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Abstract

Adherent-invasive Escherichia coli (AIEC) is associated with Crohn’s Disease (CD),
a type of inflammatory bowel disease (IBD) affecting over 120,000 people in the UK.
AIEC have been shown to adhere to and invade epithelial cell lines and replicate
within macrophages but their interaction with fully differentiated human intestinal
epithelia remains largely unexplored. Here, the pathogenesis of AIEC prototype
strain LF82 was investigated using differentiated human colon carcinoma cell lines

and patient-derived colonic organoids.

While LF82 adherence and biofilm formation was significantly increased compared
to non-pathogenic E. coli MG1655, invasion and intracellular replication were
comparable in both strains. Notably, LF82 binding was mediated by type | fimbriae
but occurred independently of the established AIEC receptor CEACAM-6. Despite
low invasion and intracellular replication, infection with LF82 resulted in cytotoxicity
which was dependent on bacterial contact but not invasion or type VI secretion of
effector proteins. Similar to CD, LF82-infected colonic epithelia exhibited reduced

barrier function and increased release of TNF-a, IL-6 and IL-8.

Extension of these studies to other AIEC isolates demonstrated highly divergent
infection strategies. Overall, these results suggest that AIEC LF82 pathogenesis in
the human colon is strain-specific and mediated by the formation of biofilms,
contact-dependent cytotoxicity, epithelial permeability, and pro-inflammatory

cytokine secretion.
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Chapter 1. Introduction



1.1 Crohn’s Disease

1.1.1 Pathology, epidemiology and current treatments

Crohn’s Disease (CD) and ulcerative colitis (UC) are subtypes of inflammatory
bowel disease (IBD), characterised by chronic, uncontrolled and relapsing
inflammation of the gastrointestinal tract (Gl). CD and UC differ in pathophysiology,
symptoms and complications. UC affects only the colon and presents with
continuous lesions and superficial inflammation that can lead to erosions, ulcers and
bloody diarrhoea. CD can affect any segment of the GlI, presenting with chronic,
relapsing inflammation that can lead to chronic abdominal pain, diarrhoea,
obstruction, weight loss and an increased risk of colorectal cancer (Thia et al., 2010;
Torres et al., 2017). Over time, complications such as stricture, fistulas and
abscesses will occur in half of CD patients within 10 years of diagnosis, often
resulting in surgery. Patients typically present with symptoms in early adulthood and
disease develops as a life-long condition (Roda et al., 2020). Although primarily a
disease of the Gl, 24-40% of patients develop inflammation-mediated extraintestinal
manifestations (EIMs). These can affect the skin, eyes, joints and liver (Bernstein et
al., 2001). The most common EIMs include erythema nodosum, pyoderma
gangrenosum, episcleritis, arthritis and primary sclerosing cholangitis (PSC) (Levine
and Burakoff, 2011).



Thickening
of colon wall

Cobblestone
appearance
of surface

Fistula

inflammation

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).
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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.
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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

including

Snapwell insert

Rubber bung with hole

Adjustment screw

Gas manifold inlet

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).

47



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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2.1 Bacterial strains

2.1.1 Bacterial strains and culture conditions

Bacterial strains (Table 2.1) were stored as 15% (v/v) glycerol stocks at -80°C.
Strains were grown statically in Lennox Lysogeny broth (LB) for liquid cultures, or
LB agar for plate cultures, at 37°C overnight. Liquid cultures were prepared by
inoculating bacteria directly from a streak plate into LB broth. Streak plates were
stored up to 1 month at 4°C, after which fresh streak plates were prepared. Every 3
months, streak plates were prepared from original frozen glycerol stocks to prevent

the accumulation of mutations.
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Table 2.1. Information of bacterial strains used in this study.

E. coli Strain Serotype Pathotype Phylogroup Description Source/Reference
LF82 083:H1 AIEC B2 lleal CD isolate Darfeuille-Michaud (1999)
LF82 AtssE1 083:H1 AIEC B2 LF82 with 341 bases of the Collins (2016)

LF82_025 CDS deleted
LF82 AtssE3 083:H1 AIEC B2 LF82 with 396 bases of the Collins (2016)

