





Figure 1.1. Crohn’s Disease presentation. CD causes inflammation in the Gl tract. The
most commonly affected areas are the ileum and colon. Intestinal tissue is inflamed in

patches and this can lead to thickening, stricture and fistulas (Torres, 2025).

To date, there is no curative treatment for CD. Current therapeutic strategies are
broadly ameliorative, aimed at halting disease progression and preventing
complications. Only symptomatic treatments, such as immunosuppressants,
corticosteroids and anti-inflammatories, are used to limit the frequency of
inflammatory flares (Torres et al., 2017). Steroids and tumour necrosis factor (TNF)
inhibitors are highly effective in inducing remission, meanwhile medications to
maintain remission include 5-aminosalicylic acid products, immunomodulators
(azathioprine, 6-mercaptopurine, methotrexate) and TNF inhibitors (infliximab,
adalimumab, certolizumab and golimumab). In the more severe cases requiring
surgical intervention, bowel resection, stricturoplasty or abscess drainage are used

(Gajendran et al., 2018). Currently, mucosal healing is the target of choice. Patients



who achieve mucosal healing have improved outcomes, a decreased risk of surgery,

lower rates of relapse and an improved quality of life.

IBD incidence has increased globally since the start of the 21t century, with
incidence rates differing by region. The highest incidence is reported in North
America, northern and western Europe and Oceania. Incidence of CD is growing
rapidly in western countries with rates varying from 1 to 20 cases per 100,000
people every year (Martinez-Medina et al., 2009a). In addition, newly industrialised
countries in Asia, Africa and South America are experiencing rapidly increasing
rates. For example, IBD was once considered a rare condition in China, and is now
common, accounting for substantial use of hospital beds (Kaplan and Ng, 2016).
These rising incidence rates may be correlated with westernised living standards
and behaviours (Economou and Pappas, 2008). The economic burden of CD in the
UK and across Europe is high. Direct health care costs are estimated at
approximately €3500 per patient per year, and these have shifted from
hospitalisation and surgery towards drug-related expenditures due to the increasing
use of biologic drugs and other novel therapeutics (M. Zhao et al., 2021). With rising
incidence globally, the economic burden of CD may significantly increase in the

coming years.



1.2 Crohn’s Disease aetiology

The aetiology of CD remains unknown, however the idea that several factors play a
role in disease onset and perpetuation is widely accepted. CD is believed to be a
consequence of genetic susceptibility, environmental factors, and changes in the
intestinal microbiota, resulting in an abnormal mucosal immune response and

compromised intestinal epithelial barrier function.

1.2.1 Genetic association in CD

Familial inheritance of CD is recognised, with concordance rates amongst
monozygotic twins that are higher for CD (~50%) compared with that of UC (~15%),
suggesting a role for genetic predisposition (Halfvarson et al., 2003; Torres et al.,
2017). The first CD-associated locus on Chromosome 16 was identified by linkage
analysis in families with multiple affected members (Hugot et al., 1996). Since then,
genome-wide association studies (GWAS) in more than 700,000 individuals have
identified more than 200 loci associated with CD risk, many of which encode
regulatory components of the immune system, including NOD2, ATG16L1, IRGM,
IL23R and LRRK2 (Sazonovs et al., 2022).

1.2.1.1 NOD2

Several genetic polymorphisms increase the risk of CD. The first identified and well-
documented gene in the 200 genetic risk loci associated with IBD is NOD2. NOD2
is expressed intracellularly in Paneth cells, monocytes, granulocytes, dendritic cells
and intestinal epithelial cells (IECs) (Caruso et al., 2014). NOD2 encodes an
intracellular sensor of the Nod-like receptor (NLR) family and senses the presence
of muramyl dipeptide (MDP), a component of the peptidoglycan cell wall in bacteria
(Homer et al., 2010). MDP-mediated stimulation of NOD2 activates NF-kB and
induces the production of various proinflammatory cytokines including IL-1, IL-6, IL-
8, IL-12/23 p40 subunit and TNF-a (Kobayashi et al., 2005). NOD2 also activates



both Th2 and Th17 cells (Magalhaes et al., 2011, 2008; Van Beelen et al., 2007).
NOD2 may also repress the Tu1 cell response by inhibiting Toll-Like Receptor 2
(TLR) signalling (Watanabe et al., 2004) and dampen Tn17 cell activity by microRNA
(miRNA)-dependent IL-23 repression (Brain et al., 2013). Three mutations in NOD2
have been extensively studied and documented to be strongly associated with CD
onset. A frameshift mutation (L1007fsinsC) that results in a truncated NOD2 protein
and two amino acid substitutions (R702W and G908R) are located within the
leucine-rich repeat domain, which has a similar structure to the leucine-rich repeat
domains of TLRs and is involved with microbial recognition (Hugot et al., 2001;
Ogura et al., 2001; Strober and Watanabe, 2011). Studies in NOD2-deficient mice
demonstrated |IECs have impaired bacteria-killing ability, leading to perturbed
interactions between the ileal microbiota and mucosal immunity (Ogura, 2003; Sidiq
et al., 2016). Furthermore, CD patients with mutations in NODZ2 have decreased
expression of anti-inflammatory cytokine IL-10, with alterations in mucosa-
associated bacteria including increased abundance of Escherichia and decreased
abundance of Faecalibacterium species (Al Nabhani et al., 2016; Swidsinski et al.,
2002).

1.2.1.2 ATG16L1 and autophagy

Autophagy is one of the main degradative pathways of the immune system. In
response to stress and starvation, cellular components are engulfed within an
autophagosome, which fuses with lysosomes resulting in autophagolysosomal
degradation to free constituents for metabolic use. However, the autophagic
machinery is also used to degrade invading bacteria, a process called xenophagy.
Therefore, autophagy plays a role in the maintenance of intestinal homeostasis
(Baxt and Xavier, 2015).

A single-nucleotide polymorphism (SNP) in the ATG716L1 gene resulting in the
amino acid substitution of a polar threonine by a nonpolar alanine (Thr300Ala) has
been identified as a risk allele for CD. This variant exhibits impaired efficiency of

autophagy-mediated clearance of Salmonella Typhimurium and adherent-invasive



E. coli (AIEC) in human cells (Lapaquette et al., 2010). In addition, the use of siRNA
to silence ATG16L1 in human epithelial cells or macrophages leads to increased
intracellular AIEC replication (Lapaquette et al., 2012, 2010). Furthermore, dendritic
cells from CD individuals expressing the ATG16L1 variant have been shown to be
defective in inducing autophagy, bacterial trafficking and antigen presentation
(Cooney et al., 2010).
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Figure 1.2. ATG16L1 dysfunction and increased risk of Crohn's inflammation. At
homeostasis in vivo (left panel), the dense granules produced by Paneth cells are enriched
with antimicrobial peptides (AMPs) and immunomodulatory proteins that control the
composition of the intestinal flora. Moreover, after sensing the gut microbiota via PRRs,
ATG16L1 negatively regulates TRIF- and RICK-mediated pro-inflammatory cytokine
responses to maintain gut homeostasis. In the ATG16L1 dysfunctional state (right panel),
AMP production by Paneth cells is reduced. This leads to increased PRRs stimulation of
macrophages and DCs, which are not well regulated by ATG16L1, resulting in intestinal
dysbiosis (Yuan et al., 2024).



1.2.1.3 IRGM — immune-related GTPase M

The human immunity-related GTPase M (/IRGM) gene encodes a protein thought to
play a central role in autophagy, including xenophagy, by stabilising the activation
and assembly of several CD-associated core autophagy proteins and coupling them
to innate immunity receptors (Chauhan et al., 2015). IRGM interacts with various
essential autophagy proteins, including ULK1, Beclin 1, ATG14L and ATG16L. In
infection, IRGM interacts with NOD2 in response to pathogen-associated molecular
patterns (PAMPs), enhancing the K63-linked polyubiquitination of IRGM which
allows IRGM to interact with ATG16L1 thus inducing xenophagy (Chauhan et al.,
2015). In murine models, IRGM1-deficient mice exhibit functional abnormalities in
intestinal Paneth cells and hyper-inflammation in the colon and ileum when exposed
to sodium sulphate (Liu et al., 2013). In addition, IRGM1 demonstrates negative
regulation of cellular inflammation in immune and epithelial cells in a CD murine
model (Mehto et al., 2019). It has been speculated that AIEC infection in individuals
with miR-196-dysregulated IRGM expression leads to altered antibacterial activity
of IECs and abnormal persistence of CD-associated intracellular bacteria (Brest et
al., 2011). Therefore, the loss of immune tolerance in the intestine and increased
adaptive immunity in CD patients harbouring ATG716L1 and IRGM risk alleles may

be explained by this mechanism.



1.2.2 Environmental factors

1.2.2.1 Western diet and short-chain fatty acids (SCFAS)

Among environmental factors contributing to CD, a western diet is suggested to be
a major risk factor in disease development. A western diet is typically comprised of
an increased fat and simple carbohydrate intake, and a reduction in plant-derived
complex carbohydrates (fibre). Studies have implicated a western diet in the
dysbiosis of gut microbiome diversity, impairment of the epithelial immune response

and the promotion of inflammation (Kang et al., 2023).

