confined to the
basolateral surface of human intestinal explants (148). The dearth of data about TLR5 expression
in the colon is partly due to the lack of specific antibodies for human studies, however our
understanding of TLR5 expression will become clearer as new antibodies and molecular
techniques become available. Nevertheless, TLR5 has been intensively studied in IEC in tissue
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culture and a brief description of our current understanding of the biology of TLR5 is warranted.
The first evidence of TLR5 expression in-vivo was reported by Uematsu et a! (184). These
authors suggested that TLR5 is mainly expressed in a subset of murine DCs known as intestinal
CD1 lc+ lamina propria cells. The CD1 lc+ DCs do not express TLR4 and are unresponsive to
LPS. These cells respond to flagellin by secreting IL-12, TL-6 but not IL-lO or TNFc. Since
lamina propria DCs extend their dendrites to sample the luminal contents, low expression of
TLR4 might be useful for avoidance of innate response to commensal bacteria (132).

The recent availability of TLR5 knock-out mice has revealed important roles for this
TLR in enteric infections and intestinal inflammation. The deletion of the TLR5 gene in mice
results in spontaneous colitis, possibly as a consequence of increased TLR4 mediated intestinal
inflammation (194). A lack of TLR5 also produced a dyregulated host response to Salmonella
induced typhoid-like disease and diminished host defense following Pseudomonas aeroginosa
infection (145, 193). These data indicate that TLR5 plays a key role in controlling some bacterial
infections and possibly protects against radiation and chemical injury (16). The detection of
unmethylated CpG motifs of bacterial DNA by TLR9 on the apical surface of human IEC was
first investigated by Lee et al (91). These authors reported that activation of apical TLR9
stabilized NF-icB whereas basolateral TLR9 stimulation produced NF-icB mediated proinflammatory cytokine response in JECs. The mechanism of apical TLR9 unresponsiveness
could be due to the specific expression of negative regulators on the apical surface of JECs.
Our knowledge about TLR activation and subsequent signaling events has increased
dramatically in recent years. Activation of TLRs leads to two types of signaling events based on
the involvement of MyD88. TLR signaling that is dependent on MyD88 leads to recruitment of
IRAK1 to the TLR cytoplasmic region. Once IRAK1 is phosphorylated and activated by IRAK4,
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it dissociates from MyD88 and activates TRAF6, a member of TNF receptor family. TRAF6
complexes with Ubcl3 and UevlA ligases and promotes activation of TAK1, a MAPKKK
(MAP kinase kinase kinase). TAK1 in combination with TAB 1, 2 and 3 activates two
downstream pathways involving the IKK complex and MAPK family. The IKK complex,
composed of the catalytic subunits IKKc and IKKf3 and a regulatory subunit IKKy/NEMO,
catalyzes the phosphorylation of I-icB proteins. This phosphorylation is necessary for the
degradation of I-id3 and the subsequent nuclear translocation of NF-id3 which leads to the
trancription of various inflammatory genes. Members of the MAPK family include the p38 MAP
kinase, ERK and JNK. These proteins phosphorylate and activate the downstream transcription
factor AP-1, a dimer of basic region leucine zipper (bZIP) proteins (77). Both AP-1 and NF-iB
transcription factors are required for transcriptional activation of the IL-8 promoter (64).
Currently, it is believed that almost all TLRs, with the exception of TLR3, depend on the
MyD88 adaptor protein for downstream signaling. TLR3 signaling requires the TRW adaptor
protein to relay signals to the TRAF family of proteins which converge on the transcription
factor IRF, instead of the canonical NF-icB pathway. Similarly, TLR7 and TLR9 activation leads
to MyD88-dependent pathway leading to activation of IRF (77). The overall function of NF-icB
and IRF activation is induction of cytokines such as IL-i, IL-6 and the chemokine IL-8, as well
as the release of anti-microbial peptides such as Camps.
Recently, commensal driven secretion of IL-25 by IECs was demonstrated as critical for
regulation of the IL-17 axis in chronic intestinal inflammation (210). IEC derived IL-25 was
shown to limit the proliferation of IL-17 producing CD4÷ T cells by inhibiting the expression of
macrophage derived IL-23. In this manner, IECs are able to exert an inhibitory effect on
macrophage function in the lamina propria. Further, IECs secrete the cytokine Thymic Stromal
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Lymphopoietin (TSLP) which targets lamina propria DCs, inducing a non-inflammatory
quiescent state (149). The crosstalk between JECs, DCs and macrophages facilitates mucosal
homeostasis and may be perturbed in chronic inflammatory disorders such as IBD.

1.2.2 Intracellular innate receptors in intestinal epithelial cells
The nucleotide oligomerization domain (NOD) proteins are cytoplasmic sensors of microbes that
invade host cells. The NOD-like receptor (NLR) family consists of approximately 25 members
expressed in humans with a characteristic triad structure of a C-terminal leucine-rich repeat
domain, a central nucleotide-binding domain, and an N-terminal protein/protein interaction
domain. The leucine-rich repeat domain of NOD proteins binds to bacterial ligands, whereas the
N-terminal domain interacts with and activates signaling pathways for the induction of innate
defenses and in some cases apoptosis (70). Many NOD proteins are expressed in myeloid cells
throughout the body including the gastrointestinal tract and their functions in health and disease

are beginning to be understood. Two of the best characterized NOD proteins are NOD 1
(CARD4) and NOD2 (CARD15).

NOD 1 is expressed in multiple tissues and particularly in epithelial cells within the GI
tract. It senses a specific diaminopimelic acid (DAP)—containing peptidoglycan motif expressed
by gram-negative but not gram-positive bacteria (20, 49). The NOD 1 receptors are required for
host defense against intracellular pathogens such as Shigella flexneri, enteroinvasive Esherichia
coli and Pseudomonas aeroginosa (51, 81, 180). These pathogens invade IECs and activate NF
id3 in a NOD1-dependent manner. Mice deficient in NOD1 are unable to release chemokines or
recruit neutrophils, when challenged with NOD1 ligands (111). Interestingly, a peptidoglycan
fragment known as tracheal cytotoxin or TCT was not detected by human NOD1 or NOD2. In
contrast, TCT activated NOD 1 in murine macrophages. Similarly, differences have emerged in
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the activation of murine and human cells by synthetic NOD1 ligands (103). These data suggest
that there are species specific differences in NOD1 signaling pathways (50). Epithelial NOD1
receptors also constitute an important class of innate sensors that recognize bacteria which may
have evaded surface TLRs in IECs.

The structure of NOD2 is similar to NOD1 with the exception that it contains two instead
of one N-terminal CARD domain. NOD2 is expressed predominantly in myeloid cells such as
macrophages and dendritic cells, including Paneth cells in the G1T (90). The expression of
NOD2 can be induced in TECs when the cells are stimulated with the pro-inflammatory cytokines
TNFo and IFNy’ (153). Accordingly, the expression of NOD2 in IEC is elevated in chronic
intestinal inflammation (13). Interestingly, a NOD2 frame-shift mutation is associated with
Crohns disease in some patients. This results in truncation of the terminal LRR protein product
such that it is no longer able to detect peptidoglycan (70). Although the implications of these
findings are still not fully understood, it appears that impaired bacterial sensing may contribute
to the pathology of Crohn’s disease. It has been shown that expression of mutant NOD2
diminishes the clearance of Salmonella from human IECs (62). Moreover, the clearance of
invasive bacteria is dependent on NF-icB activation via the cell-death regulatory protein GRIM
19 which interacts with NOD2 (10).
Another mechanism by which NOD2 deficiency could contribute to the pathogenesis of
Crohn’s disease is explained by its role in Paneth cells. The secretion of antimicrobial peptides
(Camps) from Paneth cells in the terminal ileum is dependent on NOD2. A deficiency of NOD2
would decrease Camp secretion and therefore possibly increase the burden of pathogenic bacteria
such as Adherent Invasive Escherichia coli (AlEC) as reported in some patients with Crohn’s
disease (31, 87). In support of this hypothesis, targeted deletion of NOD2 in mice decreases a
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defensin production and enhances susceptibility to experimental Listeria monocytogenes
infection (90).

In humans, mutations in the NOD2 gene are confined to the leucine-rich repeat domain
and abolish, in many cases, the ability to sense bacterial components and activate NF-icB.
Consistent with the loss-of-function phenotype, many of the Crohn’s disease—associated NOD2
mutations appear to act in a recessive manner (201). However, some mutations are not associated
with a loss-of-function phenotype, suggesting that defective sensing of microbial products may
not be a consequence of mutated NOD2. In fact, mutations in the nucleotide-binding region of
the NOD2 protein lead to constitutive, ligand-independent activation of the downstream NF-icB
pathways and cause a chronic systemic inflammatory disorder, Blau syndrome, in a dominant
fashion (19). Thus, NOD2 mutations can span a spectrum of phenotypes from complete loss of
function to inappropriate gain of function. The specific impact of NOD2 mutations on the
development of human IBD remains controversial and further studies are needed to clarify how
mutations of this intracellular receptor contribute to the pathogenesis of CD or UC (31, 87).

As noted above, NOD2 mutation may diminish the innate response required against
bacterial infections, leading to an increase in bacterial burden and a prolonged inflammatory
response, perhaps sustained by TLR ligands. This concept is supported by a study in patients
with CD, where reduced IL-8 secretion by PBMC derived macrophages corresponded with
reduced neutrophil recruitment and persistence of subcutaneous E. co/i infections (108).
Furthermore, impaired dendritic cell function and production of cytokines has been reported in
response to MDP but not to TLR ligands in some CD patients (88). Similarly, cytokine
production by macrophages from NOD2 knockout mice is diminished following stimulation with
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MDP but not by TLR ligands (87). These studies suggested that loss of NOD2 would be
expected to abolish the pro-inflammatory responses to MDP and should produce less
inflammatory response, in contrast to IBD where intestinal inflammation is a predominant
feature of the disease.

Further insight was gained by the generation of the transgenic mice which carried the
human form of NOD2 mutation. Macrophages from transgenic mice harboring the most common
NOD2 mutation-3O2OinsC, which encodes a truncated protein lacking 33 amino acids (69, 136)
exhibited elevated NF-icB activation with increased processing and secretion of IL-113,
suggesting that this mutation is associated with a gain of function phenotype (102). This gain of
function concept, however, is in contrast with data on human peripheral blood monocytes that
exhibit reduced rather than increased IL-i 13 production (96). It remains to be determined if these
conflicting findings are due to species differences between humans and mice.

A recent development about NOD2 function came to light with the discovery by
Watanabe et a! that deficiency of NOD2 may impact TLR2 signaling. These authors found that
NOD2 deficient antigen presenting cells such as DCs produced increased amounts of proinflammatory IL-12 when exposed to peptidoglycan, a TLR2 ligand. Mice deficient in NOD2
also developed colitis when challenged with MDP (199), suggesting that NOD2 possibly
functions as a negative regulator of TLR2 signaling while sparing other TLRs. Interestingly, the
same group recently showed that MDP activation of NOD2 protects mice against experimental
colitis (198). The above finding suggests an increasingly important role of innate receptors such
as NOD2 in immunoregulation, loss of which may predispose some individuals to developing
IBD.
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1.2.3 The regulation of innate response in intestinal epithelial cells

The role of negative regulators of LPS signaling were described for the first time in 2002,
when IRAK-M was shown to inhibit TLR signaling in macrophages and monocytes (86).
Simultaneously, two independent groups identified the suppressor of cytokine signaling (SOCS)
as an inhibitor of LPS signaling in macrophages. SOCS-l knock-out mice were hypersensitive to
septic shock with increased production of TNFo and other inflammatory cytokines compared to
WT littermates (82, 126). Since the identification of SOCS, several negative regulators of TLRs
have been described in macrophages as well as other immune cells whose function varies from
inhibition of TLR signaling at the cell membrane, to activation of adaptor proteins in the
cytoplasm and transcription factors involved in inflammatory gene expression. For example in
mice, a soluble alternatively spliced form of TLR4 mRNA is expressed as 20 kDa protein. This
secreted protein interrupts TLR4 responses and inhibits LPS induced TNFc production in a
mouse macrophage cell line (72). IRAK-M is a negative regulator that inhibits cytoplasmic
IRAK-l binding with TRAF6 thereby impeding TLR signaling to NF-id3 (86). Another example
is PPAR’y, which functions to prevent nuclear translocation of activated NF-id3 in epithelial cells
(36). The existence of these regulators clearly indicates that inflammatory signaling is strictly
controlled with check points at multiple levels within the mammalian cells to prevent
dysfunctional responses and potentially limit undesirable inflammation in steady state
conditions.

To date, the only negative regulator known to specifically inhibit TLR signaling in
human JECs is Tollip which prevents TLR2 and TLR4 signaling by suppressing the activation of
IRAK (211). Since the expression of these TLRs is relatively lower in IECs, it is unknown if
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Sigirr regulates other TLRs such TLR5 and TLR9 known to be expressed by ]EC. Furthermore,
it is unknown if Sigirr expression in LECs is altered during differentiation or migration of IECs
from the base to the surface of colonic crypts. To date, the expression pattern of innate receptors
such as TLR5 and their negative regulators in cultured human IECs has not been elucidated.
Therefore, the effect of phenotypical changes in spontaneously differentiating and maturing cells
such as Caco-2 IECs, on innate receptors and host defense is yet to be ascertained.

The single IgG IL-i-related receptor (Sigirr) was identified as a negative regulator of TLR4
signaling that is highly expressed in the human colon as well as in other tissues of the
gastrointestinal tract (197). Sigirr attenuates TLR signaling by binding IRAK and TRAF6
thereby sequestering these critical proteins and interrupting the transduction of signal to NF-icB
(134). The expression of Sigirr has also been reported in the immune system i.e. DCs,
macrophages and neutrophils as well as by other epithelial tissues in the kidney and lungs (142).
The structure of Sigirr protein shares similarities with other members of the superfamily of IL-i
receptors such as IL-18 and TLRs. In comparison to the extracellular region of the IL-1R which
consists of three IgG domains, the extracellular region of Sigirr is composed of a single IgG
region. Further, the cytoplasmic tail of Sigirr protein is relatively longer with 268 amino acids
compared to IL-1R which has 216 amino acids.
The first evidence of regulation of TLRs by Sigirr was demonstrated by Wald et al who
observed that Sigirr negatively regulated LPS responses (197). These authors showed that the
inflammatory response to LPS challenge was enhanced in Sigirr deficient mice. Splenic
thymocytes and renal epithelial cells from Sigirr knock-out mice demonstrated hyper
responsiveness to IL-i 3 and LPS stimulation. Since then, several studies have investigated the
role of Sigirr in human inflammatory diseases such as psoriatic arthritis and septic shock, as well
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as in infectious diseases due to Mycobacterium tuberculosis and in Pseu4omonas aeruginosa
keratitis (3, 11, 46, 67). Recently, the role of Sigirr in the gut was investigated by Xiao et al in
Sigirr knock-out mice and these authors showed that Sigirr plays a central role in colonic
homeostasis, inflammation and tumorigenesis (206). Colonic IECs from Sigirr deficient mice
exhibited constitutive activation of inflammatory genes that was dependent on conmiensal flora.
Levels of pro-inflammatory cytokines TNFo and IFNy, as well as chemokines MIP2 and KC
were significantly augmented. Sigirr deficient mice were highly susceptible to DSS challenge,
suffering higher mortality, epithelial damage and increased inflammatory cell infiltration into
colonic tissues. Increased inflammatory gene expression in the colon was also a consistent
finding with up-regulation of JL-113, IL-12p40, IL-6 and IL-17. These findings supported a key
role for Sigirr in regulating innate responses and colonic inflammation with possible implications
for human diseases. The role of Sigirr in human GI disease is yet to be addressed and given the
complexity of the relationship between the commensal bacteria and colonic homeostasis, further
studies are needed to elucidate the role of negative regulators in GI inflammatory disorders such
as IBD.

1.3 The microbial challenges to intestinal epithelial cells.
1.3.] The interaction of the epithelium with enteric microbes
The human colonic commensal microbiota consists of greater than 500 species of bacteria
that plays a central role in many functions in the GI tract including human nutrition and health,
generating nutrient supplies, preventing pathogen colonization, while shaping and maintaining
mucosal immunity (207). Following bacterial colonization, significant changes take place in the
human intestine with selective expansion and phenotypic differentiation of specific cell lineages
within the mucosal immune system (65, 208). The influence of this postnatal period in intestinal
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immunity is thought to persist throughout life and impacts general health. It is believed that
commensal bacteria are pivotal in the development and maintenance of gut-associated lymphoid
tissues (186). The increasingly recognized role of comniensal flora in human health is consistent
with the hygiene hypothesis which suggests that reduced exposure to important gut bacteria may
lead to the rising incidence of human allergies and autoimmune diseases (151). In the future, it
may be possible to exploit the mutually beneficial co-existence between commensal bacteria and
the healthy host for treatment of diseases, such as IBD, where inappropriate immune responses to
commensal flora is thought to contribute to pathogenesis of the disease.

The identification of a number of genes in commensal bacteria that modulate host
immune system has been investigated in a several studies. For example, the immunomodulatory
effect of Bijidobacterium iongum may involve the eukaryotic-type serine protease inhibitor
(serpin), which inhibits pancreatic and neutrophil elastase in their natural habitat and protect the
host against exogenous proteolysis (163). The mucinase activity of fucose-rich polysaccharides
in Bacteroides thetaiotaomicron may permit close contact with intestinal epithelial cells and
exert immunosuppressive effects (25, 78). The normal commensal flora can efficiently block
intrusion of many pathogenic bacteria into host epithelial cells. This has been termed ‘microbial
interference’ or ‘colonization resistance’ (192). Deficiency of commensal microbiota (e.g. axenic
mice raised under sterile conditions and antibiotic-treated mice) exhibit dramatically increased
susceptibility to enteric infection by Salmonella and Shigella flexneri (104). Conversely, some
commensal species, such as Lactobacillus spp. or Bifidobacterium spp. have therapeutic and/or
prophylactic effects against enteric bacterial infections (48). A number of commensal bacteria

are also available commercially as probiotics or live microbial food supplements with health
promoting properties. The molecular basis of colonization resistance can therefore be
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summarized as (i) the production of antimicrobial or toxic substances by the flora (bacteriocins,
short chain fatty acids [SCFA]), (ii) competition with pathogens for adhesion receptors, (iii)
stimulation of mucin secretion or antimicrobial peptide production by sodium butyrate (59, 146)
(iv) stabilization of the gut mucosal barrier and improvement of gut motility and (v) overall
nutrient limitation by the elaborate microbial food-web (48, 195).

In contrast to the beneficial actions of commensal bacteria, enteric bacterial pathogens
largely account for diarrheal diseases. According to World Health Organization (WHO)
estimates, diarrheal diseases account for 18% of all deaths in children under the age of 5 years
worldwide. The frequency of isolation of a specific pathogen from children depends on several
factors such as the level of development in a region; geographic location; age group, infants
versus young children; immune status e.g. immunocompetent versus immunocompromised
individuals; between breastfed and non-breastfed infants; rural and urban settings; and even over
time in the same location and population (141). Sometimes, even in the best of studies, no enteric
pathogen is identifiable and in many cases multiple putative enteric pathogens are seen
frequently in the clinic. In spite of these variables, it is important to ascertain the cause of
diarrhea in children in developing countries, as this is the predominant group that suffers its
complications such as malnutrition and as a result is likely to have long term growth deficits.
Enteric pathogens responsible for causing the most severe acute diarrhea and mortality

worldwide include Vibrio cholera, Shigella spp., Salmonella spp., Enteropathogenic Escherichia
coli and Enteroaggregative Escherichia coli.

Escherichia coli are a member of the genus Escherichia within the family
Enterobacteriaceae, and consist of mostly motile, gram-negative bacilli. This bacterium
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colonizes the gut of newborns soon after birth and thereafter continues to be present in the
intestine of humans functioning as a commensal. E. coli was recognized as a pathogen that
caused diarrhea with the finding in 1898 that serum from diarrhea patients agglutinated isolates
of E. coli from other patients in the same outbreak but not those of controls (129). Before the
virulence factors of E. coli were identified, pathogenic strains were distinguished mainly by
serotyping. A scheme was proposed by Kauffman in 1944 by which E. coli were serotyped on
the basis of their 0 (somatic), H (flagellar) and K (capsular) surface antigen profiles (129). A
total of 170 different 0 antigens, each defining a serogroup, are recognized presently. A specific
combination of 0 and H antigens defines the serotype of an isolate. To identify a diarrheagenic
strain of E. coli, the organism must be differentiated from nonpathogenic gut flora. To a limited
extent, serotypic markers correlate with specific categories of diarrheagenic E. coli. However,
these markers are generally not reliable by themselves to accurately identify a strain as
diarrheagenic E. coli (an exception is the serotype 0157:H7, which serves as a marker for
virulent Enterohemorrhagic E. coli). Serotyping has limited sensitivity and specificity, is tedious,
and is performed reliably only in a small number of reference laboratories. Therefore, the
detection of diarrheagenic E. coli has become increasingly dependent on identification of
virulence characteristics of these organisms. This may include in vitro phenotypic assays, which
correlate with the presence of specific virulence traits such as adherence, toxins, or the detection
of genes encoding these traits.

1.3.2 The virulence factors in diarrheagenic Escherichia coli
Like most enteric pathogens, E. coli follows a defined strategy of intestinal infection
beginning with evasion of host defenses, colonization of a mucosal site, multiplication and
expression of virulence factors which finally result in host damage. A highly conserved feature of
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diarrheagenic E. coli strains is their ability to colonize the intestinal mucosal surface in the host
despite the actions of peristalsis and competition for nutrients with commensal flora. The surface
adherence fimbriae are present in virtually all E. coli strains, including non-pathogenic varieties.
The six major categories of diarrheagenic E. coli strains are Enteropathogenic E. coli (EPEC),
Enterohemorrhagic E. coli (EHEC), Enterotoxigenic E. coli (ETEC), Enteroaggregative E. coli
(EAEC), Enteroinvasive E. coli (EIEC) and Diffusely adhering E. coli (DAEC) (135). This group
of enteric pathogens causes diarrheal disease by a variety of mechanisms that leads to intestinal
damage and pathology. Amongst diarrheagenic E. coli, the attaching and effacing (AlE)
pathogens EPEC and EHEC intimately attach to the host epithelial surface and introduce effector
proteins into the host through a molecular syringe-like structure known as a type three secretion
system (T3SS). This approach allows them to subvert host cell functions after infection (179).
An animal model of AlE bacterial pathogen has been intensively studied to elucidate the
molecular mechanisms of enteric infection and intestinal inflammation (colitis) (187). Infection
of mice with the Citrobacter rodentium, an A/E pathogen causes colitis and diarrhea-like disease
with crypt hyperplasia, intimate attachment and effacement of microvilli in host cells. The A/E
bacteria are luminal pathogens and the only group of diarrheagenic E. coli for which an animal
model of colitis exists and therefore provides researchers with a model for studying enteric
bacterial infection. A brief outline of ALE pathogenesis and mechanisms of diarrheagenic E. coli
infection will be described here.