LF82_445 CDS deleted
LF82 Atsse1 083:H1 AIEC B2 LF82 with 341 bases of the Collins (2016)
AtssE3 LF82_025 CDS and 396

bases of

the LF82_445 CDS deleted
NRG857¢c 0O83:H1 AIEC B2 Clinical ileal CD isolate Eaves-Pyles et al. (2007)
HM615 Not determined AIEC B2 Colonic CD isolate Martin et al. (2004)
HM605 O1:H7 AIEC B2 Colonic CD isolate Martin et al. (2004)
HMS580 O45:H7 AIEC D Colonic CD isolate Martin et al. (2004)
MG1655 (K-12) OR:H48:K- Commensal A E. coli K-12 lab strain Blattner et al. (1997)
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2.2 Cell culture

2.2.1 Cell lines and culture conditions

Human colon carcinoma T84 cells (PHE/ECACC) were cultured in Dulbecco’s
Modified Eagle’s Medium/Nutrient F-12 Ham (1:1) (DMEM/F-12) medium (Gibco,
21331020) supplemented with 10% foetal bovine serum (FBS) (Sigma, F7524), 2.5
mM L-glutamine (Sigma, G7513) and penicillin (100 units/ml) /streptomycin (100
pug/ml) (P/S) (Sigma, P0781). Human colon carcinoma Caco-2 cells (ATCC HTB-37)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma, D5671)
supplemented with 10% FBS, 4 mM L-glutamine and 1% P/S. Cells were used up
to passage 65. Cells were grown in 25 cm? culture flasks (Sarstedt) and passaged
at full confluency. To passage cells, cell culture medium was removed from culture
flasks and the cell monolayer was washed with 4 ml sterile phosphate-buffered
saline (PBS) to remove residual FBS. Cells were rinsed with 0.5 ml 0.25% (w/v)
trypsin/ 0.02% (w/v) ethylenediaminetetraacetic acid (EDTA) (Sigma, T4049) and
incubated in 0.5 ml fresh trypsin-EDTA solution at 37°C, 5% CO2 until cell
detachment from the base of the flask was observed (10-15 min for Caco-2 and 20-
30 min for T84 cells). Detached cells were resuspended in 5 ml fresh cell culture
medium to neutralise trypsin activity and transferred to new culture flasks at a ratio
of 1:5 for T84 and 1:10 for Caco-2 cells. Cells were maintained at 37°C in a 5% CO-

atmosphere.
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2.2.2 Cell seeding for plate culture or polarisation

During the passaging process, cells were seeded for experimental use. Following
trypsinisation and resuspension in fresh medium, 40 ul of resuspended cells was
diluted 1:1 with 0.4% (w/v) Trypan Blue solution (Sigma, T8154) and loaded into a
Neubauer cytometer (0.1 mm depth) for cell counting. Viable cells (distinguishable
by lack of Trypan Blue staining) were counted from at least two quadrants of the
cytometer (Figure 2.1). The number of cells per ml was calculated using the
following equation:

(Total cells counted x dilution factor x 10%)

Total cells/ml = Number of quadrants counted

For plate culture, cells were seeded into 24-well plates (Sarstedt) at a density of 1.2
x 10° cells/well for T84 and 1 x 10° cells/well for Caco-2 cells in 1 ml of cell culture
medium per well. Cultures used for immunofluorescent staining were grown in wells

containing sterile circular coverslips (13 mm diameter, 0.13-0.16 mm thickness,

Academy).
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Figure 2.1. Neubauer cell counting chamber. Red box indicates counting region with area

of 0.1mm?3i.e. 10 mL volume of cell suspension.
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For experiments using polarised cells, 5 x 10° T84 cells were seeded onto collagen
coated polyester Snapwell (12 mm diameter, 0.4 ym pore, Corning 3801) or
Transwell (12mm diameter, 0.4 um pore, Corning 3460) filter inserts. To coat filters
with collagen, a stock solution was prepared by dissolving rat tail collagen type |
(Merck, C7661) at a concentration of 1.25 mg/ml in 0.1 N acetic acid on a tube
rotator for 4 hr. The stock solution was diluted to 50 pg/ml in 60% (v/v) ethanol, and
200 pl (i.e., 10 pg) was added to each membrane. Filters were dried in a
microbiology safety cabinet until the solution had evaporated and stored at room
temperature until use. Cells seeded on filter inserts were maintained in cell culture
medium with medium exchange after four days of seeding and every two days
thereafter. Medium was changed to P/S-free medium on the day before an
experiment. Polarisation of cells was monitored by determining the trans-epithelial
electrical resistance (TEER) of monolayers using an EVOM resistance meter and
EndOhm electrode (World Precision Instruments). T84 cells were considered

polarised and used for experiments when the TEER reached >500 Q x cm?.