In mice, consumption of a western diet high in fat and sugar promotes dysbiosis
characterised by expansion of pro-inflammatory Proteobacteria and Bacteroidetes,
reduced Firmicutes, and increased susceptibility to AIEC colonisation and intestinal
inflammation (Agus et al., 2016). This dietary shift is associated with a marked
reduction in luminal short-chain fatty acid (SCFA) production, largely due to
decreased dietary fibre intake (Desai et al., 2016). SCFAs are a primary energy
source for colonocytes and exert immunomodulatory effects, including regulation of
epithelial barrier function and inflammatory signalling pathways such as inhibiting
NF-kB activation and production of pro-inflammatory cytokines (Ananthakrishnan et
al., 2013; Michaudel and Sokol, 2020). However, propionic acid, a SCFA used widely
in western food as a preservative, has been shown to exert distinct effects on AIEC
pathogenesis. Previous work demonstrated that pre-exposure of AIEC to
physiologically relevant concentrations of propionate induces metabolic
reprogramming and transcriptional adaptations that enhance biofilm formation and
intracellular replication within host cells (Ormsby et al., 2020). Consistent with this,
clinical AIEC isolates exhibit increased expression of genes involved in SCFA
uptake and utilisation, suggesting adaptation to SCFA-rich environments (Delmas
et al., 2019; Elhenawy et al., 2019; Ormsby et al., 2020). Together, these findings
support a model in which western diets alter both microbiota composition and SCFA
availability, and in which propionate acts as an environmental cue that promotes

AIEC persistence and virulence, thereby contributing to CD pathogenesis.



1.2.2.2 Microbiome

Increasing experimental and clinical evidence suggests that the intestinal microbiota
plays an active role in CD. Numerous studies have acknowledged a significant
difference in microbiota composition between healthy individuals and those with
IBD. In patients with IBD, a decrease of beneficial bacterial groups combined with
an increase in pathogenic bacteria results in a low diversity of the gut microbiota
(Elatrech et al., 2015). Specifically, a depletion of symbiont bacteria, including those
of the genus Clostridium of the Firmicutes phylum and the Bifidobacterium genus of
the Actinobacteria phylum has been observed in CD. An increase in pathobiont
Bacteroides has also been observed (Loh and Blaut, 2012). Specifically, amongst
the Firmicutes, a decrease in Faecalibacterium prausnitzii is seen in CD patients
(Sokol et al., 2009, 2008). F. prausnitzii is a commensal that inhabits the gut mucosa
and mediates anti-inflammatory activities through production of an

immunomodulating protein (Quévrain et al., 2016).

Furthermore, specific Gl pathogens may act as environmental triggers in CD, by
interacting with host genetics and disrupted microbial communities to exacerbate
intestinal inflammation. Historically, Mycobacterium
avium subsp. paratuberculosis (MAP) has attracted interest for its presence in
ruminant Johne’s disease and potential association with CD, with immune
recognition of MAP antigens hypothesised to sustain chronic mucosal inflammation
in genetically susceptible individuals, although causality remains debated (McNees
et al.,, 2015). Concurrently, ectopic colonisation by oral bacteria such
as Haemophilus parainfluenzae has been linked to CD severity, with murine models
showing that specific strains from periodontal sources can drive intestinal
inflammation through IFN-y-driven CD4" T-cell responses and disruption of host

metabolic pathways (Sohn et al., 2023).
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1.3 The intestinal epithelial barrier

1.3.1 Mucus layer

The surface of the intestinal epithelium is covered by a protective layer of mucus,
composed of mucin glycoproteins secreted by specialised goblet cells. The major
glycoprotein within the intestinal mucus layer is mucin-2 (MUC2). The mucus layer
is the first line of defence against invasion. Unlike the small intestine, where the
mucus layer is a single layer, the colonic mucus layer can be divided into a sterile
inner layer and an outer layer with bacterial colonization. The mucus layer contains
antimicrobial peptides and immunoglobulins with antimicrobial and immunological
effects which are secreted into the intestinal lumen by goblet cells, together with
MUC2, to inhibit the adhesion and invasion of pathogenic bacteria (Yao et al., 2021).
The integrity of the mucus layer is vital for intestinal health. In patients with CD, the
composition and thickness of the mucus layer are significantly altered, ultimately
resulting in the exposure of IECs to pathogenic bacteria, triggering an immune
response. For example, a significant downregulation of MUC2 was observed in CD
colonic biopsies (Moehle et al., 2006), making the mucus layer more penetrable by
both pathogenic and commensal bacteria. In patients with acutely inflamed CD,
significantly lower levels of MUC2 mRNA expression and lower numbers of goblet
cells are observed (Hensel et al., 2015). Furthermore, Buisine et al demonstrated
that the expression of MUC5AC and MUCG6, which are normally restricted to the
stomach, was displayed in the ileal mucosa of CD patients. This was accompanied
by a disappearance of MUC2 (Buisine, 2001). Additionally, a meta-analysis of mucin
gene expression in the ileal and colonic mucosa of CD patients found that total
mucin levels were reduced in CD patients, with significant reductions in the
expression of MUCSAC, MUCSB, and MUC7 (Niv, 2016). Interestingly, the
expression of MUC2, MUC3 and MUC4 correlated with the activity of disease and
the extent of inflammation in the colon, whereby the most pronounced alterations in
mucin expression were observed in patients with severe CD (Dorofeyev et al.,
2013).
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1.3.2 Intestinal epithelium

The intestinal epithelium is composed of a single layer of columnar epithelial cells
responsible for nutrient and water absorption. There are four distinct cell types
categorized into two groups: secretory epithelial cells, including Paneth cells, goblet
cells and enteroendocrine cells; and absorptive epithelial cells, represented by
enterocytes and colonocytes in the small and large intestines, respectively (Figure
1.3). Each cell type serves an important function in barrier homeostasis.
Enteroendocrine cells secrete hormones that regulate diverse physiological
functions, including cholecystokinin (CCK), which stimulates pancreatic enzyme and
bile release; glucose-dependent insulinotropic polypeptide (GIP) from the upper
small intestine; glucagon-like peptide-1 (GLP-1), which promotes insulin secretion;
and peptide YY (PYY), primarily secreted from the colon (Xie et al., 2020). Goblet
cells produce glycosylated mucins which are secreted to form a layer of mucus that
lines the epithelium and creates a barrier between the cell surface and contents of
the intestinal lumen (See - 1.3.1 Mucus layer). Paneth cells, found only in the small
intestine, are clustered at the bottom of the crypts and produce antimicrobial
peptides including a and B-defensins, lysozyme and phospholipase A2, which
prevent the growth and invasion of commensal and pathogenic microbes. In the
colon, Paneth cells are absent and deep secretory cells are located between
intestinal stem cells (ISCs) (Figure 1.3). Furthermore, Microfold cells (M cells) are
located in the follicle-associated epithelium (FAE) of the Peyer’s patches in the small
intestine, where they actively transport luminal antigens to the underlying lymphoid
follicles to initiate an immune response (Kobayashi et al., 2019). Lastly, tuft cells
secrete effector molecules such as interleukin-25 (IL-25), eicosanoids, and
acetylcholine that contribute to inflammation and immune regulation (Gerbe et al.,
2012; Schneider et al., 2019); eicosanoids mediate innate immune responses, while
acetylcholine modulates immunity and combats parasitic infection. IECs are
arranged in a series of pits known as the crypts of Lieberkihn, which extend into
the lumen forming finger-like villi. In addition, a constant proliferation of renewed
IECs from pluripotent stem cells located at the base of the crypt occurs. After

differentiation, the new epithelial cells either travel down to the base of the crypt and
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reside as enteroendocrine and Paneth cells, or they travel up the crypt as
enterocytes or goblet cells. Once the cell reaches the tip of the villus or the
epithelium, it sloughs off the epithelium and is removed by the body, resulting in a

complete renewal every 2 to 6 days (Mayhew et al., 1999).

Enterocytes and colonocytes are highly polarised, whereby the expression of
membrane proteins differs between the apical and basolateral sides of the epithelial
membrane (Schneeberger et al., 2018) and allows optimal transfer of nutrients,
water and ions between the lumen and underlying tissue. To prevent liquids and
macromolecules reaching the basolateral membrane, transmembrane protein
complexes called tight junctions (TJs) bind neighbouring cells together. TJs are the
most apical intercellular junctions of epithelial cells which maintain epithelial polarity
and determine selective paracellular permeability properties in the epithelium. TJs
are formed by different families of transmembrane TJ protein, including claudins,
occludin and junctional adhesion molecules (JAMs), as well as scaffolding protein
zonula occludens (ZOs) (Zhao et al., 2021).
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Figure 1.3. Intestinal epithelial structure and immune cell distribution. Left: Structure

of the small intestine epithelium. Right: Structure of the colonic epithelium (Ma et al., 2022).
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1.3.3 Cytokine-mediated reduction of barrier function