The hallmark of EPEC infections is the attaching-and-effacing (ALE) histopathology
which can be observed on human epithelial cells. This distinctive ultra-structural lesion was first
noted by Staley et al (170) and was later described in colonic biopsies from infants infected by
EPEC by Ulshen and Rothbaum et al (154, 185). However, it was only following the report by
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Moon et al (121) that the phenotype became widely associated with EPEC and the term
‘attaching-and-effacing’ was coined. Numerous studies have since confirmed the characteristic
AlE phenotype in animal models (183), tissue culture cells (84) and in humans infected with
EPEC (176). Examination of infected epithelial cells under the EM showed that EPEC induces
profound cytoskeletal alterations including disruption of the brush border cytoskeleton and
accumulation of filamentous actin beneath adherent bacteria. Effacement of microvilli and
intimate adherence between the bacterium and the epithelial cell membrane are also observed.
The epithelial membrane beneath the adherent bacteria is raised locally in a characteristic
pedestal shape which may extend up to 10 p.m outwards from the cell surface to form
pseudopod-like structures (152). An outline of EPEC infection of IECs is summarized in Figure
1.4.
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Figure 1.4: A model of EPEC infection of IECs. EPEC expresses Flagellin, EspA and bundle
forming pilin (Bfp) filaments for initial adherence to JECs (1). The bacterial intimin is inserted
into the host cell (2) membrane and serves as a receptor for binding Tir and formation of the type
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three secretion system (T3SS) (3 and 4). EPEC effectors such as Map are introduced into the
JECs and disrupt host cell function and tight junction (TJ). Actin filaments are mobilized under
the bacteria during AlE lesion formation (24).

In severe infections, EPEC causes destruction of the absorptive surface of the intestinal
epithelium, with extensive villus atrophy and thinning of the mucosal lining. These observations
of lesion formation were crucial in identifying adherence as an important factor for EPEC
pathogenesis. Knutton et al (84) proposed that a dense cluster of microfilaments in the apical
cytoskeleton immediately under the attached bacteria was actin filaments. In 1979, Cravioto et al
showed that 80% of the EPEC strains as defined by serotype were capable of adhering to
cultured human epithelial HEp-2 cells, while most non-EPEC E. coli strains did not adhere. Prior
to this observation, EPEC had been identified solely on the basis of serotyping. The HEp-2
adherence assay (34) involves inoculating the test strain on a semi-confluent HEp-2 monolayer
followed by incubation for 3 hr at 37°C in 5% CO
. The monolayer is then washed, fixed,
2
stained and examined by oil-immersion light microscopy. This phenotypic assay soon became
one of the most useful phenotypic assays and the gold standard for the detection of diarrheagenic
E. coli. Scaletsky et al showed that E. coli strains attach to HeLa cells in two different stages-(1)
localized adherence (LA) in which bacteria adhere in discrete micro-colonies and (2) diffuse
adherence (DA) in which bacteria adhere uniformly over the entire cell surface (162). The LA
phenotype strongly correlated with EPEC serogroups isolated from patients with diarrhea and
most serogroups e.g. 055,086, Olliab, 0119,0125, 0128ab and 0142 showed LA (161).

Based on the HEp-2 assay, Baldini et al showed that the ability of EPEC strain E2348/69
(0127:H6) LA pattern was associated with a 60 MDa plasmid pMAR2 (8). E2348/69 that lacked
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pMAR2 lost the LA phenotype, whereas transfer of the plasmid to non-adherent E. coli K12
conferred adherence to HEp-2 cells (8). The term EPEC adherence factor (EAF) refers to the
plasmid-mediated adhesin that conferred HEp-2 adherence. In further support of the role of the
EAF plasmid in EPEC pathogenesis, E. coli strains isolated from outbreaks of infantile
gastroenteritis in the United States and from stools of infants with diarrhea in Brazil almost
invariably possessed the EAF plasmid (128).

A small fragment isolated from the plasmid proved to be a highly sensitive and specific
DNA probe and has been used extensively in epidemiological studies to identify EPEC that
contain the plasmid (33, 128). In addition, the probe revealed that HEp-2 adherence was more
frequent in some 0 serogroups of EPEC than in others, designated Class I and Class II
respectively. These classes are also more commonly termed typical and atypical EPEC (140).
The importance of the EAF plasmid in human disease was demonstrated by the work of Levine
et al in human challenge studies (95). Diarrhea occurred in 9 out of 10 volunteers who ingested
the wild-type E2348/69 strain possessing the EAF plasmid; in contrast, only two of the nine
volunteers who took the cured derivative showed mild symptoms of diarrhea. All volunteers who
were exposed to the wild-type strain mounted an antibody response to a 94 kD membrane
protein. Despite the recognition of the importance of EAF in pathogenesis, the molecular
mechanism of localized adherence remained elusive for many years. In 1993, Giron et al (53)
described 7 nm fimbriae that are produced by EPEC strains, which aggregated and appeared to
bind bacteria together. When EPEC strains were cured of the plasmid, they failed to express the
fimbriae and did not grow as adherent colonies. Moreover, antiserum against the fimbriae
reduced EPEC’s ability to colonize cultured epithelial cells. These fimbriae were termed the
‘bundle-forming pilus’ (BFP) and were produced only under certain culture conditions.
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The first stage in EPEC pathogenesis involves the initial adherence of bacteria to
epithelial cells. While previous studies suggested that BFP was the initial EPEC attachment
factor (54), direct evidence of this has been lacking. Recent studies have revealed that besides
adherence, BFP plays a role in biofilm formation in EPEC (123). In addition to BFP, other EPEC
structures such as rod-like fimbriae and fibrillae produced by EPEC strain B 171 may play a role
in attachment to the host (53). Interestingly, the whip-like flagella in EPEC was also shown to
mediate adherence to host epithelial cells (55), suggesting the process of LA is a complex
phenomenon requiring interaction of multiple appendages on EPEC.

Enteric pathogens such as EPEC can be differentiated from the non-pathogenic strains of
E.coli that are part of the intestinal flora by clusters of genes known as pathogenicity islands,
such as the locus of enterocyte effacement (LEE) in EPEC (113). The LEE of EPEC strain
E2348/69 (0127:H6) when cloned into E. coli K12, leads to attaching and effacing lesions,
providing evidence that the LEE is a functional gene cassette that is both necessary and sufficient
for EPEC virulence (114). The complete sequence of the LEE in EPEC strain 2348/69, showed
that the LEE contains 41 open reading frames (ORFs) arranged in five polycistronic operons
LEE1 to LEE5 (40). These genes are separated into three functional domains

—

a region that

encodes intimate adherence (Tir and intimin), a region encoding the EPEC secreted proteins
(including EspA, EspB, EspD and EspF) and their putative chaperones and the region encoding a
type III secretion system.

The discovery that EPEC secreted a number of proteins directly into host cells was an
important milestone in EPEC pathogenesis. These proteins known as Esp (EPEC secreted
proteins) are introduced via a type-three secretion (T3SS) system (79, 80). The T3SS secretion
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apparatus is found in many enteric pathogens; it acts as a macromolecular syringe to inject
effector proteins directly into host cells and is involved in virulence (169). Several studies have
investigated the effector proteins secreted by EPEC and their identification is based on homology

with other T3SS. There are 12 LEE-encoded genes (termed esc or sep) currently known to be
involved in T3SS biogenesis (40). The secretion of specific proteins, including Tir, EspA, EspB
and EspD which are essential for the subversion of host cell signal transduction pathways and the
formation of A/E lesions (24). Several studies in cultured epithelial cells and animal models have
examined the role of other EPEC effector proteins that alter cellular functions and contribute to
EPEC pathogenesis. A summary of virulence factors and their putative functions in EPEC
infection are listed in Table 1.1.

Host responses to EPEC infection were initially investigated by infecting epithelial cells
with different strains of EPEC by Klapproth et al in 1995 (83). Later work by Savkovic et al
revealed that EPEC induced IL-8 secretion from cultured IEC involved NF-icB activation (158,
159). These authors also demonstrated that EPEC activation of the MAP kinase pathway
involving ERK was required for the resulting inflammatory response but not for tight junction
barrier disruption (160). Further studies suggested that EPEC induced IL-8 secretion required
activation of MAP kinases, p38, ERK and JNK and was dependent on the T3SS (27, 32). The
above studies collectively indicated that the EPEC T3SS played an important role in stimulating
pro-inflammatory responses by stimulating MAP kinase pathways in host epithelial cells during
direct infection.
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Table 1.1: List of virulence factors described in EPEC.

Virulence factor

Encoding region

Function

Reference

-Type 1 fimbrae

fim operon

(150)

-Type TV pilus (Bfp)
-OmpA
-Epec Adh.fact. (Efa)
-Flagellin

EAF plasmid
ompA
lifA
fliC

Adherence to
mannose
glycoprotein
Initial LA adherence
Mediates adherence
Motility & adherence

1. Adhesins:

(54)
(178)
(7)
(55)

2. LEE encoded
-Intimin
-TIR

eae (LEE5)
tir (LEE5)

-Map

map (LEES)

-EspF

espF (LEE4)

-EspH
-EspG
-EspZ (SepZ)

espH(LEE3)
espG(LEE])
sepZ (LEE2)

Intimate attachment
Intimate attachment,
A/E lesion, Actin
polymerization
Disruption of TER,
Mitochondrial func.
Disruption of TER,
Mitochond. Potential
cell death
Cytoskeletal changes
Cytoskeletal changes
Unknown

(35, 85)
(139)

(115)
(181)

(39)
(75)

3. Non-LEE coded
-Secreted ser.
Protease

espC

Tight junction
disrupt.

(171)

-Cycle inhibit fact.
(Cif)
-EspIJNleA

cf (lambdoid phage)

Mucinase,

(106)

espl

Cytomodulin

(125)

-N1eCID

nieC/nieD

(107)

-EspJ

espJ

Unknown, localizes
to golgi apparatus
Inhibits phagocytosis
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(105)

The role of bacterial flagellin in enteric infection assumed importance by the finding that
EAEC, which causes traveler’s diarrhea, produced a novel flagellin that induced IL-8 secretion
from human IEC (172). This finding significantly advanced our understanding of host responses
because it suggested that bacterial flagellin isolated from the whole EAEC was capable of
inducing host responses, in the absence of the bacteria. The relevance of this finding in enteric
infections was significant because it meant that the host was capable of sensing shed bacterial
products well before bacteria made close contact with epithelial surfaces. Since this discovery,
the role of flagellin in innate responses to flagellated pathogens has been intensively investigated
by researchers.

It is now accepted that flagellin is critical in inducing early pro-inflammatory responses
against important enteric pathogens that cause diarrheal illness including Salmonella (147),

Vibrio cholera (58) and some diarrheagenic E. coli such as DAEC (5). Iii contrast, flagellin does
not appear to be a major pro-inflammatory factor for other enteric pathogens like Shigella,
Campylobacter and Clostridium difficile, even though flagellin expression in these bacteria has
been documented (52, 56, 175). Amongst attaching and effacing pathogens, a pro-inflammatory
role for flagellin was first described for the EHEC 0157:117 strain, a known cause of
hemorrhagic colitis and associated with the consumption of undercooked beef in developed
countries (12). EHEC elaborates the shiga toxin (Stx) which led to coining of the term STEC
(Shiga toxin producing E. coli). Some groups reported that Stx is an important pro-inflammatory
factor during EHEC infection of IEC (177, 209). The relative contributions of flagellin and Stx
in chemokine responses in IEC had remained controversial until Berm C et al clarified that pro
inflammatory responses induced by EHEC did not involve shiga toxin or intimin and instead
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required H7 flagellin. This finding was validated by Miyamoto Y et al by direct comparison of
Stx and flagellin responses in human colonic xenografts and IECs (120).

Initial studies of IECs responses to EPEC infection suggested a role for intimin and the T3SS
apparatus in MAP kinase activation and IL-8 secretion (27). Simultaneously, assessment of host
responses by gene array analysis identified the expression of early growth response transcription
factor (Egr-1) in HeLa cells infected with EPEC that was dependent on the T3SS (32). These
findings indicated a rolefor the T3SS in pro-inflammatory responses leading to IL-8 secretion
from human IECs. Later, it was shown that EPEC infection of human IECs also resulted in
flagellin dependent IL-8 release (212). Since expression of flagellin in EPEC likely occurs prior
to intimate attachment, the roles of flagellin and T3SS remained unresolved in EPEC infection of
TECs. Furthermore, it is unknown if EPEC infection can elicit other innate responses besides the
neutrophil chemokine IL-8, so that other immune cells such as DCs and macrophages are
recruited to combat EPEC infection in the human G1T.

1.4 Objectives
Gram negative enteric pathogens express several factors that enable colonization,
adherence and infection of the intestinal mucosa. The role of specific virulence factors such as
flagellin and the T3SS in attaching and effacing pathogens such as EPEC is not clear.
Furthermore, how innate responses are dampened in the host cells after the resolution of enteric
infection has not been examined in human IECs. While some studies have suggested that
flagellin from EPEC is critical for initial recognition, the role of the T3SS in chemokine
responses has not been clearly defined. It is important to clarify the role of the T3SS as AlE
pathogens become immotile during attachment, and deliver effector proteins through the T3SS
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into IECs. Furthermore, the mouse adapted A/E pathogen Citrobacter rodentium (CR), possesses
virulence genes with homology to human EPEC and leads to acute colitis. While CR is believed
to be immotile, it is unknown if it expresses flagellin, although it does stimulate IL-8 secretion
from TECs, as described in EPEC and EHEC infection.
Enteric infection with CR was shown to involve DCs, macrophages as well as moderate
neutrophil recruitment in the intestinal tissues (21, 168). Whether EPEC infection also leads to
the release of chemokines that potentially attract DCs and macrophages to the site of infection
has not been examined. While JEC respond to flagellin, they are generally believed to be hypo
responsive to LPS and do not express important co-receptors such as MD-2 and CD14 (1). The
hyporesponsiveness of JEC is critical in the maintenance of intestinal homeostasis and the
tolerance of commensal bacteria. Since JECs express other innate TLR5 and TLR9, it is not
known how the activation and signaling of these specific receptors is regulated in epithelial cells.
In part, this may depend on the expression of negative regulators such as Sigirr, which is known
to inhibit TLR4 and IL-13 responses (165).

1.5 Hypothesis and aims
1.5.1 Hypothesis: Innate responses to attaching and effacing EPEC infection is initiated by
flagellin stimulation of TLR5 and regulated by single IgG IL-i related receptor (Sigirr) in human
intestinal epithelial cells.
1.5.2 Specific aim 1: To determine the role of flagellin and TLR5 in A/E bacterial infections.
This project will assess the ability of EPEC and Cr to induce interleukin (IL)-8 secretion from
TLR5 expressing Caco-2 colonic epithelial cells that are generally non-responsive to LPS, as
well as CHO cells transiently expressing TLR5. We will generate EPEC and CR mutants
deficient in flagellin production (tXfliC) in our laboratory and examine their ability to induce IL-8
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secretion, in comparison to the responses seen following infection with WT strains. To ensure
that the observed responses are TLR-dependent, signaling via IRAK and NF-iB will be assessed
by immunoblotting and luciferase reporter assay. While IEC release IL-8 after flagellin exposure,
we will assess whether TLR5 recognition of flagellin also induces expression of other genes,
such as inducible nitric oxide synthase, and other chemokines and antimicrobial peptides. The
expression of these genes will be measured in IECs infected with WT and compared with the
response to flagellin deficient bacteria. Finally, a role for TLR5 and flagellin recognition has yet
to be demonstrated in colitis, we have an opportunity to address this role using the CR model of
infectious colitis to assess the potential role of flagellin in a model of in vivo enteric infection.

1.5.3 Specific aim 2. To investigate the role of SIGIRR as a negative regulator of toll-like
receptor responses in intestinal epithelial cells. Once we have characterized the innate epithelial
response to A/E bacteria, we will evaluate the impact of SIGIRR on these responses, which is
known to interact with several TLRs including TLR4 and TLR9. While SIGIRR suppresses
TLR4-LPS signaling, its effect on TLR5 activation has not been tested. First, we will examine
whether flagellin activation of TLR5 alters SIGIRR expression during IL-8 secretion from Caco
2 cells. The specificity of this response will be evaluated using neutralizing antibodies to TLR5.
Using SiRNA, we will assess whether reducing SIGIRR expression enhances IEC innate
responses, testing TLR5 and other TLRs critical in epithelial host defense. Lastly, since SIGIRR
mRNA is strongly expressed in epithelial cells, we will analyze Sigirr protein expression by

western analysis and immunocytochemistry in transformed and non transformed human
intestinal cell lines. The clinical relevance of Sigirr will be further examined by
immunohistochemistry in human colonic biopsy sections to clarify its potential functions in the
human intestine.
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Chapter 2: Flagellin-dependent and -independent inflammatory responses following infection
with Enteropathogenic Escherichia coli and Citrobacter rodentium.
2.1 Introduction
Enteropathogenic Escherichia coli (EPEC) are a prominent cause of diarrheal disease,
causing the deaths of hundreds of thousands of children each year in developing countries (8, 9).
Belonging to a family of related Gram-negative pathogenic bacteria that includes enterohemorrhagic

E. coli (EHEC) and the mouse pathogen Citrobacter rodentium (27), EPEC are non-invasive,
infecting their hosts by attaching to JECs, effacing the epithelial microvilli and producing pedestallike structures (2, 28). The formation of attaching and effacing (AlE) lesions is required for these
microbes to cause diarrheal disease (8, 33, 42), thus many studies have characterized the virulence
factors used by AlE bacteria to infect their hosts. The formation of AlE lesions depends on T3SS
encoded within the LEE, a pathogenicity island that contains all the genes required for A/E lesion
formation (9). These pathogens use the LEE encoded T3SS to inject an array of effector proteins,
including the Translocated intimin receptor (Tir) into host cells where they interfere with normal
cellular function (9).
Footnote: Re: Manuscript status
A version of this chapter has been published as follows:
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Although the mechanisms by which A/E bacteria cause disease remain elusive, part of the
symptomatology suffered by infected hosts reflects the subsequent host inflammatory and immune
response to infection. EPEC infection in vivo leads to intestinal tissue damage, including neutrophil
infiltration into the infected mucosa and damage to the gut epithelium (6, 25, 35). Much of this
pathology has been linked to inflammatory responses by the infected epithelium, including the
production of the chemokine IL-8. Although studies have implicated the EPEC T3SS in triggering
IL-8 release by epithelial cells (13, 34), no effector protein has yet been identified to play this role.
Instead, any possible pro-inflammatory role for the T3SS has been overshadowed by discovery of
bacterial flagellins, monomeric structural repeating proteins that comprise flagella. Like
lipopolysaccharide, flagellins contain pathogen associated molecular patterns (PAMPs) that are
recognized by the innate immune system, triggering an inflammatory response (17). A study by
Zhou et al, demonstrated that flagellin is the major bacterial component responsible for the ability of
EPEC supernatants to trigger IL-8 release from epithelial cells (47). Moreover, this inflammatory
response required the activation of Mitogen-activated protein kinases (MAPK), a group of serine
threonine kinases central to many host responses, including cytokine responses. Phosphorylation of
MAPK and activation of NF-id3 is required for induction of IL-8 production in epithelial cells (19).
While the discovery that EPEC flagellin causes IL-8 release has advanced our understanding
of EPEC induced gastroenteritis, other EPEC factors may also contribute to the inflammation, since
bacterial pathogens can express more than one PAMP. To date, the role of the innate immune
response to EPEC flageflin, as well as the impact of this system on host defense or other
inflammatory genes is not well defined. Furthermore, studies based on bacterial supernatants alone
do not account for any direct pro-inflammatory actions resulting from the intimate attachment of
EPEC to host cells, including possible T3SS-dependent effects. This is particularly relevant given
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that intimate attachment to epithelial cells is a hallmark of EPEC infection.
Understanding the scope of the inflammatory response elicited in epithelial cells by EPEC
infection has also been limited by the human-specificity of EPEC, with most researchers finding it
unable to infect laboratory animals. The need for a relevant animal model to explore in vivo
pathogenesis and disease mechanisms has been addressed through the use of related veterinary
pathogens including rabbit specific strains of EPEC (26) as well as C. rodentium, a natural murine A/B
pathogen (27). This bacterium colonizes the intestinal epithelium of mice using a similar set of T3SS
effectors to those used by EPEC and EHEC. Interestingly, these infections are accompanied by an
influx of many types of inflammatory cells, as well as the induction of antimicrobial peptides and
enzymes, some of which we and others have localized to colonic epithelial cells (20, 27, 43). These
findings suggest that infection by A/E pathogens may induce a more complex host response than has
so far been attributed to EPEC flagellin.
Our goal in this study was to assess the impact of EPEC F1iC as well as its locus of
enterocyte encoded (LEE) T3SS on the inflammatory response generated by JECs directly infected
by EPEC, and further characterize the scope of the resulting inflammatory response generated by
these virulence factors. We demonstrate that EPEC infection strongly activates Toll-like receptor 5,
triggering a spectrum of innate chemokine and antimicrobial responses within epithelial cells in a
predominantly FliC-dependent and MAPK dependent manner. However, we also find that direct
infection of epithelial cells induces a pro-inflammatory response even in the absence of FliC, and
while this response is more marked at later time points, it is not dependent on the LEE encoded
effectors. Interestingly, a similar inflammatory response is triggered in JECs following infection by

C. rodentium, as well as in the colons of C. rodentium infected mice. These findings thus expand our
current knowledge of the responses produced by epithelial cells following EPEC infection, and
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indicate that while F1iC may be the first and predominant pro-inflammatory stimulus, direct infection
by these pathogens can also induce an innate inflammatory response in epithelial cells through other,
non-F1iC dependent mechanisms.