2.2.3 Cryopreservation and thawing of cells

Long term storage of eukaryotic cells was achieved by cryopreservation in liquid
nitrogen. Cells were trypsinised and resuspended in 5 ml supplemented cell culture
medium. Cell suspension concentrations were determined using a cytometer and
adjusted to 2-4 x 10° cells/ml in 950 pl in culture medium plus 50 pl dimethyl
sulfoxide (DMSO) (5% v/v) and added to a 1 ml cryovial. Cryovials were placed in a
freezing container (Mr Frosty, Nalgene) containing 250 ml isopropanol and stored
overnight at -80°C for gradual freezing. Frozen cryovials were transferred to liquid

nitrogen storage the following day for long term preservation.
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2.3 Quantification of bacterial adhesion, invasion and replication

2.3.1 Gentamicin invasion assay

Unless otherwise stated, 10 pl AIEC LF82 and E. coli MG1655 were inoculated into
1 ml/well DMEM/F-12 or DMEM without supplements at 2 x 107 colony forming
units/ml (CFU/mI) to yield a multiplicity of infection (MOI) value of 10 and added to
T84 or Caco-2 cell monolayers respectively. Plates were incubated for 3 hr at 37°C,
5% CO2. Cells were subsequently washed 3 times with 1 ml sterile PBS to remove
non-adherent bacteria. To measure bacterial invasion and intracellular replication,
cell culture medium containing 50 pg/ml gentamicin (Gibco) was added to Kill
extracellular bacteria and plates were incubated at 37°C, 5% CO- for a further 1 hr
or 21 hr respectively. For quantification of adherence, cells were lysed before
addition of antibiotic-containing medium. At indicated time points, cells were washed
3 times with 1 ml sterile PBS and lysed with 1% Triton X-100 (Sigma) in PBS for 5
min at room temperature. After incubation, cells were carefully scraped from the
plate using a sterile P1000 tip and homogenised by pipetting. Serial dilutions of cell
lysates were prepared in sterile PBS and 10 pl spot plated in triplicate on LB agar.
Plates were incubated at 37°C overnight and CFUs quantified the following day by
counting colonies. Bacterial adhesion, invasion and replication values were

standardised against the bacterial inoculum of each experiment.

2.3.2 Blocking of CEACAM receptors

Inhibition adhesion assays were performed in the presence of either 0.5% (w/v) D-
mannose in cell culture medium (DMEM for Caco-2, DMEM/F-12 for T84), or after
1 hr pre-treatment with 100 pl of cell culture medium containing various antibodies
at 37°C. Bacteria were inoculated and adhesion assays performed as described
previously (See - 2.3.1 Gentamicin invasion assay). For the 1 hr blocking
experiment, antibodies remained in the cell culture medium during inoculation and

cells were incubated with bacteria for 1 hr. The following antibodies were used: anti-
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CEACAM1, anti-CEACAMS, anti-CEACAMG, anti-CEACAMY7 (Santa Cruz) and anti-
CEACAMG (Invitrogen). Antibodies (Table 2.6) were used at a 1:100 dilution in cell

culture medium.

2.3.3 Apical/basolateral infection assay

For apical and basolateral infection assays, T84 and Caco-2 cells were seeded at
1.7 x 10° onto collagen coated Transwell inserts (6.5 mm diameter, 0.3 um pore,
Corning Falcon 353096). Filters were inoculated with 75 pl cell culture medium
containing 10 pl of LF82 ONC into the apical compartment or added as a droplet
onto the basolateral side of the inverted filter (Figure 2.2) and incubated for 3 hr.
After incubation, filters infected basolaterally were returned to an upright position
and 100 pl fresh DMEM or DMEM/F-12 containing 50 pg/ml gentamicin was added
to the apical compartment, 600 ul to the basal compartment and cells were
incubated for a further 1 hr. Afterwards, cells were washed in PBS, lysed in 1%
Triton-X-100 and plated for CFU as described above.