Whilst some cytokines have the properties to reinforce the epithelial barrier and
promote intestinal barrier integrity, various pro-inflammatory cytokines can disrupt
the epithelial barrier, promoting epithelial permeability. These can be derived from
resident innate or adaptive immune cells, infiltrating inflammatory cells, or from
intestinal epithelial cells themselves (Groschwitz and Hogan, 2009). For example,
IL-6, TNF, IL-18, IL-1B, and IL-17 are overexpressed in the inflamed intestine and
have been implicated in intestinal damage (Neurath, 2014). Specifically, TNF-a
stimulation of intestinal epithelial cells has exhibited decreased protein expression
of tight junction proteins claudin-1, occludin, and zonula occludens protein-1 (ZO-
1), as well as inducing the rearrangement of cytoskeletal F-actin and impairing the
localisation of occludin and ZO-1 (Watari et al.,, 2017; Ye and Sun, 2017).
Furthermore, IL-22 increases intestinal epithelial permeability via changes in tight
junction protein expression. Stimulation of Caco-2 cells with IL-22 in vitro and murine
colonic epithelial cells in vivo demonstrated increased expression of claudin-2 which
forms cation channels. As a result, IL-22 treated Caco-2 monolayers displayed
decreased transepithelial electrical resistance (TEER), indicating increased
paracellular ion permeability (Yaya Wang et al., 2017). In addition, interferon (IFN)-
y induced expression of the intercellular adhesion molecule-1 (ICAM-1) on the
apical membrane of T84 cells, leading to increased numbers of neutrophils adhering
to the apical surface in an in vitro model of transepithelial neutrophil migration. The
ligation of ICAM-1 by neutrophils caused the phosphorylation of myosin light-chain
kinase. As a result, a subsequent increase in epithelial permeability characterized
by actin cytoskeletal reorganization, paracellular fluorescein isothiocyanate (FITC)—
dextran flux, and a decrease in TEER was observed. Ultimately, this increase in
epithelial permeability facilitated neutrophil transepithelial migration (Sumagin et al.,
2014).
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1.4 Immunology

1.4.1 Innate

Innate immunity is the first defence against invading microorganisms. IECs express
pattern recognition receptors (PRRs) including trans-membrane TLRs and
intracytoplasmic receptors such as nucleotide oligomerization domain receptors
(NODs). PRRs recognise PAMPs and mediate the sensing of microbial antigens by
immune cells. PRR signalling cascades result in NF-kB activation with gene
transcription and production of pro-inflammatory mediators to ensure an effective
innate response to pathogens (Geremia et al., 2014). The production of cytokines
and chemokines by IECs recruit neutrophils, dendritic cells (DCs), monocytes,

macrophages and innate lymphoid cells (ILCs).

In IBD, neutrophils phagocytose pathogens to maintain homeostasis initially,
however they later accumulate within the gut epithelium and compromise epithelial
barrier function, causing the release of inflammatory cytokines that perpetuate gut
inflammation (De Souza and Fiocchi, 2016). In addition, neutrophil responses to
attenuated E. coli are reduced in CD patients but not in UC, suggesting that

neutrophil antimicrobial defences are defective in CD (Segal, 2018).

Altered Paneth cell distribution and function has been observed in IBD. The
expression of a-defensins is reduced in patients with CD (Wehkamp et al., 2005).
In addition, Paneth cells may be detected in the colonic mucosa in IBD patients
resulting in a-defensin secretion in the large intestine (Wehkamp and Stange, 2020).
Therefore, the reduced antimicrobial function of Paneth cells may be a primary

pathogenic factor in ileal CD.
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1.4.2 Adaptive

Unlike the innate immune response, the adaptive response is highly specific and
adaptable. The adaptive immune response plays an important role in the
pathogenesis of CD. T cells proliferate and differentiate when stimulated by the
presence of antigens. Several studies have demonstrated persistent T cell immune
activation in IBD (De Souza and Fiocchi, 2016). Adysregulated T cell response with
abnormal development of activated T cell subsets may lead to inflammation by
excessive release of cytokines and chemokines, leading to pathogenic effects. The
levels of T cell-derived cytokines detected in the mucosa of IBD patients has led to

an association of this dysregulation to CD (Geremia et al., 2014).

Excessive T helper 1 (Th1) and Tu17 cell responses to pro-inflammatory cytokines
produced by antigen-presenting cells and macrophages, such as IL-12, IL-18 and
IL-23, are linked to CD. The T cell response leads to the secretion of
proinflammatory cytokines IL-17, IFN-y and TNF, which perpetuate inflammation by
stimulating production of TNF, IL-1, IL-6, IL-8, IL-12 and IL-18 by other cells, such
as macrophages, endothelial cells and monocytes (Uhlig and Powrie, 2018). Many
T-cell-associated genetic risk loci are known in CD. For example, the Tu1 cell
activating cytokine TNFSF15 is upregulated in CD (Bamias et al., 2003). TNFSF15
expression has been shown to initiate intestinal inflammation in mice due to Tu1 cell

activation (Shih et al., 2011).
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Figure 1.4. Inflammatory response in Crohn’s Disease. After contact with an antigen,
antigen-presenting cells (APCs) such as dendritic cells present antigen to T cells and B cells
to initiate a controlled inflammatory response. In inflammatory conditions such as Crohn’s
disease, epithelial barrier dysfunction (owing to, for example, polymorphisms in NOD2 and
nuclear factor-kB (NF-kB) signalling pathway genes) results in the luminal contents entering
the lamina propria, leading to dendritic cells activating inflammatory T cell types, such as
naive T helper (THO) cells, T helper 1 (Tu1) cells, TH17 cells and TH2 cells, which produce
proinflammatory cytokines, such as IFN-y and TNF. Furthermore, in response to luminal
contents, macrophages produce the proinflammatory cytokines IL-12 and IL-23, which
activate natural killer (NK) cells, resulting in perpetuation of the intestinal inflammation with
production of proinflammatory cytokines. Luminal contents include dietary components and
the gut microbiota. IL-4, IL-6, IL-21 and IL-22 are also produced by TH0 cells in response to

activation of dendritic cells (Roda et al., 2020).
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1.5 Adherent-invasive E. coli

Escherichia coli is the most abundant facultative anaerobe in the Gl tract, and most
strains are commensals. These commensal strains coexist in humans and rarely
cause disease, except in immunocompromised hosts or in cases of intestinal barrier
disruption. The mucus layer of the colon acts as the niche for commensal E. coli.
However, there are highly adapted E. coli strains that have acquired specific
virulence attributes, increasing the ability to adapt to new niches and cause disease
(Kaper et al., 2004).

Whilst no single causative microorganism has been identified, many studies have
reported the potential involvement of invasive E. coli in CD pathogenesis. The
frequent isolation of E. coli adhering to the inflamed ileal (Barnich et al., 2013;
Darfeuille-Michaud et al., 1998; Raso et al.,, 2011; Rhodes, 2007) and colonic
(Kotlowski et al., 2007; Prorok-Hamon et al., 2014; Sepehri et al., 2011; Swidsinski
et al., 2002) mucosa of CD and UC patients led to the characterisation of several
strains. The characterisation of strains isolated from the ileal mucosa of CD patients
by Darfeuille-Michaud in 1998 found a lack of genes encoding virulence factors
typically present in diarrhoeagenic E. coli, such as enterohaemorrhagic (EHEC) and
enterotoxigenic E. coli (ETEC) (Darfeuille-Michaud et al., 1998).

Boudeau et al characterised the host cell interactions of E. coli strain LF82 isolated
from an ileal biopsy of a CD patient and compared it to reference strains of well-
defined pathogenic groups of E. coli, including EHEC and ETEC. As a result, three
distinct phenotypic features were described, consisting of 1) adhesion to IECs, 2)
invasion of IECs and 3) survival and replication in macrophages, without inducing
cell death (Boudeau et al., 1999). As a result, a new pathogenic group of E. coli,

named adherent-invasive E. coli (AIEC), was established.
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1.5.1 AIEC pathogenesis

1.5.1.1 AIEC adherence to the intestinal epithelium

1.5.1.1.1 Binding of Type 1 pili to CEACAM-6

Adhesion to IECs is the first step of pathogenicity of many bacteria associated with
infectious Gl diseases (Eaves-Pyles et al., 2008). FimH codes for a mannose-
binding adhesin presented at the tip of type 1 pili which are expressed on the surface
of AIEC isolates. Studies to date suggest type 1 pili recognise and bind terminal
mannose residues on epithelial surface glycoproteins, including carcinoembryonic
antigen-related cell adhesion molecules (CEACAMSs) (Leusch et al., 1991a, 1991Db,
1990; Sauter et al., 1993, 1991) and TLR4 (Mossman et al., 2008). CEACAMs
belong to a superfamily of immunoglobulin-like cell adhesion molecules encoded on
chromosome 19 (Gray-Owen and Blumberg, 2006). They are involved in cell-cell
recognition and modulate a range of cellular processes, including angiogenesis,
regulation of insulin homeostasis, T-cell proliferation, tumorigenesis and also serve
as pathogen receptors (Kuespert et al., 2006). For example, CEACAM expression
is known to be altered in gastrointestinal cancers. Surface levels of CEACAM
inversely correlated with colonocyte differentiation, supporting the suggestion that
CEACAM can directly contribute to colon carcinogenesis (llantzis et al., 1997).
Furthermore, CEACAM-5 serves as a clinical biomarker for advanced colon cancer.
Of the various CEACAMs, CEACAM-1, CEACAM-5 and CEACAM-6 are expressed
predominantly in the colon, but also by small intestinal epithelia, meanwhile
CEACAM-7 is largely restricted to the colon (Sheikh et al., 2020).

Additionally, CEACAM-6 receptors are also present on ileal enterocytes. CEACAM-
6 has previously been described as a receptor for AIEC adhesion and has been
shown to be highly expressed on the apical surface of ileal epithelial cells in CD
patients (Barnich et al., 2007). In a CEABAC10 transgenic mouse model, mice
expressing human CEACAM receptors, including CEACAM-6, exhibited

significantly reduced inflammation when AIEC fimH was replaced with commensal
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E. coli K12 fimH and decreased IL-1[3 levels were observed (Carvalho et al., 2009;
Dreux et al., 2013). Polymorphisms in the fimH type 1 pilus subunit sequence have
been reported in AIEC strains which confer a higher adhesion ability (Dreux et al.,
2013). This, combined with the overexpression of CEACAM-6 receptors in CD, has
been suggested to enhance the ability of AIEC to colonise the ileal mucosa. The
subsequent colonisation of AIEC promotes the secretion of IFN-y and TNF-a by
macrophages and lymphocytes, leading to an upregulation of CEACAM-6
expression (Glasser and Darfeuille-Michaud, 2008). Therefore, an amplification loop
of colonisation and inflammation has been postulated, suggesting AIEC promote

their own colonisation in CD (Figure 1.5).