2.2 Materials and Methods
Cell culture
Caco-2 JECs were obtained from the American Type Culture Collection (ATCC, USA) and
grown in Dulbecco’s modified Eagle’s minimal essential medium (DMEM) with 4.5 g/l D-glucose,
1 x nonessential amino acids, 2 n-th’l glutamine, penicillin (100 U/mi) and streptomycin (100 ig/ml)
and 10% fetal bovine serum (Sigma). Human Embryonic Kidney (HEK 293) cells were obtained
from ATCC and maintained in MEM with 1 mM non-essential amino acids, mM sodium pyruvate,
penicillin/streptomycin and 10% fetal bovine serum. Cells were seeded at 5 x 106 in polystyrene
T75 cm
2 culture flasks, 0.5 X 10
/well in 6 well plates (6WP), and 10
6
/weil in 12 well plates (12WP)
5
and used for experiments 3-5 days after becoming confluent.

Bacterial strains and growth conditions

Wild type bacterial strains used in this study were EPEC strain 2348/69, and C. rodentium
(formerly known as C. freundii biotype 4280), strain DBS 100. AescN EPEC was generated by
Gauthier et al as described (15). AfliC EPEC was generated in our laboratory by using the sacB
based positive-selection suicide vector pCVD442. Three sets of primers were used for generation of

AfliC EPEC (Table 1). Two 1.5 kb fragments flanking the fliC gene in WT EPEC 2348/69 were
amplified by primers sets Fl, Ri and F2 and R2. The third set of primers, F3 and R3 were used to
amplify the fliC gene and including the two flanking fragments to confirm deletion of the gene. The
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double mutant AfliC/iXescN EPEC was generated using the same strategy as AfliC in the AescN
EPEC background strain. A similar approach was used to generate mutant strains of C. rodentium
lacking the flagellin genes fliC (primers 1-3) and lafA (primers 4-6) in Citrobacter rodentium.

Table 2.1: (a) Primers designed for generating EPEC and C. rodentium bacterial mutants.
EPEC
Forward (F)

Reverse (R)

1. 5’ gtcaagcttcagggtcttactaacgccatcgg3’

5’ ctgctagccgacagcgcagactggttcttg3’

2. 5’ gcgctagccagcaggccggtaactccgtac3’

5’ ccgagctccggcacaatgccgcccatgattg3’

3. 5’ cagggttgacggcgattgag3’

5’ cctgataagcgcagcgcatc3’

C. rodentium
1. 5’ gtggtacccagctgcgtaaactgggcggtg3’

5’ ccgctagcagagcccagtgcggactgag 3’

2. 5’ cggctagctctgttctggcgcaggctaacc3’

5’ ccgagctccgcatgattagagatgctgaagg3’

3. 5’cct gagcctacgcccagcgaag 3’

5’cgccagttggttcatgatgaacg3’

4. 5’ gtggtaccacttcctgatacataacag 3’

5’ ccgctagcgttgatggcattaaccgctgc3’

5. 5’ cggctagccagtccaacagcatgtccagc3’

5’ ccgagctcgccgttgctggagtcgag3’

6. 5’ gctattagagcggtggccaacg3’

5’ gctggcggtgttgtgtagcg3’
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(b) List of oligonucleotide primers used for chemokine gene expression.

Target Gene

Forward

Reverse

GAPDH

5’ atgaccttgcccacagcc3’

5’ cccatcaccatcttccag3’
(5)

MIP3a

S’gcaagcaactttgactgctg3

5’ tgggctatgtccaattccat3’

IL-8

5’ tctgcagctctgtgtgaaggt3’

5’ gcttgaagtttcactggcatc3’

MCP- 1

5’ tctgtgcctgctgctcatagc3’

5’ gggtagaactgtggttcaagagg3’
(30)

Beta Defensin-2

5’ ccagccatcagccatgagggt3’

5’ ggagccctttctgaatccgca3’
(29)

Murine MIP2

5’ tcctcgggcactccagac 3’

5’gccttgcctttgttcagtat3’
(21)

Murine MIP3 u

5’ tgctcttccttgctttggca3’

5’ tctgtgcagtgatgtgcagg3’
(21)

For routine cloning, transformation and infections, bacteria were grown in Luria—Bertani
(LB) agar or LB broth supplemented with appropriate antibiotics at 37°C. Antibiotics were used at
the following concentrations, ampicillin 100 ig/ml, kanamycin 50 ig/ml and chloramphenicol
30 ig/ml. When assaying for bacterial colonization in mice infected by C. rodentium, MacConkey
lactose agar (Difco Laboratories), which is selective for Gram-negative bacteria, was used to plate
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serial dilutions of mouse colonic contents for quantifying bacterial burdens. Complementation of
flagellin deficient EPEC was performed using the full-length F1iC gene cloned into pQE-30 UA
vector (Qiagen). Briefly, flagellin deficient competent EPEC was transformed by heat-shock method
at 42 °C with pQE-30 UA vector carrying the full length FliC gene, sequenced and used in assessing
pro-inflammatory responses.

Oligonucleotide sequences, molecular techniques, DNA cloning and sequence analysis

For PCR and cloning experiments, the proof-reading Elongase Amplification System (Gibco
BRL/Life Technologies) was utilized to minimize PCR error rate. PCR products were cloned using
the TOPO TA Cloning Kit (Invitrogen) with either pCR2. 1-TOPO or pCRII-TOPO. DNA sequence
was determined at the Nucleotide and Protein Sequencing Unit (NAPS), University of British
Columbia using the Taq Dye-terminator method and an automated 373A DNA Sequencer (Applied
Biosystems). M13 reverse and —20 primers complementary to the PCR cloning vectors and
subcloning vector pBluescript II SK(+) (Stratagene) as well as primers designed from available
DNA sequences were used for sequencing. Analysis of sequences was performed using software or
web-based programs such as

DNA STRIDER, GENE JOCKEY

and

CLUSTALW,

National Center for Biotechnology Information (NCBI). NCBI’s

BLAST

as well as tools of the

search server was used for

nucleotide and protein sequence homology searches with the filter checked off. Oligonucleotide
primer sequences indicated in this study are listed in Table 1.

infection of Caco-2 intestinal epithelial cells by attaching and effacing (AlE) bacteria
Caco-2 cells cultured in 6 and 12 WP were infected by A/E pathogens in DMEM Nutrient
Mixture F12 Ham (DMEM-F12) for 3-4 h. At the end of 3-4 h of A/E infection, the MOI ranged
between 30-40. After infection, cells were washed twice with DMEM-F12 and gentamycin (1 g/ml)
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added to prevent host cell death and overgrowth of extracellular bacteria. At different time-points
after infection, supernatant was collected for sandwich ELISA (24 h) or cell lysates (2-8 h) were
prepared for western immunoblots.

Pharmacological inhibition ofIL-8 and MIP-3 a secretion
SB 203580 (SB) and Bay 11-7085 (Bay 11) were purchased from Calbiochem and dissolved
in DMSO. Caco-2 cells cultured in a 6 WP or 12 WP were fed with 2 mL of fresh warm DMEM-F12
media and treated with inhibitors for 1 hr at 37° prior to infection by A/E bacteria. Subsequently, 10
il of ALE bacteria (grown overnight in LB) was then added to the media and incubated for various
time points. Th-8 and MIP3cc was measured in the supernatant by sandwich ELISA using a kit,
according to manufacturer’s instructions (BD OptElA, BD Biosciences, USA). SB is a cell
permeable specific inhibitor of p38 MAP kinase with an 1C
50 of 34 tiM, whereas Bay-li inhibits
NF-id3 nuclear translocation by retaining it in the cytoplasm (31).

Assessment of bacterial adherence to Caco-2 cells
To assess bacterial adhesion, Caco-2 cells were infected with bacteria for 3-4 h. Cells were
then washed with warm DMEM three times and finally scraped into warm PBS and mixed by
pipetting. Serial dilutions were performed and aliquots of the scraped cells were streaked on agar
plates and incubated in 37°C overnight. Bacterial colonies (CFU) were counted the next day.
Similarly, Caco-2 cells pre-treated with the above described pharmacological inhibitors were
infected with bacteria and scraped in PBS before plating on agar.
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Western blotting and immunoprecipitation
Following infection with A/E bacteria, cells were washed twice with 2 ml of ice-cold Hank’s
Balanced Salt Solution (Sigma). Cells were then lysed in 350—500 l of lysis buffer (50 mM Tris,
pH 7.5,

150 mM NaC1,

1 m EDTA,

1 mM EGTA,

1% Triton X-l00, 2.5 mM sodium

pyrophosphate, 1 mlvi -glycero-phosphate, 1 nm4 Na
VO, 1 ig/ml leupeptin and 1 mM PMSF) on
3
ice for 5—10 mm and then scraped into microcentrifuge tubes. The tubes were centrifuged at 13000 g
for 5 mm to pellet debris, and the supernatant was transferred to another tube for Western blots and
immunoprecipitation. Caco-2 proteins (50 g in cleared cell lysate) were resolved by 9-11% sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 0.2 im
polyvinylidene fluoride (PVDF) membranes. Blots were then blocked for 1 hr with 5% nonfat milk
in Tris-buffered saline (Tris 20 mM and NaC1 0.3 M, pH 7.4) with 0.05% Tween-20 (TBST).
Membranes were then incubated with primary antibody in TBST overnight at 4°C and probed with
the respective secondary antibody next day for 1 h at room temperature. Rabbit polyclonal phospho
p38 MAP kinase and I-ld3cL antibodies (Cell Signal Technology) were used in this study. Mouse
monoclonal antibodies against phospho-ERK and phospho-JNK (Santa Cruz Biotechnology) were
used in western blots to examine the role of these MAP kinases in Caco-2 cells.

Conventional semi-quantitative reverse transcriptase-polymerase chain reaction
Mouse colonic tissue (distal colon) was isolated and stored in RNAlater (Qiagen) according
to manufacturer’s instructions. Sections of distal colon weighing 2-5 mg were homogenized in 2 mL
of RLT lysis buffer (Qiagen) for 30 seconds in a 15 mL tube, centrifuged for 5 mm at 13000g at
room temperature. 1-2 mL of supematant was used for extraction of RNA using the RNeasy Protect
Minikits (Qiagen) spin columns, according to the specifications of the manufacturer. Total RNA
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from Caco-2 cells grown in 24 well plates was extracted by RNeasy Protect Minikits as per
manufacturer’s recommendations.

1-2 micrograms of RNA were reverse transcribed into

complementary DNA for 60 mm at 37°C in 20-pt reaction buffer containing 10 mM Tris-HC1 (pH
8.3), 50 mmol/L KCI, 5.0 mmolfL MgC1
, 100 iimol/L pooled deoxynucleotide triphosphates U of
2
Moloney murine leukemia virus reverse transcriptase (RT), 4-fig random hexamer primers and 20 U
of ribonuclease inhibitor. Random hexamers were used to provide a “one-step” RT reaction that
yielded complementary DNA for amplification by polymerase chain reaction (PCR). A semiquantitative conventional PCR method of amplification was used because the target messenger RNA
was expressed at low copy numbers. Aliquots of reverse-transcribed complementary DNA were
added to PCR reaction buffer to obtain a reaction mixture containing 20 mmolfL Tris-HC1 (pH 8.3),
50 mmolJL KC1, 1.5 mmol/L MgC1
, 100 imol/L pooled deoxynucleotide triphosphates, 1-2 U of
2
Taq DNA polymerase, and 0.25 imolJL each of GAPDH and gene specific oligonucleotide primers
(NAPS unit, UBC). PCR conditions were optimized for different genes of interest.

TLR5 activation
HEK 293 cells were obtained from ATCC and cultured at 37°C in a 5% CO
2 incubator in
DMEM containing 10% calf serum (Hyclone, Logan, UT). The day prior to transfection, HEK 293
cells were plated in a 96 well plate at density of 5 x i0
4 per well. Transient transfection was
performed using a polyfect reagent (Qiagen). Cells were transfected with 150 ng NF-KB reporter
(endothelial leukocyte molecule-l, ELAM-l firefly luciferase construct), 15 ng of thymidine kinase

Renilla luciferase vector (Promega) to control for transfection efficiency and 20 ng EF6 hTLR5. The
empty vector pEF6 was used as a control and to normalize the DNA concentrations for all
transfections to 250 ng per well. Twenty hours after transfection, cells were stimulated with 10%
supernatant from an overnight culture of EPEC or C. rodentium in LB broth, 10 ng/ml of Ultrapure
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Salmonella F1iC (Calbiochem) or LB alone. Cells were lysed after 4 h using passive lysis buffer and
the luciferase activity quantified using the dual luciferase reporter assay system (Promega). Firefly
luciferase units were divided by Renilla units to normalize for transfection efficiency between wells.

Immunofluorescence staining of colon tissues
Immunofluorescence staining of infected tissues was performed according to method
described previously (43). In brief, tissues were rinsed in ice-cold PBS, embedded in optimal cutting
temperature compound (OCT, Sakura, Finetech), frozen with isopentane (Sigma) and liquid N
, and
2
stored at -70°C. Serial sections were cut at a thickness of 6-8 Im and fixed in ice-cold acetone for 10
minutes. Tissue sections were directly blocked with 1% bovine serum albumin, followed by the
addition of antibodies against the dendritic cell marker CD1 ic (Biolegend) (dilution 1:100) and Tir
(dilution 1:1000) (43). Following extensive washing with Tris-buffered saline, Alexa 488 conjugated
goat anti-mouse and Alexa 568 conjugated goat anti-rat IgG antibodies (all at a dilution of 1:300)
were added. Images were taken using a Zeiss Axioimager microscope.

Data presentation and statistical analysis
All the results are expressed as the mean value ± standard error of the mean. Results
presented are from one representative infection out of at least three different batches of cells.
Statistical analysis was performed using the one-way ANOVA test and student t-test with p <0.05
considered as significant.
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2.3 Results
EPEC supernatants induce IL-8 secretion from Caco-2 cells
Previous studies suggest that flagellin is the major factor within the EPEC supernatant that
triggers IL-8 secretion from T84 IECs (47). To determine if WT EPEC culture supernatant produces
a similar response in LPS hypo-responsive Caco-2 JECs, filter sterilized bacterial culture
supernatants were prepared from bacteria grown overnight in LB. Exposure to 200-400 pL of WT
EPEC supematant for 3 h produced a significant amount of IL-8 (1007.5

62 pg/mi) from Caco-2

cells (Figure 2.1A) 24 h after initial infection. These levels were 40-50 fold higher than
unstimulated controls and comparable to IL-i f3-induced IL-8 secretion, included as a positive
control. In contrast, zifliC EPEC supernatant caused only a modest IL-8 release (147.9 ± 27.3 pg/mi),
approximately 10-fold lower than that seen with WT EPEC supernatant. EscN is an ATPase required
for the functioning of the EPEC T3SS (13), which is a molecular needle-like structure used by EPEC
to insert bacterial effector proteins into host cells. We tested the /iescN EPEC mutant which is
impaired in the generation of the T3SS and is thus unable to translocate bacterial effectors into host
cells, but is fully capable of producing flagellin. Exposure of Caco-2 cells to supernatant from ziescN
EPEC produced a similar induction of IL-8 secretion as WT EPEC (1080 ± 79 pg/ml). These data
confirm the prominent pro-inflammatory role played by EPEC flagellin, and demonstrate that the
T3SS does not affect the ability of EPEC supematant to induce IL-8 in Caco-2 cells.

Direct infection by EPEC can trigger IL-8 secretion in a FIiC-independent manner
While flagellin is the major factor in the EPEC supernatant that stimulates IL-8 secretion
from epithelial cells, it is unknown if the same is true when intestinal epithelial cells undergo direct
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infection by EPEC. To address this question, Caco-2 cells were infected by different EPEC strains
are far more complex than that seen with EPEC supernatant.
1400
1200
1000
800
IL-8
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Figure 2.1A: EPEC supernatants induce IL-8 secretion from Caco-2 cells. Bacterial culture
supernatant from overnight cultures of WT and mutant EPEC grown in LB were filter sterilized.
2OO-4OOiL/well of supernatant were added to growth medium of Caco-2 cell monolayers in 6 or
12WP for 3h, washed and fresh media added. Cell culture supernatant was collected after 24 h
and IL-8 concentration quantified by ELISA. Bacteria were grown overnight in LB. IL-113 (10
ng/ml) was included as a positive control. Error bars p<0.05 vs. Unstimulated.
As shown in Figure 2.1B, WT EPEC infection induced 836.6 ± 97.4 pg/ml of IL-8 (24 h
after initial infection), significantly less than the response to its supernatant in Figure 1A (p<O.O5).
The flagellin deficient 4fliC EPEC infection produced a 20-fold higher response than the uninfected
control and while this was two-fold lower than WT, it was significantly higher than the IL-8
response to its supernatant in Fig 2.1A (408.9 ± 42.6 vs. 147.9 ± 27.3 pg/mI, p<O.O5).
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To confirm that the impaired inflammatory response elicited by iXfliC EPEC was due to the
loss of flagellin expression, we complemented the L\fliC EPEC strain with a plasmid carrying the
full-length fliC gene (46) and measured the IL-8 response from Caco-2 cells. As shown in Figure
2.1B, levels of IL-8 were found to be significantly increased compared to the 4fliC EPEC (671
85.5 pg/ml vs. 409

+

+

27 pg/mi, p<O.O5). The amount of IL-8 released by Caco-2 cells due to

complemented AfliC EPEC was approximately 80% of the amount induced by WT EPEC infection.
This finding is consistent with Zhou et al (47) who earlier reported partial restoration of IL-8
secretion from T84 cells following complementation of flagellin deficient EPEC. Our data indicate
that flagellin is required for full induction of chemokine release from intestinal epithelial cells.
The EPEC T3SS suppresses the F1iC-independent IL-8 response
Previous studies have implicated the LEE-encoded T3SS (and the bacterial effector proteins
that depend on its function to translocate into host cells) in causing (13, 34) as well as suppressing
the inflammatory response by EPEC infected epithelial cells (36). Interestingly, the loss of the LEEencoded T3SS (AescN) did not attenuate IL-8 levels (Figure 2.1B), but instead led to significantly
greater IL-8 release compared to WT EPEC (1162.2 ± 71 vs. 836.6 ± 97.4 pg/ml, p<O.O
). These
5
data indicate that the mechanisms underlying the inflammatory response to direct EPEC infection
are more complex than reported previously.
To assess if the JL-8 response to direct infection by \fliC EPEC was linked either directly or
indirectly to the LEE-encoded T3SS, a double AfliC/AescN mutant was generated. As shown in
Figure 2.1B, infection with the AfliC/AescN mutant bacteria yielded approximately two-fold higher
levels of IL-8 when compared to \fliC bacteria (783 ± 67 vs. 408.9 ± 42.6 pg/ml, p<O.O5), indicating
that the IL-8 response was augmented by loss of the T3SS.
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Figure 2.1B: Direct infection by EPEC bacteria triggers IL-8 secretion in a partially flagellin
dependent manner. wild-type EPEC (WT), F1iC deficient EPEC (AfliC), Complemented AfliC
EPEC (Comp (AfliC), T3SS deficient EPEC (AescN EPEC) and a double mutant lacking F1iC
and T3SS (4fliC/AescN) were grown overnight in LB as described in materials and methods. 10
pL of bacterial culture was used to infect Caco-2 cells in 2 mL of DMEM in the absence of
antibiotics and serum. After 3 h, cells were washed twice with DMEM, replaced with media
containing serum and antibiotics with gentamycin added to prevent growth of extracellular
bacteria. Cell culture supernatant was collected for IL-8 ELISA. Error bars and
Uninfected,

**

p<O.O5 vs. AfliC EPEC,

***

*

p<O.05 vs.

p<O.O5 vs. WT EPEC, p<O.05 vs. AfliC EPEC.

Considering that EPEC lacking escN do not translocate effector proteins, it is plausible that
suppression of the fliC independent response is caused by a T3SS-dependent translocated effector.
Moreover, these results demonstrate that even in the absence of flagellin, EPEC is capable of
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triggering a strong IL-8 response from infected Caco-2 cells that does not require the translocation of
bacterial effectors into host cells.

p.38 MAP Kinase and NF- id3 differentially regulate WT and AfliC EPEC induced JL-8 secretion
from Caco-2 cells
The next study examined which signaling pathways were involved in the IL-8 response to
infection by WT and AfliC EPEC, focusing on p38 MAP kinase and NF-KB activation. Previous
studies have shown that purified A/E flagellin and bacterial supernatants containing flagellin activate
both pathways (4). Using a rabbit polyclonal antibody that detects the active phosphorylated tyrosine
and threonine p38 MAP kinase, EPEC infection was observed to cause significant activation of p38
MAP kinase after 2 h of infection (Figure 2.2A) as indicated by an intense 43 kDa band.
Furthermore, the ziJliC EPEC also activated p38 MAP kinase when compared to uninfected control.
IL-113 treatment for 2 h caused p38 activation and was included as a positive control. To assess
activation of the NF-icB signaling pathway by EPEC, we examined the stability of I-icBo protein
following infection with WT and 4fliC EPEC after infection. A time-course of I-1CBcL stability was
studied beginning at 2 h and followed until 8 h post-infection. As shown in Figure 2.2A, both strains
caused degradation of I-iBct, beginning at 4 h and maximal at 8 h after infection as indicated by loss
of band intensity. Next, we investigated if ERK and JNK MAP kinases were activated between 1-8 h
of WT EPEC infection. Using antibodies specific against the phosphorylated species of these
kinases, we found ERK and JNK were not significantly activated in Caco-2 cells during the time
points studied (appendix A).
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Figure 2.2A: Wild type and flagellin-deficient EPEC activate p38 MAP kinase and induce I-icBo
degradation in IECs. Caco-2 IECs were infected with wild type (WT) and flagellin deficient (AfliC)
EPEC for 2-8 h. Cell lysates were prepared as described in Materials and Methods. 50 tg of cleared
whole cell lysate was subjected to SDS-PAGE in western blots. Membranes were probed with rabbit
polyclonal primary antibodies against human phospho-p38 MAP kinase, total p38 MAP kinase
(upper panel) and I-icBo (lower panel). Mouse monoclonal antibody was used for detection of Actin
(internal loading control). Blots were finally developed by ECL.

We next examined the effect of pharmacological inhibition of these pathways on IL-8
secretion caused by EPEC infection. We pre-treated Caco-2 cells with the p38 MAP kinase
pharmacological inhibitor SB 203580 (10 tiM) and the NF-icB inhibitor Bay 11-7082 (20 !IM) for 1
h and then infected these cells with WT EPEC for 3 h. As shown in Figure 2.2B, p38 MAP kinase
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inhibition significantly decreased IL-8 secretion by 66% (882 ± 69 vs. 290 ± 81 pg/mi,

p<O.05).