Apical infection Basolateral infection
Medium
S0 ."\',’\ | / inoculated
— with LF82

(WA P Y 00000000

Transwell filter T84 cells

Figure 2.2. Schematic diagram of apical and basolateral infection of T84 cells on
Transwell filters. Medium containing LF82 was added to the apical insert of the Transwell,
or the Transwell was inverted, and medium added as a droplet onto the basolateral side of
the filter.
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2.3.4 Vertical Diffusion Chamber

For experiments with polarised cells in an aerobic or microaerobic environment, a
VDC unit (Harvard Apparatus) composed of two half chambers separated by an
epithelial cell monolayer was used (McGrath and Schuller, 2021). Polarised T84
cells grown on Snapwell filter inserts (12 mm, 0.4 ym pore, Corning 3801) were
mounted between apical and basal chambers (Figure 2.3). Each half-chamber was
filled with 4 ml DMEM/F-12. The basal chamber was perfused with an aerobic gas
mixture (95% air, 5% CO-), whilst the apical chamber was perfused with either an
anaerobic gas mixture (90% N2, 5% H2, 5% CO:) or aerobic gas mixture (95% air,
5% CO2) for microaerobic or aerobic conditions respectively. For VDC experiments
without eukaryotic cells, empty Snapwell inserts were used between the chambers
and 8 ml DMEM/F-12 added to the VDC. The chambers were perfused with either

an aerobic or anaerobic gas mixture to both apical and basal outlets.

Unless otherwise stated, AIEC LF82 and E. coli MG1655 were inoculated into the
apical medium at 2 x 107 colony forming units/mL (CFU/mL) to yield a multiplicity of
infection (MOI) value of 10. Chambers were mounted in a central heating block
maintained by a thermocirculator and incubated at 37°C. For invasion assays,
chambers were incubated for 3 hr followed by either 1 hr or 21 hr incubation in
DMEM/F-12 containing 50 pg/mL gentamicin. To determine bacterial growth during

the incubation, ODeoo measurements were taken using a spectrophotometer.

Following completion of experiments, VDC components were disassembled and
cleaned by disinfecting in 2 L dH20 containing 5g Presept (Johnson & Johnson) for
24 hr. The components were rinsed with dH->0O the following day to remove residual

disinfectant, air dried and stored in a plastic box until next use.
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Figure 2.3. Schematic diagram of VDC assembly. Snapwell filter with polarised cells mounted between two half chambers secured by
a metal clip. Rubber bungs with holes are used to control gas release (A). Cell culture media is added to each half chamber and the apical

side inoculated with bacteria (B). VDC units can be used without cells to measure bacterial growth only (C).
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2.4 Intestinal organoid culture

2.4.1 Preparation of noggin- and R-spondin-conditioned media

293T-Noggin-FC or 293T-HA-Rspo1-FC cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS, 2 mM L-glutamine and
puromycin (10 pg/ml) or zeocin (300 pug/ml), respectively. Cells were grown in 25
cm? culture flasks at 37°C, 5% CO- until confluency and split into three 75 cm? flasks
and one 25 cm? flask. The 25 cm? flask was maintained in growth medium with
antibiotics for propagation. Cells in the three 75 cm? flasks were grown in DMEM
supplemented with 10% FBS without antibiotics. Once confluent, cells were
distributed into nine 75 cm? flasks in conditioning medium (Table 2.2). Flasks were
incubated at 37°C, 5% CO: for 7 days without medium change. The medium from
each flask was collected and centrifuged at 1000 x g for 10 min at 20°C.
Supernatants were sterile filtered using a 0.22 um filter, aliquoted and stored at -
70°C.

2.4.2 Preparation of Wnt3a-conditioned media

L-Wnt3A cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS, 2 mM L-glutamine and G418 (400 pg/ml). Cells were
grown in 25 cm? culture flasks at 37°C, 5% CO; and split into three 75 cm? flasks
and one 25 cm? flask at confluency. The 25 cm? flask was maintained in expansion
media (Table 2.2) for propagation. Cells in the three 75 cm? flasks were grown in
DMEM supplemented with 10% FBS without antibiotics. Once confluent, cells were
distributed into nine 75 cm? flasks in conditioning medium (Table 2.2). Flasks were
incubated at 37°C, 5% CO2 for 4 days without medium change. After 4 days, the
medium from each flask was collected and stored at 4°C. 10 ml of conditioning
media (Table 2.2) was added to each of the same flasks and incubated at 37°C, 5%
CO:2 for a further 3 days without medium change. On day 7, the medium from each

flask was collected and combined with the medium from day 4. The media was
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centrifuged at 1000 x g for 10 min at 20°C. Supernatants were sterile filtered using

a 0.22 um filter, aliquoted and stored at -70°C.