In addition, Sheikh et al identified CEACAM-6 as a major binding receptor for ETEC.
In this study, a CEACAM-6 knock-out IEC line was generated using CRISPR-Cas9,
which displayed a notable decrease in ETEC adhesion. In addition, treatment of
Caco-2 cells with CEACAM-5 siRNA resulted in significant decreases in adhesion,
however, this was not true of CEACAM-67- cells treated with the same siRNA.
Moreover, Sheikh et al showed that in the absence of fimH or in the presence of
mannose, ETEC binding of CEACAM-6 was drastically reduced, suggesting the
interaction is largely dependent on type 1 fimbriae expression and assembly.
Furthermore, it was demonstrated that soluble recombinant CEACAM-6 interacted
with target FimHLD, but not with FimHLDaq133k containing a point mutation in the

mannose binding pocket (Sheikh et al., 2020).

As ETEC targets the small intestine, Sheikh et al utilised an ileal enteroid model in
their studies, where transmission electron microscopy of small intestinal enterocytes
demonstrated CEACAM-6 associated with microvilli and with the glycocalyx at the
tips of the microvilli. Marked accumulation of CEACAM-6 surrounding sites of
bacterial attachment and significantly more bacteria attached to epithelial cells
exhibiting strong CEACAM-6 expression was observed (Sheikh et al., 2020).
Furthermore, ETEC closely associated with apical CEACAM-6 expression and
observed distinct ‘foot printing’ of CEACAM-6 surrounding adherent bacteria
(Sheikh et al., 2020).

20



IL-8 synthesis

Pili 1(Fim)

§
CEACAMé6

IL-8 synthesis

Macrophage

Figure 1.5. AIEC colonisation of the ileal mucosa through FimH-CEACAM-6
interaction. AIEC has previously been shown to adhere to CEACAM-6 via type 1 pili.
CEACAM-6 is highly expressed by IECs of CD patients. AIEC adherence induces IL-8
secretion through signalling via flagellin and TLRS and transmigration of polymorphonuclear
leukocytes (PMNs). AIEC cross the mucosal barrier and replicate within macrophages lying
beneath the epithelial barrier, inducing TNF-a secretion. Stimulation of IECs by TNF-a
secretion from AIEC-infected macrophages induces the overexpression of CEACAM-6 on
the ileal surface, leading to an amplification loop of colonisation and inflammation (Glasser
and Darfeuille-Michaud, 2008).
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1.5.1.1.2 Flagellin regulation and TLRS

In addition to type | pili, flagella have been shown to play a role in the adhesion of
AIEC to IECs through motility and indirectly by regulating type 1 pili expression
(Barnich et al., 2003; Nakamura and Minamino, 2019). A study by Sevrin et al used
a gene reporter system to demonstrate that the fliC gene was upregulated in AIEC
in response to bile salts and mucus. In medium supplemented with 1% bile salts,
the fliC promoter was activated in LF82 but not in commensal E. coli strain HS
(Sevrin et al., 2020). AIEC may therefore express flagella when they contact mucus

in order to cross it.

1.5.1.1.3 Long polar fimbriae (LPF) binding to M cells

Specialised M cells are located on the follicle-associated epithelium overlying
mucosa-associated lymphoid tissues, such as Peyer's Patches (PP) in the small
intestine. M cells actively transport luminal antigens through the epithelium to initiate
an immune response (Kobayashi et al., 2019). AIEC can interact with the host
through M cells, via expression of Long Polar Fimbriae (LPF). LPF bind to
transcytotic receptor GP2 which is specifically expressed on the apical plasma
membrane of M cells (Hase et al., 2009). It has been shown that LPF expression is
key for AIEC interaction with PP, as an Ipf-negative AIEC mutant was highly
impaired in its ability to interact with both mouse and human PP and was unable to
translocate across M cells into underlying lymphoid tissue (Chassaing et al., 2013;
Keita et al., 2020). In addition, the presence of bile salts is required for AIEC LPF
expression under the control of the transcription factor GipA (Vazeille et al., 2016).
Bile salts act as an activator of Ipf transcription, with a dose-dependent response,
subsequently promoting AIEC strain LF82 interaction with PP and M cells
(Chassaing et al., 2013). Furthermore, both AIEC and Salmonella LPF facilitate
bacterial binding to PP in vitro and in vivo (Baumler et al., 1996; Chassaing et al.,

2011), suggesting a potential ligand specific to PP.
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1.5.1.1.4 ChiA-Chitinase 3-Like-1 Interaction

ChiA is another adhesin that mediates AIEC adherence to IECs. ChiA binds to
inducible Chitinase 3-Like-1 (CHI3L1), an enzymatically inactive N-glycosylated
chitinase within the glycohydrolase 18 family that is overexpressed in colonic
epithelial cells during inflammation, including CD and UC, but is absent in normal
controls (Chen et al., 2011; Mizoguchi, 2006). In mice with colitis, this interaction is
mediated specifically by recognition of the N-glycosylation of asparagine 68 residue
and promotes AIEC pathogenicity (Low et al., 2013). Interestingly, AIEC LF82
harbours five conserved polymorphisms in chiA which confer increased binding to
CHI3L1 when compared with non-pathogenic E. coli K-12, supporting the role of
ChiA in promoting AIEC virulence.

1.5.1.1.5 Biofilms

To persistently colonise the intestinal mucosa, commensal bacteria often form
biofilms (Hall-Stoodley and Stoodley, 2005). These are communities of cells held
together and attached to a surface by a self-produced extracellular matrix,
consisting of exopolysaccharide (EPS), extracellular DNA (eDNA) and adhesive
proteins such as curli and type 1 pili (Kostakioti et al., 2013). Biofilm formation is
also associated with bacterial pathogenesis, allowing for increased resistance to
environmental stress, antibiotics, and clearance by the immune system (Shree et
al., 2023). Martinez-Medina et al. reported biofilm formation as a phenotypic feature
of AIEC in vitro, demonstrating that AIEC have stronger biofilm formation abilities
than non-AIEC strains isolated from the intestinal mucosa (Martinez-Medina et al.,
2009b). Results indicated a positive correlation between adhesion, invasion and the
specific biofilm forming index of AIEC, suggesting the machinery required for the
AIEC phenotype, including type | pili and flagella, are shared with those required for
biofilm formation. The composition of AIEC biofilms remains to be fully elucidated.

Amyloid curli fibrils are produced by Enterobacteriaceae including resident intestinal
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E. coli and invading enteric pathogens such as Salmonella (Ellermann and Sartor,
2018). Whilst curli contribution to the AIEC inflammatory phenotype is yet to be
investigated, infectious colitis models show contrasting results. Curli reduces
epithelial permeability and bacterial translocation and enhances epithelial secretion
of IL-8 in S. Typhimurium. Meanwhile AIEC production of cellulose, a biofilm-
associated extracellular polysaccharide, has been shown to increase induction of

colitis in mice (Ellermann et al., 2015).

AIEC LF82 has been shown to form biofilms on the surface of IECs through
activation of the oF stress response, which links outer membrane homeostasis to
biofilm-associated persistence. The ot factor, also called RpoE, coordinates this
response in E. coli by sensing perturbations in outer membrane protein (OMP)
folding and assembly that arise during adherence and growth under gastrointestinal
conditions. Envelope stressors such as heat shock, overexpression of outer
membrane protein (OMP)-encoding genes, and mutations in genes encoding
chaperones required for OMP folding, ultimately leads to the accumulation of
misfolded OMPs in the periplasm. As a result, RpoE activation and transcription of
the stress-adaptive regulon occurs. This includes hirA, encoding a periplasmic
protease—chaperone that refolds or removes damaged OMPs, and yfgL, a
component of the 3-barrel assembly machinery required for efficient OMP insertion
into the outer membrane, thereby sustaining envelope integrity during biofilm
growth. In LF82, high osmolarity, like that of the gastrointestinal tract, increases
OmpC expression, activating the oF pathway and promoting stable surface
attachment (Rolhion et al., 2007). of signalling further modulates biofilms by
regulating type 1 pili and flagellar expression and is required for LF82 biofilm
formation and intestinal mucosal colonisation, highlighting RpoE-mediated
envelope stress adaptation as a key determinant of AIEC biofilm-associated

persistence in the inflamed gut (Chassaing and Darfeuille-Michaud, 2013).

LF82 has been shown to form intracellular biofilms, also called intracellular bacterial
communities (IBCs) in macrophages. Previously, IBCs have only been described in

the invasion of urothelial cells lining the bladder by uropathogenic E. coli (UPEC),
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allowing UPEC to escape host defence and persist despite treatment with antibiotics
(Anderson et al., 2003; Scott et al., 2015). Prudent et al have shown that LF82
microcolonies form [IBCs with an extracellular matrix composed of
exopolysaccharides, and curli fibres surrounding each bacterium, inside
phagolysosomes (Prudent et al., 2021). This not only indicates that LF82 can form
biofilms, but also that IBCs could promote LF82 survival within macrophages.
Biofilms on the epithelium provide resistance to stress, therefore IBCs confined
within the phagolysosomal membrane may prevent lysosomal degradation. This
may be important in the long term if macrophages die and release IBCs, which in
turn may provide LF82 with protection from antibiotics or phagocytosis by another

macrophage. This could explain the resurgence of AIEC in CD patients.