Inhibition of NF-id3 also caused a 30% decrease in IL-8 secretion compared to MAP kinase
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Figure 2.2B: IL-8 secretion by flagellin-deficient EPEC is mediated preferentially by NF-icB in
Caco-2 cells. Cells were pre-treated with 10 pM SB 203580 (p
38 MAP kinase inhibitor) and 20 iM
Bay 11-7085 for 1 h and infected with wild type (WT) and flagellin-deficient (lxfliC) EPEC for 3 h.
Cells were washed twice and fresh warm media was added. Supernatant was collected as above for
IL-8 ELISA. Error bars, * and

**

p<O.OS vs. WT,

***

p<O.O5 vs. zXfliC EPEC. SB 203580 and Bay-il

were prepared in DMSO which did not cause significant IL-8 secretion (see Figure 4 in appendix).
inhibition (882 ± 69 vs. 620.4 ± 34 pg/ml, p<O.O5). These results indicate that p38 MAP kinase plays
a critical role in EPEC induced IL-8 secretion, while NF-iB activation contributes only modestly to
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chemokine secretion. We next examined the role of these two pathways in the F1iC-independent
response. As above, Caco-2 cells were pre-treated with pharmacological inhibitors followed by
infection with 4fliC EPEC. As indicated in Figure 2.2B, NF-icB inhibition produced a 50% decrease
in IL-8 levels following 4fliC EPEC (432.4 ± 43 vs. 219.3 ± 38,

p<O.05), whereas p38 MAP kinase

inhibition did not significantly affect IL-8 secretion (375.6 ± 87 vs. 432.4 ± 43), clarifying that
although the IL-8 response to WT EPEC infection is predominantly MAPK dependent, the IL-8
response to AfliC EPEC is pre-dominantly NF-id3 dependent. A summary of the NF-icB and p38
MAP kinase signaling pathways is depicted in Figure 2.2C.
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Figure 2.2C: An outline of Toll-like receptor 5 mediated NF-icB and MAP kinase signaling pathway
in human IEC undergoing infection by WT EPEC.
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Flagellin is expressed by EPEC but not by C. rodentium in LB culture
C. rodentium is a related A/E pathogen that infects mice and has recently proven a valuable
animal model of human EHEC and EPEC infection and disease. While described as non-motile, the
genome of C. rodentium was recently released, and two flagellin genes (F1iC and Flag-2) were
found within the C. rodentium genome (32). To clarify whether C. rodentium is truly flagellin
deficient, we assessed flagellin expression through immunoblotting using a mouse monoclonal
antibody raised against pathogenic Escherichia coli flagella (and broadly cross reactive against most
flagellin types). Blotting of culture supernatants of WT EPEC and z\escN EPEC grown overnight in
LB (Figure 2.3A) detected a single intense 65kDa band corresponding to F1iC protein. In contrast,
we saw no expression of flagellin in the culture supernatant of 4fliC EPEC or in the culture
supernatant from C. rodentium. Motility of these microbes was then assessed using 0.3% motility
agar plates. Both WT and AescN EPEC were motile (Figure 2.3B), whereas the AfliC EPEC and C.
rodentium were non-motile on agar plates. These data confirm that the AfliC EPEC generated in our
laboratory was deficient in flagellin protein and indicate that C. rodentium does not express
detectable flagellin or flagella when grown in LB broth.
To compare how bacterial strains adhered to IECs, we performed a bacterial adherence assay
using Caco-2 cells. We infected these cells with WT EPEC, 4fliC EPEC and C. rodentium for 3-4 h.
Caco-2 cells were then washed repeatedly, scraped and collected in PBS. An aliquot of the cells was
streaked on agar plates and bacterial colonies (CFU) counted the following day. As shown (Figure
2.3C), all strains were found to adhere to Caco-2 cells with maximum adherence (105.3 ± 6 X
CFU) noted for WT EPEC. Interestingly, while both 4fliC EPEC and C. rodentium also adhered to
Caco-2 cells, their adherence was attenuated compared to WT EPEC.
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Figure 2.3A (upper panel): Flagellin expression in LB culture supernatant of wild type, mutant
EPEC and wild type C. rodentium. Flagellin expression was assessed in wild type EPEC (WT
EPEC), Flagellin deficient EPEC (zfliC EPEC), T3SS deficient EPEC (AescN EPEC) and

Citrobacter rodentium (CR) grown overnight in LB as described above. Bacterial culture
supernatants were filter sterilized and 100 jig of protein subjected to SDS-PAGE in Western blots.
Blots were probed with a mouse monoclonal antibody raised against Escherichia coli flagellin and
subsequently developed in ECL.

Figure 2.3B (lower panel): AlE bacterial motility assay in 0.3% Agar: LB-Agar (0.3%) plates were
inoculated with WT, FIiC deficient EPEC (AfliC), T3SS deficient EPEC (/\escN) and Citrobacter
rodentium (CR) and incubated for 48 h at 37°C.
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Figure 2.3C: Bacterial adherence assay in Caco-2 IECs. WT EPEC, AfliC EPEC and Citrobacter
rodentium (CR) were used to infect Caco-2 cells for 3-4 h. After infection, cells were washed with
DMEM three times and scraped in sterile warm PBS. Serial dilution were prepared, plated on agar
plates and incubated overnight. Y-axis: colony forming units (CFU). X-axis: bacterial strains plated
at dilution of lOs. Error bars and

*

p<O.O5 vs. AfliC EPEC.

The adherence of C. rodentium was significantly delayed and impaired even compared to z\fliC
EPEC. These findings suggest that adherence to intestinal epithelial cells occurs by different
mechanisms amongst A/F pathogens and may be attributed to structures such as flagella, pili and
fimbriae during the infectious cycle of these microbes in their hosts.
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Infection by zlfliC EPEC and C. rodentium but not exposure to their supernatants induces IL-8
secretion
To date, it is not known if C. rodentium is able to trigger a pro-inflammatory response in
TECs in vitro. To assess this, culture supernatants and whole AfliC EPEC and C. rodentium bacteria
were added to Caco-2 cells for 3 h. As shown in Figure 2.4, infection with AfliC EPEC bacteria
caused a significant 10-fold greater IL-8 secretion compared to its culture supernatant alone (420.5 ±
45 vs. 42.3 ± 7 pg/ml, p<O.O5). Similarly, infection with C. rodentium also yielded IL-8 secretion
three-fold higher than its culture supernatant alone (246.3 ± 33.3 vs. 79.4 ± 10 pg/ml, p<0.O5). The
IL-8 response elicited by 4fliC EPEC and C. rodentium bacteria was significantly greater than that
caused by the laboratory E. coli strain K12 (C. rodentium vs. K12, 242.7 ± 38 vs. 165.7 ± 20 pg/ml,
p<0.05. Even so, exposure of Caco-2 cells to K12 induced IL-8 release that was higher than the
uninfected control (127

+

18 vs. 38

+

12 pg/ml, p<O.O5). These data suggest that direct infection by

AfliC deficient EPEC and C. rodentium, but not their supematants, induces a significant release of
IL-8 from Caco-2 cells.

Toll-like receptorS is activated by WT EPEC but not zXfliC EPEC or C. rodentium supernatant
We next assessed whether mammalian TLR5 senses and is activated by bacterial products
from EPEC and C. rodentium. HEK 293 cells were transiently transfected with an ELAM-luciferase

reporter (to measure NF-icB activity) and co-transfected with TLR5. We assessed NF-KB activity by
measuring luminescence of transfected cells following exposure to purified F1iC or to the
supematant taken from the overnight cultures of WT EPEC, tifliC EPEC and C. rodentium.
Ultrapure FliC (10 ng/ml, Calbiochem) activated NF-iB in TLR5-transfected cells 50-60 fold when
compared to unstimulated cells or cells transfected with an empty vector (Figure 2.5).
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Figure 2.4: Infection by flagellin deficient EPEC and C. rodentium but not exposure to their
supernatants induces IL-8 secretion. Bacterial culture supematant (Sup) and whole bacteria were
prepared as described (Figure 1). 10 p.L of bacterial culture and 200 pL of filter-sterilized bacterial
culture supernatant were added to Caco-2 cells in growth media for 3 h. Subsequently, cells were
washed, replaced with fresh warm media and treated with gentamycin. Cell culture supernatant was
subsequently collected for IL-8 ELISA. Error bars and
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p<O.O5

vs. uninfected cells and cells

exposed to K12.
Similarly, EPEC supematants activated the TLR5 reporter by 20-25 fold relative to TLR5
transfectants treated with an equal volume of LB. In contrast, z\fliC EPEC supernatant activated
TLR5 by only 3 fold and C. rodentium supernatant did not cause any significant increase in reporter
activity, demonstrating that only WT EPEC supernatant activates cells through TLR5.

80

70
60
50
Fold
40
induction
of NF-kB
luciferase 30

20
10
0

t

I

Uninfected
EPEC

zfliC
EPEC

WT
CR

Ultra-pure
flagellin

Figure 2.5: NF-KB is activated by supernatant of WT EPEC but not AJ7iC EPEC or C. rodentium.
HEK 293 cells transiently transfected with ELAM-luciferase NF-icB reporter human TLR5 were
exposed to wild type EPEC (WT EPEC), F1iC deficient (4fliC EPEC) EPEC, wild type Citrobacter
Rodentium (CR) or exposed to ultrapure Salmonella typhimurium flagellin preparation. NF-id3
activity is represented as fold induction.
This activation was specific since WT EPEC supernatant did not activate NF-icB in HEK 293
cells transfected with TLR8, while stimulation with a TLR8 agonist-R484 led to 5-8 fold increase in
NF-icB-dependent luciferase activity (data not shown). No significant activity was measured in cells
transfected with an empty vector and stimulated under the same conditions. To further clarify
whether the inflammatory response generated against C. rodentium is flagellin-independent, we
generated a double mutant deficient in the two flagellin genes (F1iC and Flag-2) known to exist in C.
rodentium. This mutant strain was then compared to WT C. rodentium for IL-8 response from Caco
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2 cells. We observed that IL-8 secretion from the mutant strain was similar to that from WT C.
rodentium (429 ± 54 vs. 393.5 ± 69 pg/mi). This led us to conclude that flagellin is unlikely to be
involved in IL-8 secretion from cultured lECs infected with C. rodentium.

EPEC infection increases MCP-1, MIP3a and /3 defensin-2 gene expression
To date, most studies examining epithelial inflammatory responses to EPEC infection have
focused on secretion of the neutrophil chemoattractant IL-8 as EPEC infection is associated with
neutrophil infiltration (Savkovic SD et a! 1996). Less is known about the recruitment of other
inflammatory cells within the human intestine during EPEC infection. Based on the in vivo C.
rodentium model, infection may also lead to the influx of macrophages (21) and the upregulated
expression of antimicrobial peptides (20). While dendritic cells play an important role in innate
responses at the mucosal barrier (10), their role and function in the C. rodentium model of infectious
colitis (39) has not been assessed. To address whether epithelial cells could be initiating a similar
inflammatory response following EPEC infection, the expression of the monocyte chemoattractant
protein MCP- 1, the dendritic cell chemoattractant MIP3a, and the antimicrobial peptide f3-defensin-2
was assessed, and compared to IL-113 treatment as a positive control.
As shown in Figure 2.6, infection led to the increased expression of both MCP- 1 and beta
defensin-2, in an almost completely FliC-dependent manner. In contrast, significant expression of
MIP3cL expression was noted following both WT and AfliC EPEC infection. Interestingly, infection
with AescN EPEC was accompanied by the exaggerated expression of all three genes to levels
exceeding the expression due to WT EPEC infection, confirming the suppressive role of the LEE
encoded T3SS.
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Figure 2.6: Infection with WT EPEC increases MCP-1, MlP3ct and Beta defensin-2 gene expression
in Caco-2 cells. Cells were grown to confluence in 12 WP and subsequently infected with wild type
(WT) and F1iC deficient EPEC (zXfliC), T3SS deficient (AescN) EPEC for 3 h in 2 mL DMEM
without antibiotics and serum. After infection, cells were washed twice and fresh media added with
gentamycin treatment. Total RNA was extracted from uninfected (Uninf.) and infected cells 6 h after
initial infection and subjected to semi-quantitative RT-PCR analysis to assess gene expression as
described in Materials and Methods. GAPDH was included as internal control.

4fliC EPEC and C. rodentium induce IL-8 and MlP3asecretion after prolonged infection
Since we observed a delayed attachment of 4fliC EPEC and C. rodentium to Caco-2 cells, we
assayed the inflammatory response induced after a longer 4 h infection, focusing on IL-8 and MIP3ct
secretion from Caco-2 cells. The double mutant AfliC/L\escN EPEC was included to verify our
earlier data and exclude possible effects of the T355. As predicted, we found increased IL-8
secretion following zfliC EPEC infection, compared to uninfected controls (584.1 ± 41 vs. 48 ± 23,

p<O.O5) (Figure 2.7A). Similarly, C.

rodentium induced IL-8 secretion was also significantly higher
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than controls (409 ± 92 vs. 48 ± 23 pg/mI,

p<O.O5).

Importantly, infection for 4 h with both AfliC

and C. rodentium resulted in a substantial increase in IL-8 secretion when compared to 3 h infection
(see Figure 4), (z\fliC 584.1 ±41 vs. 420.5 ±4 pg/mi, p<O.05 and C. rodentium 409 ±92 vs. 246.3
± 33.3, p<O.O5). As expected, the 4fliC/&scN EPEC infection yielded even a greater IL-8 response,
when compared to both zXfliC EPEC and C. rodentium. Interestingly, WT EPEC infection for 4 h
(compared to 3 h infection-Figure 2.1B and 2.2B) did not significantly affect IL-8 release from
Caco-2 cells, suggesting it had reached a plateau.

1200
1000
800
IL-8
pg/mi

600

-

400
200
0
Uninfected

WT
EPEC

zfliC
EPEC

zfliC/&scN
EPEC

WT
CR

Figure 2.7A: TL-8 secretion by flagellin deficient AfliC EPEC and C. rodentium after 4 h of
infection in Caco-2 cells. Cells grown in 6WP were infected with wild type EPEC (WT EPEC), FliC
deficient EPEC (AfliC EPEC), double EPEC mutant lacking F1iC and T3SS (AfliC/escN EPEC) and
wild type C. rodentium (CR) for 4 h. After infection, cells were washed and fresh media was added
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with gentamycin as above. Cell culture supernatant was collected for IL-8 ELISA. Error bars and

*

p<O.05 vs. Uninfected.
The secretion of MJP3c from Caco-2 cells after 4 hour infection followed a similar trend to
the IL-8 response (Figure 2.7B). Whereas WT EPEC caused a ten-fold increase in MIP3c (1048.3 ±
43 vs. 125 ± 24 pg/ml, p<O.O5), fliC infection produced a seven-fold increase over control (717.5 ±
78 pg/mI, p<O.O5) and C. rodentium infection caused a four-fold increase (479 ± 56 pg/ml, p<O.05).
As expected, the double mutant yielded a greater response, similar to that triggered by WT EPEC
infection. We conclude that EPEC FIiC triggers a rapid inflammatory response, but that given
sufficient time to attach to host cells, both AfliC EPEC and C. rodentium can cause significant IL-8
and M1P3o release from epithelial cells.
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Figure 2.7B: MIP3ct secretion by flagellin deficient EPEC and C. rodentium after 4 h of infection in
Caco-2 cells. M1P3o protein level in cell culture supematant was quantified by ELISA using the
same samples as in Figure 7A. * p<0.05 vs. Uninfected.
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C. rodentium activates both p38 MAP kinase and NF- B in epithelial cells
Based on the similarities in the inflammatory responses triggered by AfliC EPEC and C.
rodentium, we tested the possibility that C. rodentium may also preferentially signal through NF-iB
rather than p38 MAP kinase. As shown in Figure 2.8A, while C. rodentium activated p38 MAP
kinase as shown with an increased 43 kDa band, the activation was modest, and as expected, it was
much less than that induced by the supernatant from WT EPEC. In contrast, while both WT EPEC
supernatant and C. rodentium decreased I-icB stability in Caco-2 cells after 8 h infection, the band
corresponding to C. rodentium infection is of lower intensity compared to the supernatant,
suggesting that NF-w.B is a major contributor to the inflammatory response to C. rodentium
infection.
To test this hypothesis, we assessed the impact of p38 MAP kinase and NF-iB inhibition on
the IL-8 response in Caco-2 cells infected with C. rodentium for 4 h, comparing the results to those
obtained from cells stimulated for the same duration with t’XfliC EPEC as well as the supernatant
from WT EPEC cultures. Exposure to WT EPEC supernatant induced significant IL-8 release that
declined three-fold with MAP kinase inhibition (931.8 ± 73 vs. 315.4±28,

p<O.O5)

(Figure 2.8B)

whereas NF-KB inhibition caused only a modest decrease in 1L-8 (931.8 ± 73 vs. 747 ± 92), similar
to the results obtained with 3 h stimulation in Figure 2B. NF-icB inhibition yielded a more dramatic
decline in the IL-8 release triggered by AfliC EPEC and C. rodentium after 4 h infection, with the

AfliC EPEC IL-8 response infection decreased to approximately 50% in the presence of NF-iB
inhibitor (644 ± 97 vs. 339 ± 58, p<O.OS) when compared to AfliC alone. Inhibition of the NF-icB
also abrogated C. rodentium IL-8 response approximately 45% (450 ± 48 vs. 247.7 ± 60, p<O.OS). In
contrast, MAP kinase inhibition of cells exposed to AfliC EPEC or C. rodentium caused only a 20%
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decrease in IL-8 levels. The above data support our hypothesis that like 4fliC EPEC, NF-icB
contributes to the C. rodentium-induced pro-inflammatory response in Caco-2 cells.
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Figure 2.8A: C. rodentium infection activates NF-id3 dependent pathway in Caco-2 cells. Caco-2
cells grown to confluence were exposed to filter-sterilized WT EPEC bacterial culture supernatant
(Sup WT EPEC) grown overnight in LB. Similarly, an inoculum of 10 tL from wild type C.
rodentium (WT CR) culture grown overnight in LB was used to infect Caco-2 cells for 4 h.
Subsequently, cell lysates were prepared as described after 4 h and 8 h of infection. 50 tg of cleared
cell lysates were subjected to SDS-PAGE and probed with rabbit polyclonal antibodies to phospho
p38 MAP kinase, total MAP kinase (upper panel) and I-id3a (lower panel). Mouse monoclonal
antibody was used for detection of Actin (internal loading control). Blots were developed by ECL.
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Figure 2.8B: IL-8 secretion by flagellin-deficient EPEC requires NF-iB in Caco-2 cells. Caco-2
cells grown to confluence were pre-treated with p38 MAP kinase inhibitor (SB 203580, SB-10!iM)
and 20 tM NF-xB inhibitor (Bay 11-7085) for 1 h. Cells were subsequently exposed to filter
sterilized supernatant from WT EPEC (Sup WT) or infected with FliC-deficient EPEC (AfliC) or C.
rodentium (CR) for 4 h. Cells were washed as above and treated with gentamycin. IL-8 was
quantified in the cell culture supernatant 24 h after infection.
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In vivo C. rodentium infection is associated with rapid MIP3a induction and dendritic cell
recruitment
As outlined above, EPEC and C. rodentium infection of Caco-2 cells leads to increased
expression and release of the dendritic cell chemokine MIP3a. However, it is unclear if a similar
response occurs during in vivo A/E bacterial infections, particularly since reports have yet to
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characterize dendritic cell recruitment into the intestinal mucosa during these infections. To
determine the potential in vivo relevance of these findings, C3H/HeJ mice were infected with C.