Table 2.2. Expansion and conditioning media for 293T-Noggin-FC, 293T-HA-
Rspo1-FC and L-Wnt3a cells.

Expansion medium Conditioning medium (CMGF")
DMEM Advanced DMEM/F-12

10% FBS 10 mM HEPES

2mM L-glutamine 2 mM Glutamax

10 pg/ml puromycin (Noggin) 10% FBS

300 pg/ml zeocin (R-spondin)
400 pg/ml G418 (Wnt)

2.4.3 Thawing and passaging of colonic organoids

Vials of frozen organoid stocks (organoids generated from normal and CD human
transverse colon — Table 2.3) were rapidly thawed by partial submersion in 37°C
water. The organoid suspension was transferred into 5 ml CMGF-. The organoid
solution was centrifuged at 240 x g for 10 min at 4°C and the cell pellet resuspended
in UltiMatrix Reduced Growth Factor Basement Membrane Extract (Cultrex) on ice.
The Matrigel-organoid suspension was dispensed (40 ul per dome) into the centre
of wells of a pre-warmed 24-well plate and incubated at 37°C, 5% CO2 for 4 min.
The plate was then inverted for 30 min to prevent organoids collecting at the base
of the Matrigel dome. After 30 min, 500 pl of CMGF* (Table 2.4) containing 10 uM
Y-27632 (ROCK inhibitor) was added to each well and the plate returned to the
incubator at 37°C, 5% CO.. After 48 hr, inhibitors were removed from the medium
and organoids incubated for 5-7 days with medium change every 2-3 days thereafter
and maintained at 37°C, 5% COa.
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For passaging, medium was removed from organoids in Matrigel and 800 ul of
Gentle Cell Dissociation Reagent (Stem Cell Technologies) added to each well at
room temperature. The Matrigel was dissolved by pipetting and the plate was
incubated on a rocking platform for 10 min at room temperature. Organoids were
fragmented by pipetting and observed by microscopy. Once fragmented, the
organoid solution in each well was collected and 2 volumes of CMGF- added. The
protocol then follows from centrifugation at 240 x g for 10 min at 4°C and the cell

pellet resuspended in Matrigel on ice as described above.

Table 2.3. Patient information for transverse colonic organoids.

Organoid Age Sex Diagnosis Status

line

TCC-2 53 Male CD in  In remission
descending
colon

TCC-6 71 Male CD in terminal In remission
ileum

TCC-7 20 Female Colonic CD In remission

TCN-1 60 Male Routine Bowel n/a
screening

TCN-2 74 Male Adenocarcinoma n/a

ascending colon

TCN-4 53 Female Caecal cancer n/a
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2.4.4 Culture of 2D organoid monolayers on Transwell inserts

To establish two-dimensional organoid monolayer cultures, fragmented organoids
were seeded onto collagen coated polyester Transwell filter inserts (6.5 mm
diameter, 0.4 pym pore, Corning 3470). Filters were coated with 100 yl human type
IV collagen in water (35 pg/ml from a stock solution of 1 mg/ml; Sigma C5533) and
incubated at room temperature overnight. The collagen solution was removed, and
filters washed with 200 yl CMGF- to remove excess collagen. Pelleted organoids
were resuspended in CMGF* (100 pl per filter) and the organoid suspension added
to the apical compartment of the Transwell filter. In the basal compartment, 600 pl
of CMGF* was added. The organoid monolayers were incubated at 37°C, 5% CO2
until confluency, with medium exchange 48 hr after seeding to remove ROCK

inhibitor from the medium, with medium exchange every 2-3 days thereafter.

2.4.4.1 Differentiation of 2D organoid monolayers

Once the organoid monolayers reached confluence, TEER was determined to
assess barrier formation using an EVOM resistance meter and EndOhm STX
electrode (World Precision Instruments). Differentiation of organoid monolayers was
achieved by withdrawal of Wnt3a-conditioned medium, R-spondin1 conditioned
medium and SB202190 (p38 MAPkinase inhibitor). Differentiation medium was
exchanged every 48 hr for 4 days and organoid monolayers were maintained at
37°C, 5% COs..
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Table 2.4. Reagents for expansion medium (CMGF+).