1.56.1.2 AIEC invasion of the intestinal epithelium

The mechanism of AIEC invasion involves macropinocytosis and vacuolization of
the bacteria into IECs and macrophages. It is characterised by the elongation of
membrane extensions which surround the bacteria at the site of contact where
invading bacteria meet epithelial cells. AIEC then survive and replicate in the host

cell cytoplasm after lysis of the endocytic vacuole (Boudeau et al., 1999).

AIEC adherence via type 1 pili and long polar fimbriae (LPF) is associated with
invasion. The ibeA gene, present in several AIEC strains including NRG857c,
UM146, KD-1, and LF82, encodes the virulence factor IbeA, an invasin that
promotes host cell entry, intramacrophage survival, and heightened inflammatory
responses. A deletion of ibeA in NRG857c confers a significant reduction in the
invasion of Caco-2 cells. The mutation also decreased AIEC survival within THP-1
macrophages in the first 24 hours of infection, however adhesion was not affected
(Cieza et al., 2015). This observation therefore suggests that adherence does not
necessarily trigger invasion and ibeA may have a function in AIEC invasion and

intracellular survival.

25



1.5.1.2.1 Outer membrane vesicles

Whilst invasion is considered to be mediated by the delivery of effector proteins to
host cells, AIEC do not possess a type 3 secretion system (T3SS) which is utilised
by other intracellular bacteria including Salmonella, E. coli and Chlamydia species.
(Carabeo et al.,, 2002; Kim et al., 2005; Ramos-Morales, 2012; Suarez and
Russmann, 1998). An alternative method of effector delivery includes outer
membrane vesicles (OMVs), which are vesicles derived from the outer membrane
and have been shown to transport bacterial effector proteins such as the E. coli ClyA
cytolysin and Pseudomonas aeruginosa Cif protein (Bomberger et al., 20009;
MacEachran et al., 2007). In AIEC, deletion of the yfgL gene which encodes an outer
membrane lipoprotein involved in the synthesis and degradation of peptidoglycan,
resulted in reduced release of OMVs and decreased invasion of LF82 in IECs.
Notably, AIEC invasion was restored by pre-treatment of cells with OMVs, thereby
suggesting OMVs are required for AIEC invasion (Rolhion et al., 2005). OmpA s the
major protein on the surface of OMVs. It is a multifaceted protein with diverse roles
in adhesion, invasion, and persistence of intracellular bacteria, including UPEC,
EHEC and E. coli K-1 (Nicholson et al., 2009; Torres and Kaper, 2003; Weiser and
Gotschlich, 1991). OmpA binds to the endoplasmic reticulum (ER)-localised stress
response protein Gp96, which is overexpressed on the apical surface of ileal IECs
in CD patients. It is suggested that the OmpA-Gp96 interaction supports OMV fusion
with IECs and promotes AIEC invasion by delivering virulence factors that contribute
to the invasion process into host cells (Rolhion et al., 2010). However, these

virulence factors are yet to be characterised in AIEC.

Interestingly, co-localisation of Gp96 and CEACAM-6 has been observed on the
apical surface of ileal epithelial cells in CD patients (Rolhion et al., 2010). As
previously mentioned, CEACAM-6 acts as a receptor for type 1 pili, allowing AIEC
colonisation of the ileal mucosa and promotion of inflammation. Therefore,

overexpression of both CEACAM-6 and Gp96 in patients with CD should increase
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AIEC virulence, as the CEACAM-6-FimH and AIEC OMV- Gp96 interactions would

allow for mucosal colonisation and invasion of the ileal epithelium, respectively.

1.5.1.2.2 Translocation through M cells

Many gastrointestinal pathogens including Salmonella, Shigella and Vibrio species
invade the intestinal epithelium by transcytosis via M cells in the follicle-associated
epithelium of the small intestine. In E. coli, several studies have reported bacterial
translocation through M cells: Enteropathogenic E. coli (EPEC) binds specifically to
M cells in a Caco-2/Raji-B cell co-culture model (Pielage et al., 2007), and
translocation is increased by the presence of M cells (Martinez-Argudo et al., 2007).
Similarly, Keita et al. showed higher LF82 translocation in Caco-2/Raiji-B co-cultures
compared with Caco-2 monocultures, suggesting that the presence of M cells

facilitates AIEC passage across the intestinal epithelium (Keita et al., 2020).

1.56.1.3 AIEC intracellular survival and replication

In addition to epithelial adherence and invasion, AIEC virulence has also been linked
to their ability to survive and replicate within mucosal macrophages. Macrophages
engulf bacteria within phagosomes which rapidly evolve into bactericidal
phagolysosomes. During this maturation, the phagosomes acidify and interact with
the endocytic pathway (Lee et al., 2020). Some intracellular pathogens including
Salmonella, Shigella and Listeria spp. can interfere with the endocytic pathway and
escape degradation by the host, having evolved different strategies to find a
successful intracellular replication niche (Gutierrez and Enninga, 2022). AIEC strain
LF82 can also replicate in phagolysosomes through the induction of the stress gene
htrA, which is essential in E. coli for protection against high temperatures, the
oxidoreductase dsbA gene, required for disulfide bond formation and the gipA gene,
supporting intramacrophage replication (Bringer et al., 2005). This is despite the

acidic pH, oxidative stress, proteolytic enzymes, and antimicrobial compounds.
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However, the mechanism by which AIEC can resist macrophage degradation is yet
to be explained. Bringer et al demonstrated that the acidic environment is required
for LF82 replication within macrophages. In contrast to many other pathogens, LF82
does not escape from the endocytic pathway or infiltrate autophagy but may have
evolved from non-pathogenic bacteria whereby an acidic pH acts as a key signal for

the activation of virulence gene expression (Bringer et al., 2006).

1.5.1.4 AIEC and cytokine production

Given that pro-inflammatory cytokine secretion plays an important role in altered
intestinal permeability, it may be associated with AIEC infection and pathogenesis.
The production of cytokines is important for recruiting immune cells such as dendritic
cells and neutrophils to the site of infection. Mazzarella et al showed that LF82
induced expression of TNF-a, IL-8, and IFN-y transcripts in colonic biopsies of CD
patients (Mazzarella et al., 2017). Furthermore, LF82 can activate NF-kB signalling
in IECs through the phosphorylation of IkB-a, NF-kB p65 nuclear translocation and
TNF-a secretion (Jarry et al., 2015). Binding of flagella to TLR5 on IECs induces
production of hypoxia-inducible factor-1a (HIF1a) and activates the NF-kB pathway
and IL-8 secretion, increasing the inflammatory response (Mimouna et al., 2011).
Furthermore, significantly increased levels of IL-18, IL-6, and IL-17 mRNAs (5.5-
fold, 3.4-fold, and 6.1-fold, respectively) and significantly decreased levels of IL-10
mMRNAs (5.6-fold) were observed in colonic specimens of CEABAC10 mice infected
with AIEC LF82 compared with those of noninfected mice, mediated by type 1 pili
and flagella expression (Carvalho et al., 2009, 2008). In addition, AIEC infection has
demonstrated increased IL-8 secretion by Caco-2 cells (Sasaki et al., 2007) and T84
cells (Elatrech et al., 2015). Mossman et al. also observed FimH stimulation of TLR4
leads to potent TNF-a and IL-8 secretion in vitro (Mossman et al., 2008). Finally,
AIEC promoted release of IL-6, IL-8 and TNF-a from T84 cells by stimulating TLR4

expression (Guo et al., 2018).
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1.5.1.5 AIEC disruption to epithelial barrier function

In CD patients, deficient barrier function is frequently observed, with abnormalities
in tight junctions documented in several studies (See - 1.3.3 Cytokine-mediated
reduction of barrier function) (Lee, 2015). Interestingly, infection of IECs with AIEC
decreased the transepithelial electrical resistance by delocalizing the tight junction
protein ZO-1 (Sasaki et al., 2007; Wine et al., 2009). In addition, one of the effectors
of IBD inflammation, TNF-a, may modulate the transcription of tight junction
proteins. TNF-a promotes epithelial permeability by inducing apoptosis of
enterocytes, increasing their shedding rate, and obstructing the redistribution of tight

junctions (Michielan and D’Inca, 2015).

Notably, a CEABAC10 mouse model indicates that the overexpression of CEACAM
genes is associated with increased intestinal permeability (Denizot et al., 2012). As
previously described, increased expression of CEACAMSs in the ileal mucosa of CD
patients has been noted. AIEC may therefore take advantage of the disrupted
intestinal barrier in CD patients which facilitates bacterial penetration of the epithelial

barrier.