rodentium and tissues assessed for chemokine responses at day 2 P1. Compared to uninfected tissues,
MJP3a expression showed a 5 fold increase in the distal colon by day 2 P1 (Figure 9A). Since mice

do not express IL-8 (38), we also assessed MIP2, another neutrophil chemokine that is expressed by
mice and observed a similar 5 fold increase in expression (Figure 2.9B). We have already
demonstrated that neutrophil recruitment into the colons of C. rodentium infected mice coincides
with an upregulation in MIP2a expression (21). To assess whether the increased MJP3a expression
had a functional impact, colonic tissues were immunostained for the dendritic cell marker, CD1 ic
(shown in green) and the bacterial Tir protein which is required for the attachment of ALE pathogens
to epithelial cells (shown in red). As shown in Figure 9B, few CD1 ic +ve cells were identified
within uninfected colonic tissues and no immunoreactivity to Tir is seen, but by day 2 P1, numerous
CD1 1C +ve cells were observed within the mucosa often just beneath apical epithelial cells as well
as at the base of colonic crypts and in the submucosa (Figure 2.9C). As expected, we detected
bacterial Tir in the infected colon mostly localised to the apical surface of epithelial cells, and often
in proximity to the CD 1 ic +ve cells. These results clarify that in vivo C. rodentium infection is
associated with the recruitment of dendritic cells, putatively in response to increased expression of
MIP3cL during infection.
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Figure 2.9A: C. rodentium infection is associated with increased chemokine gene expression in the
infected colon. MIP3u (open bars) and M1P2o (filled bars) expression in control and day 2 postinfected (P1) mice was assessed by q-RT-PCR. As shown, MIP3cL and MIP2o expression at day 2 P1
was significantly increased (* p<O.O5) over control levels. Figure 2.9B and 2.9C: C. rodentium
infection leads to dendritic cell recruitment to the infected colon. In contrast to control colon tissues
(9B) where few if any CD1 ic +ve cells are detected (green) and no bacterial Tir (a T3SS protein) is
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seen (red). However, by day 2 P1 (9C), numerous CD1 ic +ve cells are detected in the infected colon
(see arrows) and immunoreactive bacterial Tir protein is seen on the apical surface. These putative
dendritic cells were predominantly localized near to the colonic lumen as well as at the base of
crypts.
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2.4 Discussion
Our data confirm that EPEC flagellin is the major pro-inflammatory molecule found within
EPEC culture supernatant. However, aside from inducing IL-8 release from epithelial cells, EPEC
infection also activates a spectrum of pro-inflammatory genes including the dendritic cell chemokine
MJP3c, monocyte chemoattractant MCP-1 and the anti-microbial peptide f3-defensin-2. Moreover,
our studies demonstrate that direct infection by WT EPEC leads to a complex host response
involving both the epithelial response to flagellin as well as a delayed inflammatory response that is
FliC-independent. This F1iC-independent response includes a subset of F1iC-induced inflammatory
genes, including IL-8 and MIP3ci. Like many other Gram-negative bacterial pathogens, both EPEC
and C. rodentium possess a T3SS which delivers bacterial effector proteins into host cells (12).
While earlier studies have raised the possibility that the EPEC LEE-encoded effectors contribute to
pro-inflammatory chemokine secretion (12, 13), our results instead demonstrate that the LEEencoded T3SS does not cause the FliC-independent response, but rather it inhibits both the F1iCdependent and -independent epithelial inflammatory responses. Interestingly, infection with the
related mouse specific A/E pathogen C. rodentium also generated an inflammatory response in
epithelial cells similar to that raised against 4fliC EPEC. Based on these findings, we were able to
identify an early MIP3ct response in vivo that correlates with a rapid influx of dendritic cells into the
colonic mucosa of C. rodentium infected mice.
Since the discovery that flagellin from enteroaggregative E. coli induces IL-8 release from
IECs (40), flagellin from many bacterial pathogens, including EPEC flagellin, have been assessed
for their pro-inflammatory roles. These earlier studies found that purified EPEC flagellin induces IL
8 expression in intestinal epithelial cells (47), while similar findings were made with EHEC flagellin
(4). While these studies correctly highlighted the importance of EPEC flagellin as the major pro
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inflammatory bacterial product within the supernatant, it has remained unclear whether AlE
pathogens can cause significant inflammatory responses from epithelial cells in the absence of
flagellin expression. We propose that simple exposure of epithelial cells to bacterial supernatants is
not representative of an actual AlE bacterial infection. While epithelial cells are undergoing direct
infection by A/E bacteria, these cells are also exposed to numerous bacterial products, as well as the
LEE-encoded T3SS dependent injection of translocated bacterial effector proteins into host cells.
Addressing the potential for non-F1iC dependent inflammation is an important question since several
studies suggest that EPEC deregulates F1iC expression when exposed to culture media and/or
epithelial cells. For example, integration host factor (THF) was found to repress the expression of
flagellin in EPEC and EHEC when grown in DMEM (45). Similarly, studies of other bacterial
pathogens suggest that while flageflin expression may occur at early stages of infection, or at
specific tissue sites, flagellin expression may be reduced or even absent at later stages of infection as
was described with Salmonella typhimurium (11).
While our demonstration of an inflammatory response occurring in the absence of F1iC was
not surprising, it was unexpected that over time it reached a similar intensity to that seen with F1iC
expressing WT EPEC, suggesting that Caco-2 cells may rapidly reach a plateau in their
inflammatory response. At present it is unclear what bacterial products are responsible for the IL-8
response elicited by AfliC EPEC. Our studies demonstrate that T3SS-translocated effector proteins
are not responsible since the AescN strain induces a strong IL-8 response yet is unable to translocate
effector proteins into host cells. EPEC does elaborate other virulence factors including Bundle
forming pilin (Bfp) and fimbriae (24, 41), thus it is tempting to speculate that these bacterial factors,
as well as others may be involved.
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It is also unclear what host factors are involved in triggering the F1iC-independent IL-8
response. Our assessment of TLR5 activation suggests that neither AfliC EPEC nor C. rodentium
significantly induce TLR5 activation. Moreover, we ruled out the possibility that the host response
against C. rodentium was directed against flagella by generating C. rodentium mutants deficient in
both F1iC and Flag-2 flagellin genes, and testing them for their ability to induce an IL-8 response
which was similar to WT C. rodentium infection. Other TLRs could be involved, and in a previous
study we showed that both C. rodentium and EPEC activate the LPS receptor TLR4 (19). While we
reported that TLR4 activation did contribute to the inflammatory response to C. rodentium, the role
of TLR4 in the inflammatory response by IECs during enteric infections remains controversial.
Moreover, TLR4 is unlikely to be involved in the IL-8 response we detected in Caco-2 cells since
this cell line is known to be hypo-responsive to LPS (1). Others studies have also found that TLR4
expression is very low in Caco-2 cells and these cells lack MD-2 which is required for activation of
TLR4 (14). In addition, we found that Caco-2 cells secrete only insignificant quantities of IL-8 when
exposed to LPS (data not shown).

Therefore the IL-8 response against zifliC EPEC and C.

rodentium infection is unlikely to involve TLR4.
Another explanation for the flagellin-independent responses seen in this study may be that
they occur through stimulation of innate NOD2 receptors that detect bacterial muramyl dipeptide
(MDP), a component of bacterial pepditoglycan (3) in Caco-2 cells. Since both EPEC and

Citrobacter species possess MDP in their cell walls (7, 16), these components may be shed by
bacteria and sensed by NOD2 in Caco-2 cells. Outer membrane proteins of EPEC have also been
implicated in iNOS induction in Caco-2 cells (22). However, a specific receptor for recognition of
these proteins has yet to be identified. One may surmise that the inflammatory response we detect is
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multifactorial, and will require significant additional studies to tease out the specific roles of
bacterial as well as host factors.
Previous studies and our results suggest that the release of chemokines following EPEC
infection is dependent on activation of p38 MAP kinase and NF-id3 in Caco-2 cells (Figure 2C).
Other groups have also shown activation of ERK and JNK in addition to p38 MAP kinase as a result
of EPEC infection in T84 cells (12). In contrast, we found that p38 MAP kinase is the major MAP
kinase activated by direct EPEC infection in Caco-2 cells, while only modest activation of ERK and
JNK was detected. These results may be explained by the specific characteristics of Caco-2 intestinal
epithelial cells. While ERK and JNK were not significantly activated by EPEC in Caco-2 cells, these
MAP kinases could be important in the innate responses elicited in other types of IEC such as T84 or
HT-29 cells, which are LPS responsive. It is known that p38 MAP kinase activates AP-l and
stabilizes IL-8 mRNA transcripts during cytokine induced IL-8 secretion from epithelial cells (19).
Interestingly, iXfliC EPEC and C. rodentium both induced lL-8 and MIP3a secretion in epithelial
cells in large part through the NF-id3 pathway. Activation of the NF-icB pathway during C.
rodentium was also demonstrated in a recent study investigating hyperplasia of colonic epithelial
cells (44). In our experiments, the adherence of bacterial strains to Caco-2 cells were unaffected by
the pharmacological inhibitors we used to assess the role of MAP kinase and NF-icB.
Based on our results, we propose a paradigm whereby flagellin monomers released by EPEC
during infection activate p38 MAP kinase and NF-icB pathways, whereas later, non-F1iC dependent
responses largely involve NF-icB signaling. We also show that EPEC is able to suppress both F1iC
dependent and independent epithelial responses in a LEE-encoded T3SS-dependent manner. Our
results further suggest that the LEE-encoded T3SS-mediated suppression of both types of
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inflammatory responses seen in our study could be a result of blunting NF-id3 signaling since this
transcription factor is involved in both flagellin dependent and independent responses. Moreover,
Maresca et al (23) showed that EPEC suppression of antimicrobial iNOS in Caco-2 cells is mediated
by alteration of NF-iB activity. These authors also found that suppression of iNOS is dependent on
EPEC adherence as non-adherent bacteria were unable to modulate NF-xB.
The aim of our study was to determine the scope and nature of epithelial pro-inflammatory
responses to EPEC and C. rodentium.

We also asked the question whether these responses are

triggered solely by bacterial flagellin, or if other virulence factors, including the LEE encoded T3SS
were involved. For our studies, we used the Caco-2 human IECs in which the innate mechanisms
and TLR signaling are better characterized. Moreover, these cells are hypo-responsive to LPS, which
is thought to be reflective of colonocytes in vivo (1). While C. rodentium would normally infect
murine epithelial cells, not much is known about the expression of TLR signaling pathways in
murine IEC. Furthermore, results obtained from murine TEC are difficult to interpret due to the lack
of specific IL-8 homolog that is characteristic of the innate response in human IEC. Therefore, we
reasoned that since C. rodentium can infect human IEC in vitro, infection of Caco-2 cells and direct
comparison with the pro-inflammatory response against EPEC was warranted. It will be interesting
however, in future studies, to determine if C. rodentium induces any differential responses in murine
IEC.
We should note that previous studies have also examined the contributions of virulence
factors in EPEC that induce inflammatory responses from human intestinal epithelial cells. For
example, Czerucka et al (12) tested the role of EPEC LEE encoded T3SS and intimin on IECs
responses focusing on phospho-activation of MAP kinase p38 and ERK. However, their studies
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assessed IL-8 release from LPS responsive T84 cells. Further, these studies were limited as other
important chemokines such as MIP3x and antimicrobial peptides were not tested.
Some groups have found that C. rodentium colitis is characterized by significant intestinal
inflammation in this murine model of colitis, including inflammatory responses by epithelial cells
(21, 37). Considering the important role attributed to flagellin in intestinal inflammation and since C.
rodentium has been described as a non-motile pathogen, it has remained uncertain how this pathogen
causes intestinal inflammation. We confirmed that C. rodentium is not motile in vitro, nor does it
activate TLR5 under in vitro conditions.

Despite this, our results indicate that C. rodentium

infection of IEC leads to significant chemokine secretion, comparable to that observed in response to
flagellin-deficient EPEC. Since C. rodentium does not activate TLR5 in vitro, another TLR or innate
receptor may well be involved in this response. As FliC plays an important role in the recruitment of
neutrophils in mucosal inflammation and bacterial colitis (46), the absence of FliC protein
expression in C. rodentium may explain why infection by this murine pathogen causes a modest
granulocyte infiltration of the infected colon (18).
Our findings support the putative role of the intestinal epithelium as the cell population that
initiates and directs the inflammatory response against A/E pathogens. While the host response to
these pathogens is not well understood, the increased expression of both chemokines as well as
antimicrobial peptides has been detected in infected tissues (31, 47). Our data suggest that the
expression of these mediators during A/E pathogen infections may be initially due to epithelial cells.
Moreover, although neutrophils have been associated with A/E bacterial infections, our data show
that EPEC and C. rodentium infected epithelial cells are capable of releasing additional chemokines
which signal to and attract DCs to the site of colonic infection and inflammation. At present, the role
of DCs in C. rodentium infection is unclear, but these host cells are known to often play a key role in
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the development of adaptive immunity and have been previously associated with the phagocytosis of
other intestinal bacterial pathogens including Salmonella typhimurium.
In summary, our data advance the current understanding of epithelial inflammatory responses
to AlE pathogens, clarifying that EPEC flagellin can activate TLR5 and induce chemokine and
antimicrobial gene expression. As well, we demonstrate that AlE pathogens can trigger a robust
epithelial inflammatory response even in the absence of flagellin expression. Dissecting out what
will undoubtedly be a complex mix of bacterial and host factors involved in this F1iC independent
response will be the focus of future studies. Our data also support findings by Sharma et al (36) that
the presence of T3SS inhibits rather than induces epithelial inflammatory responses. Thus, AlE
pathogens not only trigger epithelial inflammatory responses, but they may also be able to locally
limit these responses, creating protected niches that permit growth and survival of these bacteria in
the face of the host response. This protection and development of prolonged infections may lead to
greater intestinal inflammation and tissue damage in infected hosts. Addressing both actions and
clarifying their in vivo relevance will provide us with a better understanding of the pathogenesis of
these infections, and perhaps reveal novel approaches for therapies or vaccination against AlE
pathogens.
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Chapter 3: Differentiation dependent expression of Single IgG IL-i related receptor
(Sigirr) inhibits Toll-like receptor and cytokine responses in human intestinal epithelial
cells.
3.1 Introduction
The TECs lining the human colon undergo continuous transition from an undifferentiated
and proliferative state at the base of colonic crypts to a mature and differentiated phenotype at
the crypt apex (5). Throughout this transition, IECs are exposed to a multitude of commensal and
pathogenic microbes, including their products such as LPS and flagellin. Under steady state
conditions, IECs remain generally quiescent and tolerant of these products, as they have evolved
critically important yet poorly defined mechanisms to remain hypo-responsive to these stimuli
(3). In part, this tolerance is maintained by limiting the activation of innate receptors in IECs,
which express a specific subset of TLRs such as TLR5 and TLR9 (required for detecting
bacterial flagellin and CpG DNA respectively) (1, 17), and low levels of TLR2 and TLR4 (2). In
addition to these cell surface receptors, the intracellular innate receptor NOD 1 is also expressed
constitutively by JECs, whereas NOD2 is only expressed during inflammation (12). Numerous
studies have shown that these innate receptors are involved in the host’s recognition of enteric

pathogens such as Shigella, Salmonella typhimurium and Enteroaggregative Escherichia coli (3,
9, 26) triggering inflammation and playing a central role in host defense.
Footnote: Re: Manuscript status
A version of this chapter has been submitted for publication to the Journal of Immunology in
January 2009 titled: Differentiation dependent expression of Single IgG IL-i related receptor (Sigirr)
inhibits Toll-like receptor and cytokine responses in human intestinal epithelial cells. Mohammed A.
Khan, Jingtian T. Huang, Theodore S. Steiner, Kiran Assi, Bill Salh, Isabella T. Tai, Xiaoxia Li and
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Bruce A.Vallance.
Considering that dysregulated activation of TLRs in the GIT could impair host defense as
well as lead to chronic inflammation and cancer, it is not surprising that IECs have evolved
strategies to control innate sensing, including the expression of negative regulators of TLRs.
Negative regulators inhibit TLRs by binding key adaptor proteins such as IRAK thereby
impeding downstream signaling to NF-icB (25). To our knowledge, negative regulators of innate
receptors expressed by IECs such as TLR5 and TLR9 have not been previously reported.
However, it seems likely that the function of these regulators controls a broad range of innate
and inflammatory responses elicited in the GIT. Identifying negative regulators, clarifying their
roles and expression patterns in human IECs could significantly increase our understanding of
gastrointestinal health and disease.
The single IgG IL-i receptor (Sigirr) was first described as a negative regulator of IL-i 1
and TLR4 signaling (29). Expressed throughout the human 01 tract with highest expression in
the colon (27), Sigirr was recently shown to regulate inflammation as well as mucosal
homeostasis in a mouse model of chemical colitis (30); however, the mechanisms involved as
well as the cellular distribution of Sigirr within the intestine remains obscure. The objectives of
this study were therefore to characterize the expression and elucidate the role of Sigirr in
regulating the immune responsiveness of human JEC. We show that Sigirr inhibits responses to
several TLR ligands as well as signaling from the intracellular receptor NOD 1. Moreover, the
innate response to infection by the attaching and effacing bacterial pathogen Enteropathogenic

Escherichia coli (EPEC), which causes diarrheal disease, was also modulated by Sigin. In
addition, responses to several pro-inflammatory cytokines e.g. IL-l7, which like TLRs require
IRAK and TRAF6 for signaling, were abrogated by Sigirr. In contrast, IEC responses to IFN7
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and PMA stimulation were unaffected by Sigirr. Interestingly, we found that Sigirr expression
directly correlated with the differentiation state of cultured IECs, a finding that was corroborated
in the epithelium of human colonic biopsies. These findings designate SIGIRR as a critical
modulator of IEC inflammatory responses within the human colon and highlight the need to
address Sigirr function in the context of host responses to enteric pathogens and idiopathic
intestinal diseases including IBD.

3.2 Materials and Methods
Cell culture
Caco-2, HT-29 IECs (ATCC) and TLR5 expressing 1-IEK 293T cells (Invivogen) were
grown in DMEM with 10% serum and antibiotics. NCM46O is a human non-transformed colonic
mucosal IEC line (20) grown in M3 medium. CHO cells stably co-transfected with human TLR5
and NF-icB luciferase reporter were gifted by Dr. Stuart Turvey (department of Pediatrics, UBC)
and maintained as described (4). WC were used for experiments 3-5 days after confluence.

Sigirr gene silencing and over-expression studies
Gene silencing was performed with Sigirr and control siRNA duplexes for transient
transfection with Hiperfect (Qiagen). The uptake of duplexes by IECs was confirmed by
fluorochrome-tagged control SiRNA. Two sets of Sigirr 27-mers siRNA (NAPS, UBC) duplexes
were tested simultaneously with negative control siRNA. A single duplex that produced greater
knockdown of target gene was selected for transfection. IECs were assessed 48-72 hours post
transfection. The pUNO-Sigirr mammalian expression vector and empty pUNO control vector
(Invivogen) were used to generate stable clones. These were selected and maintained in media
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with serum and blasticidin (20-40 pg/ml). Sigirr knockdown and over-expression was analyzed
by western blot and RT-PCR.

Western analysis, ELISA and semi-quantitative RT-PCR
Exposure of Caco-2 cells to TLR ligands, infection, ELISA and western immunoblotting
were performed as described previously (13). IECs were lysed in RLT buffer (Qiagen) and RNA
extracted with RNeasy Minikits (Qiagen) as recommended by manufacturer. 1-2 micrograms of
RNA were reverse transcribed into eDNA and RT-PCR conditions were optimized as described
(13). Primers in this study are listed below.

Table 3.1: List of oligonucleotide primers used in this study
Target Gene

Forward

Reverse

GAPDH

5’ atgaccttgcccacagcc3’

5’ cccatcaccatcttccag3’
(13)

Sigirr

5’ gctgactgcaaggacagaga3’

5’ actcgtggaggctgtagtgg3’
(27)

IL-8

5’ tctgcagctctgtgtgaaggtgcagtt3’

5’ ttcctttgacccacgtctcccaa3’
(21)

Stimulation and infection of JEC
Recombinant purified and LPS free bacterial flagellin (Enteroaggregative Escherichia
coli and Salmonella Typhimurium), LPS, Pam3Cys, ieDAP and TLR5 neutralizing antibody
(Invivogen) were prepared according to manufacturer’s specifications. Recombinant IL-113, IL-
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17, TNFc and PMA (Sigma) were prepared according to manufacturer’s specification. The wildtype Enteropathogenic Escherichia co/i (EPEC) strain 2348/69 was used in this study (8).

Intestinal biopsy sampling and immunofluorescent staining
Two human colonic biopsies were obtained at a single pass using standard crocodile
biopsy forceps. Informed consent was obtained from all patients undergoing diagnostic
colonoscopy for lower gastrointestinal symptoms such as abdominal pain and altered bowel
movements. Study approval was obtained from the UBC Clinical Ethics Review Board. Tissue
samples were rapidly processed for immunofluorescence, with staining of colonic tissues
performed as described previously (10) with a rabbit polyclonal and a goat polyclonal antibody
to Sigirr (R&D), mouse monoclonal antibody to Claudin-3 (Invitrogen), rabbit polyclonal
antibody to Indian Hedgehog (Santa Cruz Biotechnology), and rabbit polyclonal antibody to
TLR5 (Proscience) all at 1:200 dilution. These were followed by secondary Alexa 568/488conjugated goat anti-rabbit IgG antibodies (Molecular Probes) and Prolong® Gold antifade
reagent containing DAPI (Invitrogen). Cells and tissues were visualized at 350 and 594 nm using
a Leica DM 4000B microscope (Leica Microsystems).

Data presentation and statistical analysis
All the results are expressed as the mean value ± standard error of the mean. Results are
from one representative experiment out of at least three. Statistical analysis was performed using
the one-way ANOVA test and student t-test with p<0.05 considered significant. Quantity-one
software (Chemidoc XRS-Bio-Rad, USA) was used for densitometry.
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3.3 Results
Bacterialflagellin induces Sigirr expression in human IECs
While Sigirr has been shown to regulate the inflammatory response to LPS, it is unclear if
it regulates the responses to other TLR ligands such as flagellin. We exposed human NCM (non
transformed colonic mucosal) IECs to flagellin (F1iC), which transiently decreased Sigirr protein
levels by 50% after 12 h. However, prolonged exposure to flagellin (24-48 h) significantly
increased Sigirr protein levels by 50-100% over baseline (Figure 3.1A). To assess if enteric
bacterial infection also alters Sigirr expression, we infected Caco-2 IECs with Enteropathogenic

E. coli (EPEC).
We recently showed that the inflammatory response to EPEC is triggered by flagellin
activation of TLR5 in TECs (13). Through RT-PCR analysis, we observed transient down
regulation of Sigirr message by approximately 30% after 6 h, which subsequently increased by

50-60% over baseline at 24-48 h of EPEC infection (Figure 3.1B). The suppression of Sigirr was
found to correlate with the induction of IL-8 mRNA in Caco-2 IECs infected with EPEC for 6 h

(Figure 3.1C). These results indicate that Sigirr expression is dynamically regulated during
innate response to flagellin, and this regulation inversely correlates with IL-8 gene expression.
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Figure 3.1A: Exposure to bacterial flagellin induces Sigirr protein expression in nontransformed human colonic (NCM) IECs. NCM were grown in M3 growth media and exposed to
10 ng/ml purified flagellin (FliC). Cell lysates were prepared as described in materials and
methods. 30-50ig of cleared cell lysates were subjected to SDS-PAGE and probed with rabbit
polyclonal antibody to Sigirr. Blots were developed in ECL. Result representative of three
experiments.
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Figure 3.1B: EPEC infection down-regulates Sigirr expression in Caco-2 IECs. Cells were
grown to confluence in 12 WP and infected with WT EPEC for 3 h. After infection, cells were
washed twice and fresh media added with gentamycin to prevent bacterial growth. Total RNA
extracted at different time-points was subjected to semi-quantitative RT-PCR to measure gene
expression as described in Materials and Methods. GAPDH was included as internal control.
Blot representative of three independent experiments.
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Figure 3.1C: EPEC infection increases IL-8 expression in Caco-2 JECs. Cells were grown to
confluence in 12 WP and infected with WT EPEC for 3 h as above. Afterwards, cells were
washed twice and fresh media added with gentamycin. Total RNA was extracted and subjected
to semi-quantitative IL-8 RT-PCR. GAPDH was included as internal control. Blot representative
of two separate experiments.
Sigirr gene silencing augments responses to bacterial flagellin
The transient downregulation of Sigirr gene expression and its correlation with IL-8
release suggests an intrinsic mechanism in IECs, in which a temporary reduction of Sigirr protein
allows TLR activation leading to chemokine responses. We therefore assessed if Sigirr gene
silencing would lead to augmentation of TLR responses in JECs. Transient gene silencing
reduced Sigirr protein levels by 50% in Caco-2 IECs (Figure 3.2A), and following exposure to
F1iC, these cells produced a two-fold increase in IL-8 secretion compared to cells transfected
with non-silencing control SiRNA (NSC) (1280.25 ± 68.6 vs. 615 ± 152.9 pg/ml,
(Figure 3.2B).
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Figure 3.2A: Transient gene silencing reduces Sigirr protein in Caco-2 cells. IECs (2 X 10
/well)
5
were seeded in 24 WP. After 48h, cells were transfected with Sigirr and non-silencing control
(NSC) SiRNA in Hiperfect transfection reagent. Sigirr protein was analyzed by SDS-PAGE as
described in materials and methods and developed in ECL. Bands were quantified by
densitometry by Bio-rad quantity-one software.
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Figure 3.2B: Sigirr gene silencing augments flagellin induced IL-8 chemokine secretion from
Caco-2 cells. Sigirr and NSC SiRNA transfected Caco-2 cells were exposed to 10 ng/ml purified
flagellin (FliC) in DMEM with serum and antibiotics. Cell culture supernatant was collected
after 6h and IL-8 quantified by ELISA. Error bars and

*

p<O.05 vs. NSC SiRNA + F1iC.