Name Description Stock solution Working concentration
concentration in media
B27 supplement for small intestines 50 x 1x
N- acetylcysteine antioxidant/anti-apoptosis 500mM 1TmM
EGF, human epithelial growth factor 50 pg/ml 50 ng/ml
[Leu- 15] gastrin human Gl mitogenic factor 10 uM 10 nM
A83-01 TGF B inhibitor; Alk4/5/7 inhibitor 500 uM 500 nM
SB202190 p38 MAPkinase inhibitor 10 mM 10 uM
Penicillin/Streptomycin Antibiotic 100 x 1x
Nicotinamide Improves culture efficiency and life span of 1M 10 mM
human colonoids
Y-27632 ROCK inhibitor 10 mM 10 uM
GSK3p inhibitor 10 mM 10 uM

Noggin conditioned medium
R-spondin1 conditioned medium
Wnt3A conditioned medium
CMGF- (Table 2.2).

Noggin protein
RSPO1 protein

Whnt3a protein

Conditioning medium

10% (viv)
20% (viv)
50% (v/v)



Table 2.5. Reagents for differentiation medium.

Name Description Stock solution Working
concentration concentration in
media

B27 supplement for 50 x 1x
small intestines

N- acetylcysteine  antioxidant/anti- 500mM 1TmM
apoptosis

EGF, human epithelial growth 50 pg/ml 50 ng/ml
factor

[Leu- 15] gastrin Gl mitogenic 10 uM 10 nM

human factor

A83-01 TGF B inhibitor; 500 uM 500 nM
Alk4/5/7 inhibitor

Noggin Noggin protein - 10% (v/v)

conditioned

medium

CMGF- Conditioning
medium
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2.5 Immunofluorescence staining and microscopy

Table 2.6. Primary and secondary antibodies and fluorescent stains.

Antigen Host Working Source Product code
species Conc.

E. coli Goat 1:200 Abcam Ab13627

E. coli  OK Rabbit 1:200 US Biological E3500-06C

antigens

CEACAM-1 Mouse 1:200 Santa Cruz sc-16645

CEACAM-5 Mouse 1:200 Santa Cruz sc-23928

CEACAM-6 Mouse 1:200 Santa Cruz sc-59899

CEACAM-6 Rabbit 1:200 Invitrogen MA5-29144

CEACAM-7 Mouse 1:200 Santa Cruz sc-59946

MUC2 (H-300) Rabbit 1:250 Santa Cruz sc-15334

MUC2 Mouse 1:250 Santa Cruz sc-7314

Occludin Rabbit 1:200 Invitrogen 40-4700

DAPI n/a 1:4000 Merck

Phalloidin-Atto n/a 1:200 Sigma 49409

488

Calcofluor n/a 1:50 Merck

Propidium lodide n/a

Alexa Fluor™ n/a 1:400 Invitrogen A30107

Plus 647

Phalloidin

Alexa  Fluor™ Donkey 1:400 Invitrogen A21206

488 anti-rabbit

Alexa  Fluor™ Donkey 1:400 Invitrogen A10037

568 anti-mouse

Alexa  Fluor™ Donkey 1:400 Invitrogen A10042

568 anti-rabbit

Alexa  Fluor™ Donkey 1:400 Invitrogen A21202

488 anti-mouse

Alexa  Fluor™ Donkey 1:400 Invitrogen A11057

568 anti-goat
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Cell monolayers on coverslips, Snapwell or Transwell filters were fixed in 3.7% (v/v)
formaldehyde (Acros Organics) in PBS for 20 min at room temperature, washed with
PBS and stored at 4°C until use. Fixed cells were blocked and permeabilised with
0.1% (v/v) Triton X-100, 0.5% (w/v) bovine serum albumin (BSA) in PBS for 20 min
at room temperature. Primary antibodies (Table 2.6) were diluted in 0.5% (w/v) BSA
in PBS. Samples were incubated with primary antibodies for 1 hr at room
temperature. Following incubation, samples were washed with PBS on a rocking
platform for 10 min followed by incubation with respective secondary antibody (Table
2.6) for 30 min in the dark at room temperature. For counterstaining, 4’,6-diamidino-
2-phenylindole (DAPI) and fluorescein isothiocyanate-labelled phalloidin (FITC-
phalloidin) were used to stain DNA and filamentous actin, respectively, for 30 min in
the dark at room temperature. Samples were washed with PBS in the dark on a
rocking platform for 30 min, mounted onto glass microscopy slides using
Vectashield mountant (Vector Laboratories) to prevent photo-bleaching and stored
at 4°C in the dark. For occludin staining, cell monolayers were pre-extracted in 0.2%
(v/v) Triton X-100 in PBS for 2 min on ice, washed with PBS, fixed in 3.7% (v/v)
formaldehyde in PBS for 20 min at room temperature, washed with PBS and stored
at 4°C until used for IFS. For MUC2 staining, cells were fixed in ice cold
methanol/acetone (1:1) for 4 min on ice to preserve mucus, washed with PBS and
stored at 4°C until used for IFS.