1.5.1.6 Interaction of AIEC with the mucus layer

Elatrech et al demonstrated that AIEC LF82 inhibited mucin gene expression of
MUC2 and MUCSA in T84 cells (Elatrech et al., 2015). AIEC LF82 has also been
shown to exhibit mucinolytic activity. The viscosity of mucus was decreased by the
Vat-AlIEC mucinase, rendering the mucus layer more permeable to AIEC infection
(Gibold et al., 2016). In addition, upregulation of Vat-AIEC mucinase expression by
bile salts and mucus enhanced AIEC colonisation in a CEACAM-overexpressing
mouse model of CD (Carvalho et al., 2009)
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1.5.1.7 Resistance to antimicrobial peptides

Antimicrobial peptides (AMPs) are secreted by IECs and regulate host-microbe
homeostasis by killing bacteria. Predominant AMPs include a- and (B-defensins,
cathelicidins, Reglll family antimicrobial lectins and lysozyme which diffuse into the
mucus layer, following a concentration gradient (Bevins and Salzman, 2011). To
cross the mucus layer, AIEC must either develop resistance to AMPs or capitalise
on deficiencies in AMP production in CD patients. McPhee et al have shown that
AMP resistance contributes to host colonisation by AIEC in CD. They identified a
plasmid-encoded genomic island (PI-6) in AIEC strain NRG857c¢ which confers high-
level resistance to a- and B-defensins. In particular, arlA which encodes a Mig-14
family protein is implicated in defensin resistance, and ar/C, an OmpT family outer
membrane protease confers host defense peptide resistance. Deletion of PI-6
rendered AIEC NRG857c sensitive to a- and B-defensins and reduced its

competitive fitness in a mouse infection model (McPhee et al., 2014).
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1.6 Type VI Secretion System

Although AIEC LF82 does not encode any T3SS, the presence of two Type VI
Secretion Systems (T6SS) has been shown (Massier et al., 2015). The T6SS is a
specialised secretion system harboured by Gram-negative bacteria that delivers
toxins into both eukaryotic and prokaryotic cells. It is a nanomachine with a
bacteriophage tail-like structure that assembles to release effector proteins into the
environment or target cells for competitive survival for the same colonizing niche or
pathogenicity (Hernandez et al., 2020; Lazzaro et al., 2017; Lien and Lai, 2017).
The T6SS is expressed in multi-species environments including the gut, for example
the antibacterial T6SS in Salmonella Typhimurium helps establish infection by killing

commensal bacteria to successfully colonise the host gut (Sana et al., 2016).

The genes encoding T6SS components and toxins are typically grouped and
clustered into genetic islands. These islands have a different GC content than the
core genome, suggesting they have been acquired by horizontal gene transfer
(Bingle et al., 2008; Boyer et al., 2009; Cascales, 2008). In E. coli, T6SS gene
clusters are categorised into three distinct phylogenetic groups: T6SS-1, T6SS-2
and T6SS-3 (Journet and Cascales, 2016). AIEC LF82 encodes two T6SSs
including one T6SS-1 and one T6SS-3 (Miquel et al., 2010; Nash et al., 2010).

1.6.1 Structure of the T6SS

The T6SS is a multiprotein machine that uses a spring-like mechanism to inject
effectors into target cells (Figure 1.6). The trans-envelope core TssJLM complex is
bound to the membrane and anchors the injection system. It orientates towards the
cell exterior and has a 79 A pore, where the TssD (Hcp) needle is fired through to
puncture the target cell. A contractile tail tube/sheath complex is built on an inner
membrane bound TssEFGK baseplate. The needle, or inner tube, is topped by the

spike complex consisting of Tssl (VgrG) and a PAAR-domain protein and is
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propelled outside of the cell by contraction of the TssBC sheath, which surrounds
the needle. Effector proteins are loaded within the inner tube or on the spike
complex prior to firing, targeting either prokaryotic and/or eukaryotic cells. Following
firing of effectors, the TssBC sheath is disassembled by TssH, allowing the system

to reassemble and fire in a new location (Cherrak et al., 2019).
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Figure 1.6. Schematic representation of T6SS assembly, firing and disassembly and
the different modes of T6SS effector delivery. (a) Schematic representation of assembly,
firing and disassembly of the T6SS. CP, cytoplasm; IM, inner membrane; OM, outer
membrane; PG, peptidoglycan cell wall. (b) Schematic representation of the different modes
of delivery of T6SS effectors. Effectors delivered by the T6SS can be classified as either
“cargo” or “specialised” effectors, based on their interaction with the components of the

puncturing structure (Hcp, VgrG or PAAR) (Hernandez et al., 2020).
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1.6.2 T6SS and AIEC Invasion

Studies into the role of a T6SS in AIEC invasion are limited and have shown
conflicting results. Massier et al demonstrated that deletion of one or both T6SS-
encoding pathogenicity islands (PAI) in LF82 decreased invasion of T84 cells
(Massier et al., 2015). However, the results also described decreased motility in
LF82 T6SS mutants, which may explain the reduction in host cell invasion.
Meanwhile, LF82 mutants in the structural tssE1 gene (AtssE1) showed increased
invasion levels compared to the wild-type, whilst no difference was observed for
AtssE3, suggesting that LF82 T6SS-3 has no role in invasion, whilst T6SS-1 inhibits
invasion (Cogger-Ward, 2020). In addition, no AIEC specific T6SS effector proteins
have been characterised, however various pathogens utilise T6SS effectors,

suggesting a T6SS may play a role in other methods of pathogenesis.

1.6.3 T6SS Effectors

1.6.3.1 Anti-eukaryotic effectors

The T6SS can deliver effectors that target numerous cellular processes and
structures in eukaryotic cells. Such effectors may assist host cell invasion by
resisting phagocytosis, promoting intracellular survival, replication and thus,

pathogenesis.

1.6.3.1.1 Disruption of the actin cytoskeleton

Many anti-eukaryotic T6SS effectors target the actin cytoskeleton of host cells. An
example is seen in Aeromonas hydrophila, whereby VgrG1 employs actin ADP-
ribosylase activity, preventing actin polymerisation and inducing caspase 9-

mediated apoptosis (Suarez et al., 2010). Meanwhile, in Vibrio cholerae, VgrG1 has
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an actin crosslinking domain which inhibits cytoskeleton rearrangement and
phagocytosis, facilitating intracellular survival and causing inflammatory diarrhoea
in vivo (Ma and Mekalanos, 2010). Furthermore, TecA in Burkholderia
cenocepacia disrupts the actin cytoskeleton of macrophages by deamidating Rho
GTPases, triggering inflammation through activation of the Pyrin inflammasome
(Aubert et al., 2016). In Vibrio proteolyticus, the effector Vpr01570 induces

cytoskeleton rearrangements in macrophages (Ray et al., 2017).

1.6.3.1.2 Host cell invasion

In addition to cytoskeletal disruption, other T6SS effectors have been demonstrated
to promote bacterial internalisation, intramacrophage growth and phagosomal
escape to effectively invade the host. In P. aeruginosa, the effector domain of
VgrG2b is delivered into epithelial cells, where it interacts with the y-tubulin ring
complex of microtubules to promote internalisation by non-phagocytic cells (Sana
et al., 2015). In addition, phospholipase effectors PIdA and PIdB in P. aeruginosa
promote host cell invasion via the activation of the PI3K/Akt signalling pathway
(Jiang et al., 2014). Lastly, B. pseudomallei employs the VgrG5 phospholipase to
induce host cell fusion and cell-to-cell spread of bacteria, where the C-terminal
domain inserts into the host cell membrane to mediate a fusion event and
multinucleated giant cell formation in infected macrophages and HEKZ293 cells
(Schwarz et al., 2014; Toesca et al., 2014).

1.6.3.2 Anti-fungal effectors

Recent studies have also identified two T6SS effectors specifically targeting fungal
cells by Serratia marcescens. Tfe1 and Tfe2 are anti-fungal effectors that cause
plasma membrane depolarisation and disruption to nutrient transport and
metabolism respectively. Ultimately, this leads to fungal cell death or the induction

of autophagy as a starvation response (Trunk et al., 2018). Such T6SS effectors are
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likely present across the microbial community and may influence gut colonisation,
which could be significant in the context of CD-associated microbiome changes and
AIEC infection.

1.6.3.3 Anti-bacterial effectors

The majority of T6SS effectors have been associated with anti-bacterial activity. The
T6SS can deliver various anti-bacterial effectors with a diverse range of functions
into neighbouring bacterial cells to induce lysis or growth inhibition (Hernandez et
al., 2020). Several T6SS anti-bacterial effectors have been identified in E. coli
species. For example, the Tle1 phospholipase in enteroaggregative E. coli (EAEC)
and ETEC can mediate competition in vitro by disrupting the cell membrane of
competing bacteria, leading to growth inhibition (Flaugnatti et al., 2016; Ma et al.,
2017). In EHEC, T6SS-mediated HNH-DNase activity inhibits bacterial growth of
related Enterobacteriaceae species (Ma et al., 2017). Meanwhile, in Salmonella
Typhimurium, the T6SS Tae4 amidase promotes niche establishment in a mouse
model by eliminating competing members of the microbiota (Sana et al., 2016).
Whilst Tae and Tge toxins are antibacterial only, members of the Tle and Tde toxin
families target both eukaryotic and prokaryotic cells (Navarro-Garcia et al., 2019). It
has previously been described that the T6SS-1 cluster of AIEC LF82 carries putative
phospholipases of the Tle3 family (Journet and Cascales, 2016), therefore the T6SS
in LF82 may have anti-bacterial effects that facilitate niche establishment in the gut

as seen in Salmonella Typhimurium.
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1.7 AIEC therapeutic targets

1.7.1 Antibiotics

Due to the increasing prevalence of multidrug-resistant bacteria, promotion of
pathogenic bacterial growth and the dysbiosis of the intestinal microbiome,
antibiotics are a less popular therapeutic option (Nitzan, 2016). In IBD, antibiotics
have shown poor efficacy and are typically only used to treat complications such as
bacterial infection post-surgery (Gionchetti et al., 2017). A systematic review
suggests that certain antibiotic therapies could be useful in inducing and maintaining
remission, such as clarithromycin and rifampin. However, Martinez-Medina et al.
demonstrated that antibiotic resistance in AIEC differs between strains, therefore
identification of AIEC and characterisation of antimicrobial resistance profiles could
be critical in preventing poor clinical outcomes in CD patients (Martinez-Medina et
al., 2020). Therefore, antibiotics should be used with caution and alternative

therapies explored.