Sigirr gene silencing augments diverse TLR signaling
To ensure the actions of Sigirr were not cell line specific, we silenced Sigirr in the HT-29
enterocytic IECs. After 70% knockdown of Sigirr mRNA (Figure 3.2C), we noted that IL-8
release doubled in response to F1iC (971 ± 143.8 vs. 423.67 ± 85.5 pg/mi, p<O.O5) as shown in

Figure 3.2D. To confirm TLR5 involvement, we examined the F1iC response in the presence of
a neutralizing antibody to TLR5 which abolished IL-8 release in Sigirr deficient HT-29 IECs
(971

143.8 vs. 153 ± 52 pg/ml, p.<O.O5) (Figure 3.2D), but did not affect IL-1 dependent

responses.
To address whether the inhibition of innate signaling by Sigirr was limited to TLR5, we
also tested other TLR ligands in the LPS responsive enterocytic HT-29 cells (18). In these IECs
(Figure 3.2E), we saw a three-fold increase in their F1iC response (1108 ± 149.9 vs. 392.3 ±

72.5 pg/ml, p<O.O5), a two-fold increase in their LPS response (870.6 ± 66.9 vs. 435.3 ± 57.7
pg/ml, p<O.OS), and a four-fold increase in response to Pam3Cys (833.3 ± 123.5 vs. 154.6 ± 20.4
pg/ml, p<O.O5). We also tested TLR9 responses and found similar elevations in IL-8 release
(data not shown). Notably, while Sigirr gene silencing amplified inflammatory responses to TLR
ligands, it had no effect on IL-8 responses to PMA (Figure 3.2E). To assay the potential impact
of Sigirr in regulating the IL-8 response to an enteric bacterial pathogen, we infected HT-29 cells
with EPEC. We noted that EPEC induced a significantly higher IL-8 response in Sigirr deficient
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cells (609.79 ± 163 vs. 281.5 ± 67.3 pg/mi,

p<O.O5)

(Figure 3.2F), demonstrating that loss of

Sigirr enhances the chemokine response to this bacterial pathogen.
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Figure 3.2C: Transient gene Silencing decreases Sigirr gene expression in HT-29 cells. IEC (2 x
/well) were seeded in 24 WP and transfected after 48 h with Sigirr and non-silencing control
5
10
(NSC) SiRNA. Total RNA was extracted and Sigirr gene expression measured by semiquantitative RT-PCR. GAPDH was included as internal control. Blot is representative of three
experiments and bands were analyzed by densitometry.

113

1600

1400
1200

IL-8
n/m1
t

000

800
600
400
200
0

NeutT5

NSC
SiRNA
+
FIiC

NeutT5

NeutT5

+

+

+

Sig
SiRNA

IL-i f3

NSC
SiRNA

+

FIiC

+

+

FIiC

F1iC

NeutT5

IL-I 13

Figure 3.2D: Sigirr gene silencing augments TLR5 mediated IL-8 secretion. SiRNA transfected
HT-29 cells were exposed to F1iC (10 ng/ml), in presence and absence of a specific TLR5
neutralizing antibody. Cell culture supernatant was collected after 6 h and IL-8 quantified by
ELISA. IL-113 (5 ng/ml) was included as positive control. Error bars and
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Sigirr suppresses pro-inflammatory cytokine responses
While IEC encounter a number of TLR ligands within the gut, they are also exposed to
pro-inflammatory cytokines, particularly during chronic inflammatory disorders, e.g. IBD. As
Sigirr negatively regulates IL-13, we hypothesized that Sigirr deficiency would also augment
responses to other pro-inflammatory cytokines i.e. IL-17, that require IRAK and TRAF6 for
signaling to NF-icB. Knockdown of Sigirr in HT-29 cells caused a two-fold increase in IL-8
secretion after stimulation with IL-113 (1492.6 ± 223.3 vs. 721.6 ± 107.3 pg/ml, p<O.O5), IL-17

(2145.66 ± 150 vs. 1047 ± 141 pg/mi, p<O.
) and TNFct (933.82 ± 44.07 vs. 369.41 ± 93.52
05
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pg/mi, p.<O.05) compared to controls (Figure 3.2G). In contrast, the IL-8 response to WNy
stimulation, which predominantly involves the JAK-STAT pathway instead of IRAK and TRAF,
was unaffected by Sigirr knockdown.
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Figure 3.2G: Sigirr deficiency in IEC increases chemokine response to inflammatory cytokines.
SiRNA transfected HT-29 cells were exposed to IL-1 (5 ng/ml), IL-17 (20 pg/ml, TNFo (10
ng/ml) and IFN gamma (10 ng/ml) for 6-12 hrs. Cell culture supernatant was collected and IL-8
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Immunocytochemical analysis of Sigirr expression in human IECs
While IEC express Sigirr, it is unknown if this is related to cell density or confluency of
1EC. We first assessed Sigirr staining in HEK 293T cells. While no signal was detected in cells
transfected with control vector (Figure 3 .3A), immunostaining of cells stably overexpres sing
Sigirr revealed a homogenous cytoplasmic green signal corresponding to Sigirr protein (Figure
3.3B). Specificity was confirmed by incubation with the Sigirr peptide, which abolished Sigirr
immunoreactivity (Figure 3.3C vs. Figure 3.3D). Next, we stably over-expressed Sigirr in
Caco-2 and HT-29 IECs and analyzed the pattern of Sigirr expression by immunocytochemistry.
Interestingly, unlike in HEK 293T cells, Sigirr expression in native spontaneously differentiating
Caco-2 cells was found to be patchy and clustered in cells growing in smaller colonies (Figure

3.3B), with staining localized to the cell membrane as well as in a punctate pattern within the
cytoplasm. We observed increased Sigirr immunoreactivity in Caco-2 cells seeded at higher cell
densities (Figure 3.3F vs. 3.3E), and in Sigirr over-expressing Caco-2 (Figure 3.3H vs. 3.3G)
and HT-29 (Figure 3.3J vs. 3.3!) cells relative to controls.
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611

Figure 3.3: Immunofluorescent staining for Sigirr expression in HEK 293T cells and human
IECs. HEK 293T cells grown on coverslips were stably transfected with pUNO Sigirr overexpression vector (b) and the control vector (b). After formalin fixation, Sigirr expression was
analyzed using a rabbit polyclonal antibody and Alexafluor 468 (green) conjugated secondary
antibody. Sigirr antibody was pre-incubated with full length Sigirr peptide and used for staining
Sigirr over-expressing cells (d) vs. Sigirr antibody alone (c), nuclei (blue) stained with
prolongGold dapi. Native Caco-2 cells grown on coverslips were assessed for Sigirr expression
with a goat polyclonal primary Sigirr antibody and Alexa fluor 568 conjugated (red) and dapi
nuclear stain (blue). Caco-2 cells seeded at lower density (e) and higher density (f).
Immunostaining in Caco-2 cells over-expressing Sigirr (h) and control (g). HT-29 cells overexpressing Sigirr (j) and control vector (i). Magnification 20X.
Over-expression of Sigirr dampens NF-id? mediated TLR and cytokine responses
To assess the impact of increased Sigirr levels on TLR and cytokine induced responses,
we stably overexpressed Sigirr in Caco-2 and HT-29 IECs, as well as in CHO cells (Figure
3.4A) (transfected with NF-id3 luciferase reporter) and in TLR5 expressing HEK 293T cells. NF
KB luciferase activity decreased by approximately 25% in CHO cells over-expressing Sigirr

(Figure 3.4B), while in Caco-2 IEC, IL-8 release in response to F1iC declined by 30% (Figure
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3.4C-upper panel) compared to control (581.6 ± 103 vs. 870.33 ± 150 pg/mi,

p<O.05).

These

data were reproduced in HEK 293T cells stably co-expressing TLR5 and Sigirr (295.8 ± 90.3 vs.
571.6 ± 109.4 pg/mi, p<O.O5) (Figure 3.4C-lower panel). Over-expression of Sigirr in HT-29

IECs also reduced IL-8 responses to F1iC, LPS and Pam3Cys (Figure 3.4D), as well as responses
to IL-113 and IL-17, which declined by 25% and 60% respectively (Figure 3.4E). These results
confirm that increasing Sigirr expression attenuates TLR signaling and depresses responses to
pro-inflammatory stimuli in IECs.
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Figure 3.4A: Stable over-expression of Sigirr in HT-29 and Caco-2. IECs were stably
transfected with pUNO Sigirr mammalian expression vector or empty pUNO vector with
Effectene transfection reagent. Clones over-expressing Sigirr were maintained in blastocidin and
subsequently assessed for Sigirr by RT-PCR and immunoblotting. Blots are representative of at
least two experiments.
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Figure 3.4B: Sigirr over-expression abrogates NF-iB activity. CHO cells containing a NF-icB
luciferase reporter were stably transfected with Sigirr over-expressing pUNO vector and control
vector. Clones were maintained in blastocidin and subsequently tested for flagellin (F1iC)
responses. Whole cells lysate was collected after 6 h and relative luciferase activity measured by
luminometry.
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Figure 3.4C: Over-expression of Sigirr blunts F1iC induced chemokine response. HT-29 IECs
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in DMEM, and JL-8 secretion quantified by ELISA. Error bars and
pUNO

+

LPS and pUNO

+

*

p<O.05

vs. pUNO

+

F1iC,

Pam. (E-lower panel) IECs over-expressing Sigirr were exposed to

IL-1f3 (5 ng/ml) and IL-17 (20 pg/mI) for 6-12 hr and IL-8 quantified as above. Error bars and
p<O.05 vs. pUNO

+

IL-1j3 and pUNO

+

*

IL-17.

Sigirr regulates intracellular Nucleotide Oligomerization Domain 1 (NOD]) innate receptor
Colonic IECs are known to express NOD1 (14) and to a lesser degree NOD2 receptors,
which requires the adaptor protein-RIP2 for signaling from the cell membrane (16). As Sigirr
likely functions in closely proximity to membrane TLRs (25), we asked whether the NOD1 and
NOD2 signaling pathways are also modulated by Sigirr.
Stimulation of NOD 1 with its ligand ieDAP (Figure 3.5A) caused a two-fold increase in
IL-8 secretion from Sigirr deficient Caco-2 cells vs. control (1249.7 ± 208 vs. 497 ± 35 pg/mi,
p<O.O5), while NOD2 responses to MDP were unaffected, possibly because of low NOD2
expression by these cells. Moreover, over-expression of Sigirr expression (Figure 3.5B)
decreased the NOD1-ligand-induced IL-8 secretion (644

+

57 vs. 360.6

+

92.33 pg/ml, p<O.O5),

whereas the NOD2 response was again not altered.
We speculate that Sigirr likely binds the NOD1 adapter-Rip2, and confirmed this
interaction by immunoprecipitating Sigirr with a Rip2 antibody and immunoblotting for Sigirr
(Figure 3.5C). Our results suggest that in Caco-2 cells, NOD1 is likely to be expressed in the
cell membrane and negatively regulated by Sigirr.
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Figure 3.5C: Sigirr co-immunoprecipitates with intracellular Rip2 adapter protein. 300ug of
total proteins from Sigirr over-expressing HT-29 (pUNO Sig) and control cells (pUNO) was
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incubated with a mouse monoclonal antibody to Rip2 in Agarose A-plus beads and subjected to
SDS-PAGE (upper panel). Blots were probed for Sigirr with rabbit polyclonal antibody by
western immunoblotting. Membranes were stripped and re-probed with a mouse monoclonal
antibody to total Rip2 (lower panel).

Sigirr expression depends on the differentiation state of IECs
The patchy staining for Sigirr observed in the midst of spontaneously differentiating
Caco-2 cell colonies (Figure 3B) suggested that Sigirr expression was possibly related to the
differentiation state of IECs. We examined this possibility using sodium butyrate, an agent
known to induce IEC differentiation (11). Exposure to sodium butyrate progressively increased
Sigirr protein levels in Caco-2 cells after 24 h and 72 h (Figure 3.6A). Sigirr expression also
increased significantly in untreated spontaneously differentiating Caco-2 cells (Figure 3E-J).
These results indicate that the level of Sigirr expression in IECs is linked to their differentiation
state. To verify this, we investigated dipeptidyl dipeptidase expression (DPP), a brush border
associated marker of differentiation in colonic IECs (22). Immunocytochemical analysis revealed
that DPP was patchy and confined to small clusters of cells (Figure 3.6B), remarkably similar to
Sigirr staining pattern (as in Figure 3.5B). Further, Sigirr staining co-localized with DPP
expression (Figure 3.6C), suggesting that Sigirr expression coincides with this brush border
enzyme.
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Figure 3.6A: Sigirr expression in Caco-2 cells is dependent on the differentiation state. (A)
Caco-2 monolayers were exposed to sodium butyrate (2 mM) for 24-72 h in DMEM
supplemented with serum and antibiotics. 30-50 ig of total protein from pre-confluent, sodium
butyrate treated and spontaneously differentiating post-confluent cells were probed with Sigirr
rabbit polyclonal antibody in western blots. Result representative of two experiments.

Figure 3.6B: Caco-2 cells express the differentiation marker Dipeptidyl dipeptidase (DPP) in
IEC monolayers. Formalin fixed Caco-2 monolayers grown on coverslips were incubated with

mouse monoclonal DPP antibody conjugated with Alexa fluor-488 (green). Cell nuclei stained
with dapi. Magnification 40X. Result representative of three independent experiments.
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Figure 3.6C: Sigirr co-localizes with the differentiation marker DPP in Caco-2 cells. Cells
grown low density (10
/well) were fixed in 4% formalin and incubated simultaneously with goat
4
polyclonal Sigirr antibody (a-red) with mouse monoclonal DPP antibody conjugated to Alexa
fluor 488 (b-green) and nuclear dapi stain (c-blue). Images taken with Zeiss fluorescent
microscope were merged to show co-localization (d). Result representative of two independent
experiments. Magnification 20X.
Sigirr is expressed by differentiated IECs in the human colon
Next, we stained for Sigirr expression in human colonic biopsy sections. By
immunofluorescence, we detected maximal Sigirr expression on the apical surface of colonic
crypts (Figure 3.7A), with the signal diminishing in cells at their base. Additional sporadic
staining was also observed in the colonic lamina propria. To address whether Sigirr expression
was localized to IECs, we stained for the tight junction protein claudin-3 (23). As expected,
claudin-3 staining was maximal on the lateral intercellular junctions of the IEC, while Sigirr
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staining was most intense on the apical surface of these TEC (Figure 3.7B). To confirm that
Sigirr was predominantly expressed by differentiated epithelial cells, we further stained for
Indian hedgehog (Ihh), a marker of differentiated apical JECs (19). We found abundant Ihh
protein

in

epithelial cells

that

were

also

expressing

Sigirr

(Figure

3.7C).

Since

immunolocalization for TLR5 has been reported previously on the surface epithelium in human
colonic tissues (7), we investigated if TLR5 expression is similar to Sigirr expression in human
tissues sections. As in Figure 3.7D, expression of TLR5 was most intense in surface of the
colonic crypts compared to isotype control, and occurred in cells that were expressing Sigirr.
These findings are consistent with our data in cultured IEC, and confirm that within the human
colon, Sigirr is predominantly expressed by differentiated TEC.
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Figure 3.7A: linmunohistochemical analysis of Sigirr expression in human colonic tissues.
Colonic tissues obtained at biopsy were fixed in formalin and prepared as described in materials
and methods. 6-8 uM sections were mounted on slides and incubated with either control antibody
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(a), or goat polyclonal antibody to Sigirr (b and c). Immunoreactivity to epithelial Sigirr (red) is
prominent on apical surface (arrows).

Figure 3.7B: Epithelial Sigirr expression co-localizes with Claudin-3 tight junction protein in
human colon. Colonic tissues from biopsy were prepared as described. 8-10 microns sections
were mounted on slide and double immunostaining performed with goat polyclonal Sigirr and
mouse monoclonal Claudin-3 antibody. Sigirr immunoreactivity (a-red) co-localized with
Claudin-3 (b-green) in epithelial cells on crypt surface (d-arrow). Nuclei stained with dapi (blue)
stain.
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Figure 3.7C: Indian Hedgehog (11TH) expression by IEC coincides with Sigirr expression in
human colon. Colonic tissues from biopsy were prepared as described. Double immunostaining
was performed with a goat polyclonal Sigirr antibody and a rabbit polyclonal antibody to IHH.
Sigirr immunoreactivity (a-red) co-localized with 11TH (b-green) in epithelial cells on crypt
surface (d-arrow). Nuclei stained with dapi (blue) stain.
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Figure 3.7D: Staining for TLR5 is detected in cells also expressing Sigirr on the surface of
colonic crypts. Isotype control (a). Double immunostaining for TLR5 with a rabbit polyclonal
antibody and Sigirr with goat polyclonal antibody was performed. Sigirr (b-red) staining is
observed in TLR5 (c-green) expressing epithelial cells (e-arrow), Dapi nuclear stain (d-blue).
Magnification 20X.
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3.4 Discussion
This study is aimed at elucidating the inhibitory functions of Sigirr in the human colonic
epithelium. Our results indicate that Sigirr may play a major role in maintaining the hypo
responsiveness of IECs to a variety of pro-inflammatory stimuli. We show for the first time that
bacterial flagellin as well as direct infection of IECs with the enteric bacterial pathogen EPEC
causes a transient decrease in Sigirr expression that temporally correlates with the expression and
release of the neutrophil chemokine IL-8. Sigirr gene silencing in IECs significantly and
selectively enhanced IL-8 secretion in response to TLR ligands and augmented responses to proinflammatory cytokines that also signal through TRAF6 and IRAK. Conversely, stable overexpression of Sigirr diminished the same TLR and cytokine responses. Furthermore, we
demonstrate that Sigirr negatively regulates intracellular NOD1 responses, in concert with its
association with the adapter protein-Rip2. While exploring different cell density of JECs, we
determined that Sigirr expression increases with the differentiation state of these cells in culture.
Correspondingly, Sigirr expression was found to be minimal in cells at the base of human
colonic crypts and maximal in the mature epithelial cells at the crypt apex, providing a basis for
the previously identified hypo-responsiveness of mature IECs to bacterial products.
The recent demonstration of exaggerated colitis and tumorigenesis in Sigirr deficient
mice designated this receptor as potentially important in gastrointestinal inflammation; however
the underlying mechanism remained unclear. Although Sigirr is known to suppress TLR4 and
IL-i 13 signaling, whether exaggerated signaling through these receptors led to the resulting
pathology was unknown. In part, this is because the potential role of Sigirr in regulating other
innate receptors expressed at higher levels, such as TLR5 within the gut epithelium, has not been
examined. It is now evident that the function of important innate receptors as well as pro
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inflammatory cytokines including IL-17 and TNFc are regulated by Sigirr within JECs. Based
on the broad actions of Sigirr, we speculate that it likely affects responses to other members of
the IL-i superfamily such as IL-22 (32), as well as other cytokines such as IL-25 (31), that
require IRAK and TRAF6 for downstream signaling in IECs. Moreover, as our findings suggest
negative regulation of NOD 1 receptor by Sigirr, the structural basis for these interactions
requires further investigation.
Since IECs are known to differentiate while migrating apically in colonic crypts, the
expression of Sigirr in differentiating IECs was previously unknown. Interestingly, we found that
the differentiation agent sodium butyrate (15) induced expression of Sigirr in TECs. We noted a
similar increase in Sigirr expression in spontaneously differentiating Caco-2 monolayers,
indicating that differentiation of 1EC promoted Sigirr expression. Immunohistochemical analysis
of human colonic tissues confirmed that Sigirr protein levels were maximal in differentiated
IECs. These data are consistent with earlier studies in which IEC differentiation down-regulated
IL-113 induced chemokine secretion (5). Furthermore, epithelial differentiation is also known to
be a key determinant of antimicrobial peptides secretion, a defense mechanism that protects
hyporesponsive differentiated IECs (11). Taken together, these findings support our hypothesis
that Sigirr expression within IECs is related to their differentiation state. We propose that in

differentiated IEC, innate responses are controlled to prevent unwanted inflammatory responses
against commensal microbes, whereas in less differentiated cells, lack of Sigirr leads to
heightened epithelial responses, which may relate to the more sterile environment found at the
base of crypts.
Presumably the broad regulatory actions of Sigirr in differentiated IECs prove beneficial
by limiting maladaptive inflammatory responses against commensal microbes encountered by
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IECs within the human colon. However as recently shown, limited activation still occurs and
plays a critical role in the maintenance of colonic mucosal integrity (6, 10). In fact, TLR2, TLR4
and TLR9 signaling have all been shown to contribute to normal IEC function, at least in mice,
and this TLR stimulation may in fact be regulated by Sigirr, as epithelial homeostasis appears
dysregulated in the absence of Sigirr (30). It is less certain what role Sigirr may play in enteric
host defense. The observed transient downregulation of Sigirr in response to flagellin and EPEC
reflects a measured host chemokine response induced in IECs that potentially leads to the
moderate neutrophil recruitment required for clearance of enteric bacterial pathogens, limiting
these illnesses to a few days in most cases.