1.7.2 Anti-adhesive molecules

Given the well-characterised CEACAM-6-FimH interaction in the adherence of AIEC
to IECs, the use of anti-adhesive compounds against AIEC is an attractive
therapeutic option. FimH antagonists have been developed, whereby small
glycomimetic molecules saturate the carbohydrate recognition domain (CRD) of
FimH, mimicking a ligand. By blocking the CRD, AIEC are unable to bind to the
epithelium and are removed from the gut (Alvarez Dorta et al., 2016; Brument et al.,
2013; Chalopin et al., 2016; Sivignon et al., 2015b). In addition, blocking FimH has
the potential to prevent an inflammatory reaction from IECs and macrophages as a
result of AIEC interaction with TLR4 (Mossman et al., 2008).
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A specific FimH blocker, TAK-018, inhibits adhesion of AIEC strains LF82 and
NRG857c to T84 cells and primary ileal cells in a dose-dependent manner and
prevents inflammation, preserving mucosal integrity (Chevalier et al., 2021). TAK-
018 is currently undergoing clinical trials. The advantage of such FimH antagonists

is that AIEC can be cleared without disturbing the intestinal microbiome.

1.7.3 Dietary interventions

Given that a western diet influences microbiome changes, dietary interventions
could help control disease and target AIEC. E. coli adhesion to IECs can be inhibited
with fibre such as soluble plantain non-starch polysaccharide (Martin et al., 2004).
In addition, studies have shown that Vitamin D-deficient dextran sodium sulfate
(DSS)-treated mice exhibited epithelial barrier dysfunction, colonic injury and
greater susceptibility to AIEC colonisation. Additionally, pre-incubation of Caco-2
cells with Vitamin D protected against AIEC-induced barrier disruption, including
TEER and tight junction integrity (Assa et al., 2015). Therefore, vitamin D

supplementation may reduce risk of AIEC infection.

1.7.4 Probiotics and postbiotics

Probiotics present a potential therapeutic option to control AIEC-mediated intestinal
inflammation. A study by Sivignon et al. showed that Saccharomyces cerevisiae
CNCM [-3856 inhibited LF82 epithelial adhesion and reduced inflammation and
colitis in CEABAC10 mice (Sivignon et al., 2015a). Furthermore, AIEC survival and
growth was reduced during co-culture with Lactobacillus rhamnosus GG and
Lactobacillus reuteri 1063 (Van Den Abbeele et al., 2016). However, there have
been reports of increased inflammation in IBD mucosal explants exposed to
probiotics due to bacterial translocation into the mucosa (Tsilingiri et al., 2012).
Further studies into the safety and efficacy of probiotics are therefore required in

patients with IBD.
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Probiotic bacteria produce soluble factors which could provide an alternative
therapeutic option. Bacteriocins, such as colicins, are postbiotic proteins that are
effective against specific species of bacteria. Colicins E1 and E9 have been shown
to kill AIEC strains LF82, HM95, HM419 and HM615 effectively in comparison with
metronidazole and ciprofloxacin and did not induce damage to IECs or
macrophages (Brown et al., 2015). Whilst colicins present potential in targeting
AIEC due to their selectivity without harming the remaining microbiome, further in

vivo studies are required to determine their efficacy and side effects.

1.7.5 Faecal microbiota transplantation (FMT)

Faecal microbiota transplantation (FMT) is a method of modifying the composition
of the microbiota and has demonstrated high efficacy in treating recurrent
Clostridium difficile infection (Brandt et al., 2012). In theory, FMT could restore a
‘healthy’ intestinal microbiota and reverse the changes and immune mucosal
stimulation seen in CD, which could create an environment less suitable for AIEC
colonisation (Agus et al., 2014). Studies using FMT as a therapeutic intervention in
IBD have shown inconclusive results, however this could be due to different
methods, donors and disease status (Colman and Rubin, 2014; Moayyedi et al.,
2015; Rossen et al., 2015). One study in DSS-induced colitis mice demonstrated
that AIEC exacerbated gut dysbiosis and led to resistance to restoring the normal
gut microbiota by FMT (Xu et al., 2021). Therefore, the presence of AIEC may
impact the efficacy of FMT by preventing colonisation of donor-derived bacteria,

however further studies into the impact of FMT on AIEC colonisation are required.
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1.7.6 Phage Therapy

Bacteriophages are viruses which infect bacteria and are found in a range of
environments including the human Gl tract. An advantage of bacteriophages is that
they are highly specific and can be targeted to distinct bacterial strains. This is
beneficial as it restricts their impact on microbiome composition, as opposed to
antibiotic use which results in non-specific bacterial killing (Kakasis and Panitsa,
2019).

The potential of bacteriophages to decrease AIEC colonisation of the intestine has
been demonstrated, whereby a cocktail of three bacteriophages isolated from
wastewater, LF82_P2, LF82_P6 and LF82_P8, significantly decreased the number
of AIEC in faeces and in the adherent flora of intestinal sections in CEABAC10
transgenic mice. In addition, the cocktail reduced ileal and colonic colonisation of
AIEC LF82 and decreased symptoms of DSS-induced colitis in mice (Galtier et al.,
2017). Currently, a clinical trial is underway aimed at using an AIEC-specific
bacteriophage cocktail (EcoActive) to target AIEC load, levels of inflammatory
markers CRP and faecal calprotectin, and disease activity in 30 CD patients
(NCT03808103).

1.7.7 Induction of autophagy

When functional, autophagy limits intracellular replication of AIEC, thus reducing
their persistence. However, as described previously (See - 1.2.1 Genetic
association in CD) genetic variants in autophagy-related genes are associated with
CD, particularly ATG16L, IRGM and NODZ2. Lapaquette et al. showed that
pharmacological induction of autophagy with rapamycin and physiological induction
with starvation significantly decreased the number of intracellular AIEC and
secretion of pro-inflammatory cytokines in NOD2” murine macrophages

(Lapaquette et al., 2012). This presents an opportunity for therapies targeted at
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inducing autophagy to reduce AIEC colonisation. However, the efficacy of
autophagy activation in CD patients harbouring defective autophagy genes would

need to be evaluated.

1.8 Intestinal model systems

Human gut physiology is highly dynamic and complex, due to the various cell types
of the epithelium and exogenous factors such as oxygen concentration, pH, mucus
density, peristalsis, epithelial morphology and barrier function. Furthermore, the gut
is inhabited by large microbial communities which contribute to intestinal
homeostasis by playing key roles in SCFA and vitamin K production. Various in vitro
and ex vivo models have been developed over recent years to model gut physiology,
intestinal barrier function and host-microbe interaction in healthy and diseased

conditions to allow for the study of gastrointestinal diseases (Rahman et al., 2021).

1.8.1 Cell culture

Cell culture has been extensively used in the study of host-pathogen interactions in
Gl diseases. Cell lines commonly used as models of the intestinal epithelial barrier
are Caco-2, HT-29 and T84 human colon carcinoma cells. In culture, Caco-2 and
HT-29 cells undergo spontaneous differentiation to form a monolayer reminiscent of
enterocytes, with properties including an apical brush border of microvilli like that of
the epithelium of the small intestine (Sambuy et al., 2005). In contrast, T84 cells
resemble colonocytes, displaying significantly shorter microvilli and retaining their
original colonic characteristics throughout differentiation (Devriese et al., 2017). The
polarised orientation of these cell lines is especially useful for permeability and
transport studies, which require the separation of the apical and basolateral sides.
Caco-2 and T84 cells can be grown on Transwell inserts that are placed in a multi-
well tissue culture plate, establishing a two-chamber system separated by the
permeable membrane of the insert. Using these inserts further differentiates the cell

monolayer and allows investigation of barrier function of cells by measurement of
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TEER. Polarisation of cells is important when studying functional responses of the
epithelium, as many cell surface receptors are distributed asymmetrically on apical
and basolateral membranes. In addition, Caco-2, HT-29 and T84 cells express
TLRs, making them useful for studying host-microbe interactions (Furrie et al.,
2005).

Previous studies of AIEC interactions with human intestinal epithelia have used
Caco-2 and T84 cell lines. For example, Boudeau et al. characterised AIEC
adherence and invasion in Caco-2 cells (Boudeau et al., 1999). T84 cells have been
used to demonstrate that AIEC induce reactive oxygen species (ROS) production
by intestinal NADPH and alter mucin and IL-8 expression, leading to inflammation
in CD (Elatrech et al., 2015).

Despite the advantages of human cell lines, including cost-effectiveness and ease
of use, they exhibit limitations. They only represent one cell type of the intestinal
epithelium (i.e. absorptive enterocyte/colonocyte), lack a mucus layer and harbour
considerable genetic and phenotypic changes, which is likely to affect their
response and interaction with the microbiota (Vogelstein and Kinzler, 2004). The
cancerous origin of Caco-2, HT-29 and T84 cells and lack of epithelium-specific

functions seen in vivo exemplify the need for more physiologically relevant models.

1.8.2 Microaerobic model systems

When studying host-microbe interactions in the intestine, microaerobic conditions
are important environmental cues for Gl pathogens. Therefore, various
microaerobic systems have been developed to allow IEC culture in a physiologically
relevant apical anaerobic environment (Von Martels et al., 2017). These involve
compartmentalisation of the apical and basal environment surrounding IECs,
allowing the maintenance of low-oxygen on the apical side whilst supplying the host
cells with oxygen on the basal side. Each model system achieves this at different
levels of complexity depending on the goal of the research. For example, the

Human-Microbe crosstalk model (HuMiX) is a dynamic fluid system with artificial
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physical separation between host cells and bacteria (Shah et al., 2016). Meanwhile,
the Gut Microbiome physiomimetic platform (GuMi) uses colonoids grown on
Transwells and utilises an artificially generated vacuum to drive the flow of
anaerobic medium at the apical surface of cells (Zhang et al., 2021). Furthermore,
the anaerobic gut-on-a-chip model places microfluidic chips into a chamber
composed of gas-permeable plastic perfused with anaerobic gas (Jalili-
Firoozinezhad et al., 2019; Kim et al., 2012).

1.8.2.1 The Vertical Diffusion Chamber (VDC) System

In addition to the systems described above, the Schuller lab has established a
vertical diffusion chamber (VDC) which creates an environment that mimics the
microaerobic conditions at the luminal side of the intestinal mucosa. In this model,
polarised T84 cells on Snapwell filters are mounted between the two half chambers,
resulting in an apical and basolateral separation of the epithelium (Figure 1.7). Each
compartment can be filled with specific cell culture media and perfused with either

anaerobic or aerobic gas mixtures.

The VDC provides a suitable model system to study AIEC interaction with intestinal
epithelial cells due to its many features. Firstly, the use of polarised IECs is crucial
in studying AIEC pathogenesis. Polarisation influences apical receptor expression,
such as CEACAMs and TLRs, and allows for the formation of tight junctions (Madara
et al., 1987). In addition, the system enables direct interaction between bacteria and
host cells with differing conditions on either side of the epithelium. The VDC has
been utilised previously to study various Gl pathogens (McGrath et al., 2022; Mills
et al.,, 2012; Naz et al., 2013). For example, attaching and effacing (A/E) lesion-
forming E. coli display enhanced adherence under microaerobic conditions due to
the stimulation of T3SS expression (Schuller and Phillips, 2010). In addition,
infection of T84 and Caco-2 cells with Campylobacter jejuni in the VDC
demonstrated increased epithelial association and invasion of host cells under
microaerobic versus aerobic conditions (Mills et al., 2012; Naz et al., 2013).

Meanwhile, Clostridioides difficile infection of T84 cells in a VDC resulted in
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increased pro-inflammatory gene expression

microaerobic conditions (Jafari et al., 2016).
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Figure 1.7. Set-up of the VDC system. Schematic representation of an assembled VDC

unit with a T84 monolayer in the middle of two chambers. The apical medium can be gassed

IL-8 and TNF-a
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Rubber bung with hole

Adjustment screw
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Front panel

with either air or an anaerobic mixture and inoculated with bacteria. The basal medium is

gassed with air to support oxygen supply to the epithelium. Two half chambers connect and
rubber bungs with a central hole are used to maintain gas levels and reduce evaporation
(A). Photograph of two VDC half chambers with a Snapwell filter insert in the middle to
make up one unit (B). VDC units (up to 6) are placed in a heating manifold to maintain

temperatures at 37°C which are connected to the gas supply (C) (McGrath and Schdiller,

2021).
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1.8.3 Mouse models

At the whole organism level, many mouse models have been generated to study
human IBD mechanistically, playing a pivotal role in studying pathogenesis, drug
efficacy and pharmacological mechanisms. These include chemically-induced
inflammation with DSS or trinitrobenzene sulfonic acid (TNBS) (Chassaing et al.,
2014; Wirtz et al., 2017). Meanwhile, genetically modified mice, such as the IL-10
KO mouse, develop spontaneous colitis mediated by Tu1 cells (Berg et al., 1996).
Mouse models have also been employed in researching the role of AIEC in IBD.
AIEC have demonstrated colonisation in the humanized carcinoembryonic antigen
bacterial artificial chromosome 10 (CEABAC10) transgenic mouse model encoding
four genes of the CEACAM family, including human CEACAM-6 , and eif2ak4’- mice
exhibiting defective autophagy in response to AIEC infection (Bretin et al., 2018).
Although mouse models are suitable for replicating complex disease mechanisms
in a whole organism, they bear limited relevance to human disease due to different
Gl tract anatomy, physiology, and microbiota composition (Hugenholtz and de Vos,
2018). In addition, the use of mice raises significant ethical concerns due to the
potential for pain and suffering. The development of intestinal organoids

circumvents these problems.
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1.8.4 Organoids

The introduction of organoids into research has provided an advanced tool to study
intestinal function and disease in more physiologically relevant conditions. Human
intestinal organoids can be derived from the differentiation of pluripotent stem cells
(PSCs) or by culture of adult stem cells (ASCs) from isolated intestinal crypts
(Aguirre Garcia et al.,, 2022). Under specific culture conditions, including the
provision of the growth factors Wnt3a, R-spondin and Noggin, intestinal stem cells
proliferate and differentiate, generating three-dimensional structures containing all
major cell types of the intestinal epithelium (Paneth cells, enteroendocrine cells,
goblet cells, and enterocytes) (d’Aldebert et al., 2020). Intestinal organoids can be
established from the tissue of the small intestine (enteroids) or the colon (colonoids)
(Zachos et al., 2016). These three-dimensional structures form a sphere, whereby

epithelial cells are orientated with their apical side toward the lumen.

The advantage of using organoids from intestinal ASCs include genetic and
epigenetic stability relative to the site of origin. Organoid cultures can be generated
from the human small intestine and the colon, retaining the transcriptional and
epigenetic profiles specific to the location from which they are from, even following
prolonged culture (Kraiczy et al., 2019; Middendorp et al., 2014). Furthermore, as
ASC-derived organoids are genetically stable, they present an advantage over the
use of organoids derived from induced pluripotent stem cells (iPSCs), which can
acquire genetic and epigenetic changes during the reprogramming process (Liang
and Zhang, 2013). ASC-derived organoids can also give rise to the less represented
cells that populate the intestinal crypt (Sato et al., 2009), including enteroendocrine,
tuft and M cells, which are important in modelling IBD as several different epithelial

cell types are implicated in IBD disease progression.

The use of organoids from intestinal crypts has been employed in various I1BD
studies. For example, Dicarlo et al demonstrated small intestinal organoids from UC
murine models retain the chronic intestinal inflammatory features characteristic of

the parental tissue (Dicarlo et al., 2019). Meanwhile, Lee et al showed TNF-a
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induces intestinal stem cell expansion in healthy enteroids, however TNF-a-induced
expansion of LGR5+ stem cells is impaired in CD patient-derived enteroids,
resulting in decreased organoid-forming efficiency and delayed wound healing (Lee
et al., 2022). Interestingly, organoids from UC inflamed tissue lose the inflammatory
phenotype after 1 week of culture, resembling that of non-inflamed controls.
However, inflammation could be re-induced by addition of TNF-a, IL-18 and flagellin,
returning to a phenotype observed in inflamed crypts (Arnauts et al., 2019). Various
studies have described conflicting results regarding barrier function in CD
organoids. For example, 3D colonoids from CD tissue demonstrate exclusion of
FITC-dextran, suggesting an effective intestinal barrier (Xu et al., 2018). On the
other hand, 2D colonoids from CD patients have displayed disrupted ZO-1 baseline
staining (Sayed et al., 2020) and reduced TEER compared to non-IBD controls
(Angus et al., 2022).

Although organoid culture is a major advancement for the in vitro study of the
intestinal epithelium, the 3D spheroidal structure prevents bacterial access to the
apical side. A solution to this is to ‘unfold’ 3D organoids to produce a polarised 2D
monolayer (Moon et al., 2014; Yuli Wang et al., 2017). Organoids can be fragmented
and plated into Transwell filters to generate intestinal monolayers that facilitate
sampling at the apical and basolateral side. These 2D organoid cultures have been
used previously to explore the interaction of EHEC, ETEC and C. difficile with
intestinal epithelium (In et al., 2016; Karve et al., 2017; Leslie et al., 2015).
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Figure 1.8. Schematic diagram of intestinal organoid, enteroid, and colonoid
generation. Organoids can be derived from pluripotent stem cells (PSCs), including either
induced pluripotent stem cells (iPSC) or embryonic stem cells (ESC). Enteroids and
colonoids can be grown from the adult stem cells (ASC) isolated from intestinal crypts
(Aguirre Garcia et al., 2022).
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1.9 Project Aims

The overarching aim of this research was to investigate the interaction of AIEC with
human colonic epithelium to determine whether AIEC infection can cause epithelial
dysfunction, or if CD-derived epithelia are more susceptible to AIEC invasion and

replication. This was achieved by:

1. Investigating AIEC interaction with colonic cell lines T84 and Caco-2 by evaluating
adherence, invasion, intracellular replication, host receptor expression, cytotoxicity
and secretion of pro-inflammatory cytokines.

2. Determining the influence of cell differentiation status and oxygen on AIEC
pathogenesis by using polarised IECs and a microaerobic VDC system.

3. Characterising organoid monolayers derived from CD and non-IBD tissue and

evaluating AIEC interactions.
Understanding the interactions between AIEC and the intestinal epithelium will

provide crucial insight into CD progression and inform the development of novel

therapeutics.
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Chapter 2. Materials and Methods
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