Certainly, TEC expression of TLR5 have been

respectively shown to play a critical role, at least in vitro in recognizing and responding to
flagellated enteric pathogens (28).
Based on our findings, Sigirr dysregulation could contribute to the development of
chronic inflammation, as seen in IBD, not only based on responses to microbes, but also to
endogenous cytokines such as TNFo and IL-17 that damage JECs (24). Some individuals may
possess single nucleotide polymorphisms in the Sigirr gene altering the function and/or
distribution. As such, identifying single nucleotide polymorphisms and possible defects of Sigirr
gene in human subjects should be a priority. These findings also indicate that Sigirr modulation
may prove to be of therapeutic benefit. In steady state conditions, IECs are exposed to minimal
amounts of flagellin and butyrate derived from commensal bacteria in the gut. Both factors may
facilitate the expression of Sigirr and perhaps other negative regulators and thereby offer
attractive targets in developing therapy of inflammatory disorders.
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Chapter 4: Conclusions
4.1 Bacterial flagellin and epithelial biology
In recent years, several studies have elucidated the roles played by commensal microbes
in normal gastrointestinal physiology and pathology. These studies have revealed that the
beneficial effects of commensal bacteria on the host are mediated through a direct effect on the
IECs, which express TLRs to sense bacterial products. It is known that signals emanating from
IECs are relayed to the underlying immune cells that continuously communicate with the
epithelial layer. It is believed that antigen presenting DCs resident in the lamina propria of the
intestine, are distinct from the DCs from other sites as they are involved the sampling of luminal
contents including commensal bacteria. As JECs and DCs are the only type of cells that interact
with the commensal flora, these interactions are thought to be required for the maintenance of
homeostasis and normal digestive functions in the GI tract. The commensal bacterial population
is curtailed temporarily during enteric infection by bacterial pathogens such as EPEC, a process
that is referred to as loss of colonization resistance. Loss of commensal microbes and the
expression of virulence factors contribute to the pathology as seen in infectious gastroenteritis. It
is clear that both commensal flora and IECs are important not only for host defense against
enteric pathogens, but also for normal physiological functions in the large intestine.
Enteric pathogens infect IECs in many different ways, utilizing a variety of mechanisms
involving virulence factors that subvert cellular functions and lead to epithelial barrier
disruption. Virulence factors such as flagellin, T3SS and pili were traits acquired during
evolution by pathogenic bacteria to colonize and infect hosts. Although perceived as harmful,
some beneficial effects of these virulence factors have come to light in recent studies. The
rationale for these beneficial effects may be explained by the concept that during bacterial
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infection, the pathogen attempts to prolong the survival of host cells in order to extract maximum
beneficial effects for its own growth and multiplication. This is perhaps more relevant for
invasive pathogens such as EIEC, which are able to escape the harsher environment of the lumen
to safer niches within the JEC. Once inside the cytoplasm of TECs, these bacterial pathogens
inhibit innate receptors and escape immune surveillance. This microbial strategy is especially
applicable to JECs since intracellular killing mechanisms are not as well developed in these cells
as compared to professional phagocytic immune cells such i.e. macrophages.
While recognition of flagellin by TLR5 is essential for host defense against flagellated
bacterial pathogens, recent studies have revealed a protective role of flagellin acting on IECs.
Several groups have independently demonstrated that bacterial flagellin from enteric pathogens
promotes survival of IECs. For example, while infection with flagellin-deficient strains of
Salmonella reduced pro-inflammatory responses, it also diminished the anti-apoptotic signals in
EEC when compared to infection with wild type strains, in murine models of Salmonellosis (91).
Similarly, aflagellate Salmonella activated epithelial Caspase-3 and diminished the levels of the
anti-apoptotic protein c-TAP in ileal tissues of C3HIHeN mice compared to WT controls. These
findings were reproduced in cultured IECs where Caspase-8 and Caspase-9 pathways were
significantly accelerated following infection with aflagellate Salmonella, compared to infection
with the WT strain (91). It is unknown if flagellin from attaching and effacing pathogens like
EPEC are also able to enhance survival of TECs. Since EPEC intimately attaches to host cells and
introduces effector proteins through the T3SS, it is possible that EPEC flagellin may act in a
similar manner to facilitate survival of EEC, at least until the bacterium is intimately attached to
host cells. Extension of the life span of TECs would facilitate EPEC’s targeting of vital organelles
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such as mitochondria by introducing the Map effector, and prolong the subversive activities
within IECs.
The beneficial effects resulting from activation of TLR5 were investigated by Burdelya et
al in murine and primate models of radiation injury. They showed that pretreatment with
CBLB5O2, a synthetic polypeptide that selectively activates TLR5, protected animals from
radiation-induced injury that occurs in the GI tract and bone marrow (11). Exposure to full body
radiation specifically induces apoptosis of the stem cells located at the base of intestinal crypts.
This leads to loss of height in intestinal villi and decreased ability to absorb nutrients. The
mechanism of radioprotection following TLR5 stimulation is believed to involve G-CSF and IL6 induction in IECs, both of which promote proliferation of crypt epithelial cells. Similarly,
administration of flagellin also protected mice from DSS colitis and enteric rotaviral infection
(90). Interestingly, LPS pretreatment was found to protect against chemical injury; but in
contrast to flagellin, LPS also caused acute lung injury and sepsis. These findings suggest that
TLR5 stimulation leads to relatively selective host responses that promote cytoprotection and
survival.
A recent study also showed that flagellin induced oxidant stress leads to the expression of
the protective heat shock protein (Hsp)25 in non-transformed rat IEC-18 cells (71). Hsp are an
immunoregulatory family of proteins induced in the response to cellular stress, infection and
chronic inflammation (88). By inducing anti-inflammatory cytokines such as IL-lO, Hsps are
believed to suppress inflammatory responses. While invasive Salmonella induces expression of
Hsp, it is not known if flagella from luminal pathogens like EPEC and EAEC can also stimulate
Hsp production in IEC. It is unclear how TLR5 stimulation can generate innate responses and at
the same time also prolong the survival of JECs. These effects likely involve NF-iB, which has
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pleitropic downstream effects including innate responses, cell survival and differentiation (48).
More studies are needed to examine the possible beneficial effects of EPEC flagellin in JECs.
In addition to TLR5 expressed on the cell membrane, cytosolic recognition of flagellin is
an important host defense mechanism against invasive pathogens such as Salmonella
typhimurium. The intracellular Nod-like receptor (NLR) known as IPAF, is required for sensing
flagellin in the host cell cytoplasm and contributes to innate responses (64). Salmonella
typhimurium activates IPAF by injecting flagellin into the cytoplasm of host macrophages,
leading to IL-13 production (82). In contrast, Shigella infection of macrophages leads to IPAF
induced activation of Caspase-l, pyroptosis and autophagy, independently of flagellin (83).
While the role of IPAF is better understood in macrophages, its expression in human
TECs has not been investigated. There is a single report of IPAF expression in the airway
epithelial cell line A549 (92). In this study, infection of A549 cells with Legionella pneumophila
increased mRNA levels of IPAF, whereas knockdown resulted in increased bacterial replication.
Since IPAF is required for sensing Salmonella flagellin in macrophages and for host defense in
airway epithelial cells, it is quite likely that IPAF is also expressed by human IECs. Although
innate responses to EPEC infection in IEC is largely determined by TLR5 signaling, small
amounts of flagellin could leak into the IEC through the T3SS, especially if there are abundant
flagellin monomers synthesized in the bacteria. Interestingly, there is evidence that T3SS in
Salmonella and Shigella is required for injecting SipB and Ipa proteins, respectively, to induce
inflammasome mediated Caspase-1 activation (27). The T3SS assembly, which is initiated by
disruption of the host cell membrane is a common molecular event during infection of IEC by
A/E bacteria and invasive pathogens. Given this dual role of T3SS in infection, EPEC effectors
that are injected into IECs would be expected to activate cytoplasmic innate NLRs. These
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mechanisms are important because they may account for flagellin independent responses
observed during EPEC and Citrobacter rodentium infection of IECs, as presented in this thesis.
Together, these findings suggest that although innate recognition of flagellin is important for
sensing enteric pathogens, host innate sensing also occurs independently of flagellin and may
contribute to diarrheal disease.

4.2 Bacterial factors in human inflammatory disorders
Acquisition of virulence traits is not restricted to true pathogens and has also been
identified in commensal bacteria isolated from the GI tract. A role of bacterial flagellin in IBD
was first proposed by Lodes et al in 2004 (55). Since then other studies have also described the
bacterial flagellin CBirl derived from commensal populations as an important antigen that
activates adaptive immunity in Crohn’s disease (70, 84). The Escherichia coli MG1655 is a
commensal that expresses flagellin and is capable of activating apical TLR5 in mouse ileal
tissues (5). Studies based on murine ileal loops mounted in Ussing chambers suggest that

Escherichia coli MG1655 induces the secretion of pro-inflammatory KC (a homolog of human
IL-8) and also activates NF-kB during chemokine release in Caco-2 and HT-29 JECs.
Serological expression cloning identified the flagellated bacteria from the Clostridium cluster
XIVA, which are members of the Firmicutes family of commensal bacteria (23). Serum IgG
from patients with Crohn’s disease as well from colitic mice reacted with flagellin from this
strain and sequence analysis indicated resemblance to Salmonella FliC. Collectively, the findings
from these studies indicate that flagellin synthesized by commensal bacteria is capable of
stimulating innate responses in host cells. It is important to mention that although both pathogens
and commensal bacteria may express flagella, only pathogenic bacteria are able to disrupt the
epithelial barrier and increase the permeability of the epithelium. These alterations in the
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epithelial layer lead to an influx of bacterial derived products which overwhelms host defenses
and subsequently results in inflammation. Commensal bacteria generally lack the pathogenicity
islands that encode the expression of some virulence factors, and therefore generally do not
disrupt the epithelial barrier.
Recently, flagellin independent responses were also proposed to account for IL-8
secretion by JEC infected with an E. coli strain isolated from Crohn’s disease patients (81).
These authors found that flagellin shed from mucosa associated-AlEC induced IL-8 release only
when the epithelial integrity was compromised in HT-29 IEC. In contrast, some AlEC isolates
that induced IL-8 secretion independently of flagellin, were able to do so only if the mucosal
integrity was preserved and not compromised. Both flagellin dependent and independent
responses depended on MAP kinases and did not significantly involve NF-iB pathway.
Some researchers have identified specific strains of E. coli that are frequently isolated
from 1RD patients. The first evidence of an E. coti that adhered to ileal mucosa in patients with
Crohn’s disease was reported by Boudeau et al in 1999 (10). This group of bacteria, referred to
as adherent invasive E. coli (AlEC), was able to replicate and survive within macrophages (35).
Exposure to the commensal lactobacillus casei DN 114001 inhibited the adherent and invasive
ability of AlEC in human IECs (43). Interestingly, AlEC isolated from LBD patients produced
granulomas in vitro (62) and bound to the CEACAM6 receptor during colonization of the ileal
mucosa (7). CEACAMs are a family of proteins involved in both intercellular adhesion and in
signaling events leading to cellular differentiation (36). CEACAMs expressed by Caco-2 IEC are
required for internalization of diffusely adherent E. coli (DAEC) expressing the AfafDr family of
adhesions (Dr+). Internalization of Dr+ DAEC also requires P1-3K, lipid raft and microtubule
rearrangement in Caco-2 cells (37) and bladder epithelial cells (47). Cross linking of
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CEACAM6, also known as CD66b, leads to secretion of IL-8 from neutrophils (75). It is not
known if cross-linking or activation of CEACAM6 would produce a similar IL-8 response in
IECs. Although the involvement of CEACAMs in EPEC infection has not been addressed, a
diffuse form of Afa adhesion has been previously identified in the 055 serogroup of EPEC (45).
The mechanisms outlined above may lead to the flagellin-independent responses observed during
EPEC infection of EEC, and in the CR model of colitis.
While flagellin has been identified as an important antigen in IBD, it is still not clear how
flagellin translocates across the epithelial barrier to activate basolateral TLR5. Further, the
signaling events arising from TLR5 activation leading to acute and/or chronic inflammation are

poorly understood. One possibility is that flagellin may be responsible for causing acute flare ups
in IBD, leading to the recruitment of neutrophils to the intestinal mucosa. The presence of
neutrophils is associated with much of the tissue damage and subsequent pathological changes
seen in lED. The finding that commensal bacteria are required for the development of
experimental colitis supports a role for microbial products in triggering acute inflammation.
While TLR expression in the human gut is poorly characterized, it is generally believed that
TLR5 is expressed on the basolateral surface of the columnar epithelium. However, other studies
have described apical stimulation of the murine intestine with flagellin, leading to chemokine
responses (5).
It may be hypothesized that TLR5 expression is significantly higher on the basolateral
surface the EEC, whereas minimal expression of TLR5 occurs on the apical surface of the human
intestinal epithelium. A differential expression of TLR5 may explain how the beneficial effects
of flagellin are generated, enhancing the survival of IECs and protecting against excessive
inflammation by inducing Hsp25. In contrast, enteric pathogens are likely to increase epithelial
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permeability leading to an influx of flagellin and profound TLR5 activity at the basolateral
membrane. In support of this concept, it has been reported that stimulation of apical TLR9
prevents pro-inflammatory responses by unknown mechanisms, whereas activation of basolateral
TLR9 leads to NF-icB mediated inflammation in polarized epithelia as well as in TLR9 knockout
mice (52). In chronic intestinal inflammation, the apical versus basolateral TLR expression
pattern could be reversed and there may be an increase in TLR4 levels, which are expressed
minimally under steady state conditions in IECs.
As to why stimulation of apically expressed TLRs would produce less inflammatory
responses is not known. One reason could be the existence of gangliosides, a family of sialic acid
containing sphingolipids in the outer plasma membrane of epithelial cells (78, 96). Gangliosides
such as asialoGM 1, which inhibit TLR5 signaling, may be preferentially expressed on the apical
surface of intestinal epithelium. Interestingly, the addition of exogenous gangliosides abolish
TLR2, TLR3 and TLR6 responses by up-regulating IRAK-M, a negative regulator of TLR in
PBMC (78). Previous studies have also reported an inhibitory role for gangliosides in TLR4
signaling in DCs and monocytes (14). Interestingly, supplementation of infant milk formula with
gangliosides has been shown to modify the microbial flora of the intestine (74), facilitating
expansion of Bifidobacteria and also lowering the numbers of pathogenic E. coli strains. We
have shown that EPEC infection suppresses IL-8 responses in IECs. This may potentially involve
upregulation of gangliosides that are targeted by a T3SS delivered effector, thereby blunting or
delaying host inflammatory responses. Such a strategy would allow the bacterial pathogen to
colonize and infect host cells relatively unopposed until neutrophils are recruited to the site of
infection through other signals. It is therefore tempting to suggest that gangliosides may be an
attractive therapeutic approach to prevent excessive TLR activation in the gut. It is also possible
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that gangliosides function in concert with negative regulators such as Sigirr in IECs to prevent
exacerbations in innate and inflammatory pathways.

These are interesting topics for

investigation in future studies and would increase our understanding of gangliosides and host
defense in the epithelium.

4.3 EPEC virulence factors and diarrheal disease
The attaching and effacing pathogen-EPEC possesses a number of virulence factors that
are expressed in a sequential manner in response to environmental signals. In the large intestine,
EPEC infection is likely to be initiated via flagellin, for motility through the mucus layer, which
forms a sheet-like covering on the epithelial surface. This would be followed by the localized
adherence pattern that is regulated by BFP and leads to the formation of micro-colonies on IECs
(22). Subsequently, LEE genes encoding the T3SS are activated and allow EPEC to intimately
attach to the epithelial surface. While these events are well described in cultured IECs, it is
unknown if a similar pattern of infection proceeds to diarrheal diseases in humans. Since EPEC
does not infect mice reliably, further studies are needed in the mouse model of attaching and
effacing Citrobacter rodentium infection to dissect the contribution of various virulence genes in
these pathogens.
In vitro studies have provided insights into how the virulence genes are regulated during
EPEC infection of epithelial cells. Giron and colleagues described EPEC flagellin as an adhesin
that mediates microcolony formation in cultured IEC (34). Interestingly, Yona-Nadler et el
showed that an integration host factor was capable of suppressing flagellin expression when
EPEC was grown in DMEM (98). Although DMEM was shown to suppress flagellin in
overnight cultures, we and others have found that infection of human IECs by EPEC in high
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glucose media (DMEM) still results in inflammatory responses (46, 77). The suppression of
flagellin expression is more likely to occur when EPEC are grown in DMEM alone compared to
preconditioned media from cultured TEC. It is possible that preconditioned media or the presence
of JECs provides a signal for flagellin expression in EPEC. Alternatively, EPEC may suppress
flagellin expression when culture media is deficient in glucose, especially in mid to late log
phase of growth as observed by Yona-Nadler et al. We found that the expression of flagellin was
similar when JEC were infected with EPEC in DMEMJF12 media or DMEM alone.
The interaction between flagellin and the T3SS in EPEC was further investigated by
Sperandio et al in HeLa epithelial cells (79). These authors found that the quorum sensing (QS)
and luxS genes regulated T3SS and flagellin expression, and EPEC mutants deficient in these
genes (QS and luxS) were unable to adhere (LA) and formed smaller micro-colonies. The QS
system represents an inter-bacterial communications system and utilizes autoinducers, which
function like hormones to regulate bacterial gene expression. There is significant evidence that
the neuroendocrine hormone noradrenaline (NA), a neurotransmitter in the 61 tract, can induce
EHEC growth, fimbriae and toxin production (12,

16, 56). Whether NA or other

neurotransmitters abundant in the gut such as serotonin are also able to promote flagellin
expression in EPEC is unknown. In a study by Giron et al, mammalian cells could induce the
expression of flagellin in motile and non-motile EPEC (34). In this study, isogenic strains of
EPEC deficient in perA (a transcriptional activator), bfpA type IV pilin, luxS autoinducer gene
and T3SS exhibited reduced motility in DMEM motility agar. Growth of these mutants in
preconditioned cell culture medium (DMEM) restored their motility and ability to produce
flagella. These findings illustrate the complexity of flagellin expression and the inter-dependence
of different virulence factors as well as environmental stimuli in A/E pathogens.
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Some enteric pathogens like Salmonella are known to translocate flagellin across
polarized epithelial cells and elicit TLR5 activation (32). While this may be an active process
involving the T3SS or the flagellar secretion system, it may also be a consequence of epithelial
barrier disruption. In this scenario, loss of epithelial integrity could allow flagellin to leak into
the intercellular junctions and therefore access basolateral TLR5. The passage of flagellin
through intercellular epithelial junctions may allow the host to recognize enteric pathogens that
compromise epithelial integrity as a prelude to infection. It is not known if EPEC flagellin
functions as a secretion system. However, the adhesive properties and binding capacity of EPEC
and EHEC were investigated by Erdem et al (24). In this study, flagella from EPEC strain

E2348169 (0127:116), but not EHEC (0157:H7) bound in a dose dependent manner to collagen,
laminin and fibronectin. Both EPEC and EHEC flagella and flagellin monomers were also shown
to bind mucins and freshly isolated bovine mucus. Collectively, these findings suggest that A/E
pathogens have developed various mechanisms to adhere to epithelial cells and adapt to changes
in their environment.
The development of an attaching and effacing phenotype is recognized as a hallmark of
AlE pathogenesis. The eae (intimin) and bfp (bundle forming pilus) genes in EPEC have been
used for identification of EPEC and for classification into typical and atypical strains (65). The
emergence and increasing number of atypical isolates of EPEC presents a challenge to
researchers in understanding diarrheal diseases. Most atypical EPEC are considered to be eae
positive but bfp negative and as such lack the LA pattern in epithelial cells (58). While typical
EPEC is recognized as a leading cause of infantile diarrhea in developing countries, atypical
EPEC is becoming more important as a cause of diarrheal diseases in developed regions (1, 86).
Recent studies based on molecular diagnosis of EPEC suggest a change in this trend with
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atypical EPEC increasingly isolated from developing regions (3, 4, 89). Furthermore, the
duration of diarrheal illness due to atypical EPEC infection is often found to be longer than 14
days, generally referred to as persistent. diarrhea in children (2, 66). These reports suggest a
growing incidence of atypical EPEC infections and provide a basis for research into emerging
enteric pathogens.
Some atypical EPEC strains such as the 0125 serogroup have been reported to display an
aggregative adherence phenotype in HEp-2 (a characteristic of EAEC), Caco-2 and other IECs.
Genetic analysis of this strain revealed the presence of LEE genes and the expression of Tir and
intimin. However, attachment was not detected in vitro (8). Analysis of another atypical EPEC
strain 1551-2 revealed that a novel intimin known as omicron was required for localized
adherence (LA) in HeLa and HEp-2 cells (41). The atypical EPEC 1551-2 exhibited the LA and
invaded epithelial cells, whereas eae-deficient mutants formed loose microcolonies and lost their
invasiveness. These findings demonstrate that emerging EPEC pathogens possess unique
virulence characteristics, making them more difficult to detect and manage during outbreaks of
infectious diarrhea. It is important to identify the virulence mechanisms in atypical EPEC and
compare them with typical EPEC strains to understand how emerging enteric pathogens are
transforming and acquiring new virulence traits.

The role of the T3SS in EPEC infection was addressed by Sharma et al, who found that
EPEC possessed both pro-inflammatory and anti-inflammatory factors that were utilized in a
sequential manner during infection of IEC (77). Accordingly, EPEC flagellin and a putative
T3SS effector were capable of inducing pro-inflammatory responses in human IEC.
Interestingly, down-regulation of this early pro-inflammatory response by EPEC required a
functional T3SS, possibly also involving the secreted effector EspB which induced pore
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formation in the cell membrane (77). In contrast, other studies indicate that the antiinflammatory effect of EPEC could occur independently of the T3SS and prior to disruption of
barrier function (73). The inhibition of chemokine response possibly allows EPEC to attach for a
longer period and subvert host cellular functions leading to epithelial barrier disruption, loss of
water and solutes and ultimately diarrheal disease.

The studies performed in this thesis have helped increase our understanding of the role of
flagellin and the T3SS in EPEC infection of epithelial cells. We have shown that in EPEC
infection, both flagellin dependent and independent responses contribute to IL-8 secretion from
IECs (46). Using the Caco-2 IEC model, we saw that the early innate response to EPEC infection
(at 2 h) is principally due to EPEC flagellin, which involves p38 MAP kinase dependent IL-8
secretion. At later time-points of infection (4 h), IL-8 secretion occurs independently of flagellin
and partially involves NE-kB activation. This finding is supported by our data with the

Citrobacter rodentium (CR) colitis model, in which recruitment of DCs to the epithelial surface
occurs independently of flagellin. Importantly, both flagellin dependent and independent
responses are equally suppressed by EPEC, whereas a T3SS deficient mutant is unable to
suppress the chemokine responses. These results are evidence that the T3SS in EPEC performs
an anti-inflammatory role during infection of IEC, possibly by introducing an unknown effector
that targets innate signaling pathways. The mechanisms of flagellin independent responses were
not investigated and may be examined in future studies.

In summary, the above studies indicate that the chemokine responses to EPEC were pre
dominantly caused by flagellin with the T3SS apparatus functioning as a bacterial inhibitor of the
host responses. The role of other virulence factors produced in EPEC, such as BFP, in regulating
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chemokine responses is unclear. The flagellin independent responses are relevant to host defense,
as intimately attached EPEC is likely to shut down flagellin production while it exploits host cell
function and metabolic pathways. Our results demonstrate that the host has the capability to
recognize the intimately attached EPEC, during which the bacteria is immotile. By sensing such
pathogens, IEC have developed mechanisms that helps combat other enteric pathogens that
infect hosts in a flagellin independent manner such as Shigella. Assessment of flagellin
independent responses in the host, which may involve lipid rafts or surface receptors such as
CEACAM, would require a detailed examination of these molecular platforms in IECs. These
objectives are beyond the scope of this thesis and may be addressed in future studies.

4.4 The regulation of innate responses in intestinal epithelium

The human intestinal epithelium is faced with a huge number of antigens that are derived
from commensal bacteria as well as those present in our daily diet. Given the diverse nature of
these stimuli, it is remarkable that the intestinal epithelium has evolved intrinsic mechanisms to
remain hypo-responsive while retaining the capacity to combat bacterial pathogens in a
controlled manner, so as not to impact and diminish commensal flora. IECs are derived from a
stem cell population at the base of the colonic crypts and are known to migrate apically to the
surface. Surprisingly, the potential effect of this transition on the expression of innate receptors
such as TLRs has not been rigorously investigated by researchers. For example, it is unclear to
what degree epithelial responses may be different in cells located at the base of the crypt to those
in cells on the surface epithelium. To date, the expression profiles of specific TLRs such as
TLR5 have not been examined at these sites, partly because of the difficulty in isolating
epithelial cell populations from the base of the crypt that are relatively free from other cell types.
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However, with advances in microscopic techniques, it is possible to dissect and obtain specific
populations of cells using laser capture micro-dissection technology and analyze the expression
of TLRs and other innate genes in formalin-fixed tissues (25, 31). These approaches will
hopefully allow researchers to focus studies on different cell types situated along the crypt villus
axis in the colon.

IL-i 1 induced IL-8 responses were found to be down-regulated in HT-29 IECs as they
differentiated in culture. This was attributed to reduced JNK and NF-icB activation and DNA
binding compared to undifferentiated IECs (9). The authors proposed that the mechanism for the
differences in chemokine responses likely involves TRAF6 and/or MyD88 function which is
altered during differentiation/maturation of these cells. Another study has demonstrated that
butyrate-induced differentiation of HT-29 IECs causes the attenuation of LPS responses as a
result of a decrease in TLR4 mRNA and protein levels (53). These data support our findings
presented in Chapter 3, where we demonstrated that the state of IEC differentiation increased
Sigirr expression. Increased Sigirr levels would be expected to rapidly bind IRAK and TRAF6,
therefore impairing TLR and pro-inflammatory cytokine signaling to NF-KB.

Recent studies have identified novel signaling pathways that facilitate the maturation and
differentiation of epithelial cells on the surface of colonic crypts. For example, Kruppel-like
factors (KLFs) are a group of evolutionary conserved family of zinc finger transcription factors
that are expressed in several epithelial surfaces including the intestine (60). KLFs are known to
regulate diverse biological processes including proliferation, differentiation and development.
KLFs can be induced by bacterial products such as LPS in IEC. For example, KLF5 is induced
by exposing IEC-6 cells to LPS, whereas silencing the KLF5 gene inhibited LPS-induced NF-i.B
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activation (15). These data suggest that KLF5 is involved in regulating pro-inflammatory
responses, and may also contribute to host defense against enteric pathogens. The role of KLF4
in IEC maturation and differentiation was recently demonstrated in the small and large intestine
of mice (26). A tissue fractionation technique demonstrated that expression of KLF4 was higher
in the differentiated compartment of the mouse intestine including the villus tip and crypt surface
compared to cells at the base in both small and large intestine. Interestingly, KLF4 expression
also increased during spontaneous differentiation or following sodium butyrate treatment of
Caco-2 and HT-29 IECs (26). These findings suggest that KLF4 could be considered as a marker
of differentiation that is expressed on the apical surface of the colon and may be expressed in
conjunction with innate receptors such as TLRs.

While KLF4 is found in post-mitotic terminally differentiated

IECs,

the expression of

KLF5 has been identified in actively proliferating epithelial cells located in the lower region of
colonic crypts (60). An inverse relationship has been proposed for differential expression of
KLF4 and KLF. Furthermore, KLF5 was also shown to inhibit the expression of the KLF4 gene
in proliferating cells (18). Importantly, KLF5 was determined to be a key factor for the induction
of transmissible murine colonic hyperplasia (TMCH), a widely recognized histopathology
associated with Citrobacter rodentium (CR) colitis (61). This report also suggested that the
development of TMCH during CR colitis occurs independently of flagellin expression since CR
is considered to be a non-motile enteric pathogen. It is possible that TMCH is a phenotype that is
dependent on a T3SS secreted CR effector, or alternatively the host immune response activates
KLF5 in cells at the base of crypts. Nevertheless, further studies are needed to clearly establish a
link between the T3SS and TMCH. The relevance of CR-induced TMCH in other A/E pathogens
such as EPEC and EHEC is unknown, and the effect of colonic hyperplasia as a host defense
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mechanism in human diarrheal disease is yet to be determined. It is possible that expression of
KLF4 in differentiated IEC is induced by an unknown signal from commensal flora. However,
further studies are needed to determine how KLF and Indian hedgehog are expressed in JECs and
to define their respective functions in epithelial biology.

It is not known whether KLF expression occurs as a consequence of TLR activation or is
linked to negative regulators in IECs. The association of negative regulators with epithelial
differentiation and other studies suggest that KLF4, like Sigirr, could be expressed
simultaneously in differentiated JECs. In this manner, mature IECs would develop tolerance and
control the responsiveness to various inflammatory stimuli in the gut. It is intriguing to propose
that there is cross-talk between KLF4 and TLRs in differentiated IECs. While such interactions
have not been explored to date, KLF4 function has been associated with immunosuppressive
activity. In this context, exposure of RAW267.4 macrophages to E. coli LPS has been shown to
increase the expression of KLF4 protein levels and leads to the secretion of anti-inflammatory
cytokine IL-lO (54). Over-expression of KLF4 in macrophages promoted the release of IL-lO,
whereas inhibition of KLF4 abolished this response. Similarly, pro-inflammatory cytokine IL-113
and sheer stress induced the expression of KLF4 in endothelial cells. While over-expression of
KLF4 led to an increase of anti-inflammatory factors such as MMP- 1 and MMP-2 thereby
suppressing inflammatory responses (38). Taken together, the above studies underline a
regulatory role for KLF4 by activating IL-lO, and thus modifying inflammatory responses. This
is an emerging research topic that requires further investigation to identify if there is cross-talk
between KLF4 and negative regulators like Sigirr and Tollip in IEC.
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The dietary derived short chain fatty acids butyrate and bacterial LPS are known to
induce KLF4 in the gastrointestinal epithelium (26, 38). Interestingly, we have also presented
evidence in this thesis that bacterial flagellin and exposure to butyrate are able to induce the
expression of Sigirr in Caco-2 IECs. In view of these findings, it is conceivable that bacterial
derived factors such as LPS and dietary components produced from fatty acids influence the
maturation of IECs, and contribute to the acquisition of tolerance and homeostasis in the GI tract.
Furthermore, the above data also highlight a key role for commensal bacteria in generating short
chain fatty acids like butyrate in the human gut (17). Other important effects of butyrate on TECs
include an increase in the number of epithelial sodium channels for absorption of sodium (100).
It is obvious to note that alteration or depletion of commensal flora have serious implications
affecting not only the host innate responses but also for epithelial physiology.

While the implications of inhibiting TLR responses by Sigirr in IECs have been
discussed earlier, the significance of regulating the NOD1 pathway in IECs are not clear. The
function of NOD 1 in epithelial responses to invasive pathogens such as Shigella has been
examined in epithelial cells. The epithelial IL-8 responses to Shigella flexneri infection requires
NOD 1, which forms a complex with Rip2 and IKK, leading to NF-iB activation (33). Other
studies have demonstrated an important role for NOD 1 in sensing live and formalin-fixed
Campylobacter jejuni in Caco-2 JECs (102). While these studies suggested that bacterial
infection leads to NOD 1 activation, how its ligand (ieDAP) is transported into the cytoplasm
remains unclear. While the peptide transporter hPepTl has been suggested to selectively
transport the NOD2 ligand Muramyl dipeptide (MDP) in Caco-2 IECs, it does not appear to be
involved in transporting the NOD1 ligand ieDAP (44).
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While some studies have suggested that NOD receptors are activated exclusively by
invasive bacterial pathogens, there are several studies indicating that exposure to NOD ligands
generates pro-inflammatory responses in epithelial cells. Synthetic preparations of DAP and
MDP were shown to result in IL-8, IL-6 and TNFa secretion in a NOD 1-dependent manner in
cultured SW620 TECs (87). Stimulation of human LoVo JEC with various commercial NOD1
preparations also caused chemokine secretion in a dose-dependent manner when added into the
culture medium (59). These studies suggest that NOD receptors can be stimulated by their
respective ligands when applied to IECs in culture. While most studies have reported NODs as
intracellular and cytoplasmic receptors, these receptors could be expressed on or near the cell
membrane of IECs. Moreover, two independent groups have described that membrane
recruitment of NOD2 is required for subsequent NF-id3 activation and NOD2 forms a complex
with its adaptor RICK to signal from the membrane of TECs (6, 51). In this context, overexpressed porcine NOD 1 receptor was recruited to the inner surface of the cell membrane in
HEK-293 cells, when analyzed by immunocytochemistry (85).

The above mentioned reports indicate that NOD receptors could be expressed near the
cell membrane and perhaps are negatively regulated by Sigirr which is also proposed to function
as an inhibitor of TLR signaling at the cell membrane. Although our study is limited in scope,
because we did not show that Sigirr directly binds NOD1, Sigirr might associate with the NOD1
adaptor, the serine threonine kinase-Rip2. It is known that TIR domains of Sigirr bind IRAK,
another serine threonine kinase (42, 93). A similar interaction could explain the basis of NOD1
inhibition. Our data support a role for Sigirr in moderating host responses to invasive bacterial
pathogens such as Shigella and Campylobacter, as well as to cell wall peptidoglycans released
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from other bacterial pathogens, as may occur following increased epithelial permeability or
disruption of the epithelial barrier.

Another negative regulator that is reported to be highly expressed in IECs is the Toll
inhibitory protein (Tollip) which inhibits TLR2 and TLR4 responses (63). Since TLR4
expression is relatively low in IEC, Tollip may be more relevant to TLR2-mediated maintenance
of epithelial integrity in the gut. It has been suggested that Tollip may be required for the
development of IEC hyporesponsiveness (68). Tollip levels were up-regulated when IECs were
stimulated with LPS and lipoteichoic acid (LTA), leading to hypo-responsiveness to other TLR
ligands. Further evidence about the regulatory function of Tollip was gained from the generation
of Tollip knock-out mice (20). These mice developed normally and did not develop colitis.
Tollip-deficient mice produced lower levels of IL-6 and TNFo when challenged with IL-l3 and
LPS. The deficiency of Tollip did not impair innate responses to TLR3, TLR9 and TLR5
stimulation in splenocytes derived from these mice. These in vivo findings are in contrast to
earlier studies in cultured IECs and suggest that perhaps the function of Tollip is confined to
specific regulation of TLR2 responses in

TECs.

However, Tollip could be important in

dampening innate responses in immune cells including macrophages and other epithelial cells
(80, 97).

Besides Tollip, the zinc finger protein A20 inhibits NF-kB and is also described as a
negative regulator of inflammatory responses. During inflammation, NF-kB is known to
decrease apoptotic pathways induced by TNFx, which is a protective response that involves
suppression of the JNK signaling pathway. Interestingly, there is concurrent up-regulation of the
X-linked inhibitor of apoptosis protein (XIAP), A20 and the prevention of reactive oxygen
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species (ROS), all of these effects primarily mediated by NF-icB (69).

A20 is induced in

response to TNFc as well as IL-i f3 in macrophages and B lymphocytes (21). The mechanism of
A20 inhibition is not well understood but likely involves inhibition of IKK (NEMO) function,
which prevents subsequent I-icB degradation and NF-icB activation (101). In the context of
innate responses, A20 has been shown to inhibit NF-icB and AP-1 and thus decrease secretion of
IL-8 from HEK 293 cells (67). Interestingly, butyrate increased A20 expression independently of
I-kB phosphorylation in Caco-2 IEC, and decreased Pam3Cys (TLR2 ligand) induced IL-8
secretion (95). Although, the effect of A20 has not been assessed in IEC responses to other
TLRs, the above findings suggest an inhibitory role for TLR2 responses. Furthermore, while
Tollip inhibits TLR2 signaling at the level of the membrane, the mechanism of A20 is exerted
downstream targeting the activation of NF-icE. The expression of A20 in IECs has not been
addressed and it is not known if its expression changes with differentiation of EEC in the colon.
The answer to these questions will have to be addressed in future studies of negative regulators
that target NF-icB in epithelial cells.

Some groups have examined the expression of specific TLRs in human colonic tissue
sections. While examining the role of TLR3 and TLR4, Cario et al (13) identified TLR5 on the
apical surface of human colonic tissue sections by immunostaining. Similarly, recent reports by
Fukata et al (29) describing the role of TLR4 in colitis associated cancer revealed TLR4
expression on the surface epithelium in human colonic sections. The increased expression of
TLR4 and TLR2 was demonstrated in colonic biopsies obtained from EBD patients, suggesting
that dysregulation of these receptors may contribute to colitis (28).
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It is reasonable to expect that Sigirr would be specifically expressed in the same gut
epithelial cells where TLRs are also located. The identification of TLR5 and TLR4 on the apical
surface of colonic crypts is consistent with our findings demonstrating the expression of Sigirr in
human colonic sections. The above findings also illustrate the relevance of the increased IEC
responsiveness to bacterial flagellin, LPS and Pam3Cys, seen after Sigirr gene silencing in
human JECs in Chapter 3. It is therefore clear that mature IECs express negative regulators
which function to dampen the activity of innate receptors by bacterial products derived from both
commensal and enteric pathogens.

In summary, the findings presented in this thesis have expanded our knowledge about
how enteric bacterial pathogens elaborate virulence factors that enable colonization and infection
of specific sites within the intestine. By expressing virulence factors such as flagellin and T3SS
in a sequential manner, the AlE pathogens adhere and attach to epithelial cells and subvert cell
functions. The host on the other hand is able to sense the different stages of the infection cycle
and in concert with other immune cells, mounts an appropriate and proportionate innate response
designed to eradicate these pathogens. The innate responses produced in the host subsequently
lead to inflammation that subsides after the clearance of the pathogen. Our findings regarding
Sigirr are particularly relevant to the resolution of the inflammatory response, ensuring that it
eventually leads to healing and the repair of the damaged epithelium.

Complete or partial loss of Sigirr function could dramatically exacerbate the duration and
intensity of innate responses in IEC and may contribute to inflammatory disorders such as TBD.
An increase in epithelial permeability which occurs in diarrheal disease and in the pathogenesis
of 113D may lead to the translocation of bacterial products and activate TLRs in JECs. The
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regulatory function of Sigirr therefore allows IECs to attenuate host responses and prevent
exacerbation of inflammation. Since butyrate is a fermentation product of commensal bacteria,
any disorder that depletes the commensal population may theoretically lead to a deficiency of
Sigirr in IECs. One such example may be the long term or indiscriminate use of antibiotics
which can destroy commensal flora and indirectly lower Sigirr levels. It will be interesting to
examine if chronic antibiotic therapy can directly or indirectly alter the expression of negative
regulators in the colon.

4.5 Future directions

The studies presented in this thesis have focused on how innate pathways are triggered in
IECs, which allow the host to recognize bacterial products in the gut. Our findings also highlight
the importance of resolving innate and inflammatory events in an efficient manner at the colonic
mucosal surface. However, under disease conditions, a deficiency in Sigirr may lead to
dysregulated inflammation that would damage not only the epithelium but also diminish the
commensal habitat in the gut. The function of negative regulators like Sigirr is therefore
important in controlling innate and inflammatory responses in the mucosal epithelium as well as
other epithelial surfaces like the upper GI tract. Perhaps the most clinically relevant investigation
regarding Sigirr is to assess its role in susceptibility to developing IBD. These studies can be
carried out by examining the levels of Sigirr expression in colonic tissues obtained from patients
being investigated for LBD. A comparison of Sigirr gene expression between IBD patients and
healthy subjects or others patients undergoing colonoscopy for unrelated causes would clarify the
role of negative regulators in these inflammatory disorders.
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Another approach is to screen for single nucleotide polymorphisms (SNPs) in the Sigirr
gene. With the completion of the human genome project, it is now possible to carry out such
studies and potentially identify people at risk for developing IBD. Another interesting project
would be to determine if the presence of Sigirr deficiency can differentiate between Crohn’s
disease that generally involves the terminal ileum versus Ulcerative colitis which only affects the
colon. As the number of commensal bacteria increases in the distal region of the large intestine,
it may be argued that Sigirr expression would be higher in the descending colon and colorectal
epithelium. These possibilities would have to be explored in future studies involving human
subjects at research institutions where basic scientists would collaborate with gastroenterologists.

Although Sigirr is expressed in the colon, its highest expression was previously noted in
the kidneys. Since kidneys are considered to be in a sterile environment, Sigirr may be involved
in other functions such as fluid and electrolyte balance. The role of Sigirr in the kidneys is
beginning to receive the attention from researchers, with a single report of its expression induced
by LPS, TNFo and IFN gamma in myeloid cells residing in the kidneys (50). Since, urinary tract
infections (UTIs) are a common post-operative complication in some diabetic patients, Sigirr
may potentially limit host responses in UTI. Further, it was recently shown that the expression of
flagella coincided with the migration of Uropathogenic E.coli (UPEC) from the bladder towards
the kidneys in an animal model of UTI (49). It may be speculated that flagellated bacterial
pathogens that cause UTI facilitate the expression of Sigirr in the kidneys, thus dampening
inflammatory responses and preserving normal renal functions. The induction of Sigirr and its
possible roles in renal functions would be an attractive area of study.
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An important consequence of the innate chemokine response in epithelial cells is the
recruitment of neutrophils by the chemokine IL-8. While neutrophils are important for innate
responses, IECs have been

shown

to

secrete other types

of cytokines

that exert

immunomodulatory effects on DCs and T cells. Secretion of the IL-7 like thymic stromal
lymphopoietin (TSLP) by IECs is considered as critical for conditioning of mucosal DCs and
also required for intestinal homeostasis (72). Conditioning by epithelial TSLP, referred to as
“education of DCs’ by some authors (94), leads to secretion of immunosuppressive IL-b

and

IL-6 but not IL-12 after exposure to Thi-inducing pathogens. These epithelial-derived cytokines
target lamina propria DCs and confer an immunosuppressive phenotype away from a Thl
response (72). Furthermore, a regulatory role for TSLP was recently described in allergic airway
inflammation (40). A reduction of TSLP may contribute to enhanced Thi responses as in TED.
Interestingly, exposure to bacterial flagellin suppressed the secretion of IL-7 in colonic DLD-1

IECs (99). Since TSLP is similar to IL-7, it is possible that TLR5 inhibition by Sigirr could help
maintain the constitutive baseline levels of TSLP secretion by IECs. By decreasing flagellin
responses, Sigirr would indirectly enhance IL-7 and TSLP cytokine expression and thus maintain
populations of conditioned DCs in the gut.

It has been suggested that unknown signals derived from commensal bacteria lead to
secretion of the cytokine APRIL (a proliferation inducing ligand) which is critical for T-cell
independent class-switching and secretion of IgA in the intestinal mucosa (39). It would be
logical to assess if Sigirr regulates secretion of APRIL from IECs in future studies and explore
its subsequent effects on IgA secretion. Since secretion of APRIL is dependent on commensal
derived signals involving TLR4 (76) in IEC, it may be speculated that Sigirr deficiency would
lead to excessive TLR4-mediated IgA secretion which would diminish the commensal bacterial
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population and lead to a disruption of immune homeostasis. This hypothesis would have to be
tested in future studies to define the role of Sigirr in regulating intestinal homeostasis.

Besides innate responses, it is not known if Sigirr function would also affect allergeninduced enteropathy in the gut. In Celiac disease, toxic peptides derived from the gluten in wheat
triggers an innate epithelial response (57) characterized by secretion of IL-15 from IECs and
DCs (30). The epithelial-derived IL-15 acts on the IL-l5Ralpha receptor on intra epithelial
lymphocytes (]ELs) leading to proliferation, perforin/granzyme dependent cytotoxicity and
apoptosis of IELs (19). Whether IL-l5 secretion from IECs is altered by changes in the levels of
Sigirr expression is unknown. It is therefore important to address the role of Sigirr in IEC
secretion of TSLP, APRTh and IL-15 in future studies. Addressing these questions will increase
our understanding of how IECs interact with DCs, and whether Sigirr dysfunction may
contribute to the pathogenesis seen in GI disorders, besides host defense and intestinal
inflammation.

In summary, the main findings in this thesis elucidate the onset of innate epithelial
responses to flagellated and non-flagellated bacterial pathogens. These mechanisms lead to the
recruitment of professional immune cells to the gut epithelium during enteric bacterial infections.
An intrinsic control mechanism exists in epithelial cells that serve to dampen immune responses,
contributes to resolution of inflammation and maintenance of homeostasis. This regulatory
function develops as epithelial cells become mature and differentiated while transiting the crypts
villus axis in G1T. The data presented also suggests that loss of regulatory mechanisms in
epithelial cells may exacerbate host responses and could ultimately contribute to chronic
intestinal diseases.
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Figure Al: Effect of DMSO (vehicle) on IL-8 secretion from Caco-2 cells. IECs were exposed
to DMSO (0.5 nM) and FliC (5 nM) for 6 h. Supernatant was collected for IL-8 quantification by
ELISA.
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Figure A2: EPEC infection does not activate JNK and ERK in IECs. Caco-2 cells were infected
for different time point as shown. After infection, cells washed in ice-cold HBSS buffer and
lysates prepared as described in Materials and Methods. 50 jig of cleared whole cell lysate was
subjected to SDS-PAGE in western blots. Membranes were probed with mouse monoclonal
primary antibodies against human phospho-ERK (upper panel) and human phospho-JNK (lower
panel). Mouse monoclonal antibody was used for detection of Actin (internal loading control).
Blots were developed by ECL.
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Figure A3: Sigirr knockdown amplifies flagellin and CpG ODN responses in IECs. HT-29 cells
were transiently transfected with either control (NSC) or Sigirr (Sig) SiRNA and exposed to FIiC
(10 ng/ml) and CpG oligonucleotides (1 tiM) for 6-12 h. Supernatants were collected and IL-8
quantified by ELISA.

*

p<O.05 vs. NSC SiRNA + F1iC and NSC SiRNA + CpG.
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Table Al: Optimization of experimental conditions for Sigirr semi-quantitative RT-PCR
analysis.
1. Denaturation at 94°C for 30 seconds.
2. Annealing at 58°C for 30 seconds.
3. Elongation at 72°C for 1 minute
4. Final extension at 72°C for 5 minute

5. PCR product size 200 bp.
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