2.6 Growth curve analysis

Growth curves were generated by diluting bacterial overnight cultures to an optical
density of 0.1 at 600nm in 200 pl/well Lysogeny broth, DMEM or DMEM/F-12 cell
culture medium in 96-well plates. Plates were cultured at 37°C in aerobic conditions,
and ODsoo measurements taken using a FLUOstar Optima microplate reader (BMG)

every 30 min. Data was analysed using the MARS data analysis software.
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2.7 Yeast agglutination assay for FimH expression

Bacterial overnight cultures were grown statically in 2 ml LB, DMEM or DMEM/F-
12. Cultures were washed and resuspended in PBS at 0.5 ODsgo. Bacterial
suspensions were serially diluted up to 1:32 in PBS and 50 pl of each deposited in
a 96-well plate. Commercial bakers’ yeast (Saccharomyces cerevisiae) was
suspended in PBS (20 mg/ml) and 50 pl of yeast cell suspension was added to each
well. Agglutination was monitored visually, and the titre recorded as the last bacterial

dilution giving a positive reaction.

2.8 Crystal Violet staining for biofilm formation

Bacterial overnight cultures (ONCs) were diluted to an optical density of 1.0 at
600nm in Lysogeny broth, followed by dilution at 1:100 in 100 pl/well DMEM or
DMEM/F-12 cell culture medium in 96-well plates. Plates were incubated at 37°C in
aerobic conditions for 24 or 48 hr. Medium was removed, plates were washed with
200 pl/well dH20 2 times and stained with 125 pl/well 0.1% (w/v) crystal violet in
ethanol for 10 min at room temperature. Plates were washed with dH>O to remove
excess stain and left to air dry at room temperature. The stain was solubilised in
30% (v/v) acetic acid and absorbance measured at ODsgs using a FLUOstar Optima
microplate reader (BMG). Data was analysed using the MARS data analysis

software.

2.9 Trypan Blue staining for cytotoxicity

To quantify cell death, cell monolayers were stained with 300 yl 0.05% (w/v) Trypan
Blue for 15 min at room temperature. Plates were washed with PBS 2 times to
remove unbound dye. Cells were lysed in 400 ul 1% (w/v) sodium dodecyl sulfate
(SDS) to release internalised dye and absorbance measured at ODsgo using a
FLUOstar Optima microplate reader (BMG). Data was analysed using the MARS

data analysis software.
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2.9.1 Effects of bacterial adhesion on T84 cytotoxicity

AIEC LF82 and E. coli MG1655 were inoculated into DMEM/F-12 at 2 x 107 colony
forming units/ml (CFU/mI) to yield a multiplicity of infection (MOI) value of 10 and
added to T84 cell monolayers. Plates were incubated for 3 hr at 37°C, 5% CO..After
3 hr, supernatants from infected cells were collected, centrifuged at 14000 x g for 5
min at room temperature and stored at 4°C until required. Supernatants were added
to fresh T84 monolayers for 21 hr and a cytotoxicity assay performed as previously

described (See - 2.9 Trypan Blue staining for cytotoxicity).

2.9.2 Effects of inhibiting bacterial invasion on T84 cytotoxicity

T84 cells were pre-incubated for 30 min with DMEM/F-12 devoid of antibiotics
containing either 1 pg/ml cytochalasin D (Enzo) or 0.5 pg/ml colchicine (Acros
Organics). Bacteria were subsequently added as described in (See - 2.3.1
Gentamicin invasion assay) and incubated 3 hr followed by 21 hr gentamicin
treatment. After 21 hr, cell culture medium was removed, cells washed with PBS
and cytotoxicity evaluated as previously described (See - 2.9 Trypan Blue staining

for cytotoxicity).

2.10 Cytokine enzyme-linked immunosorbent assay (ELISA)

Experiments were performed as per (See - 2.3.1 Gentamicin invasion assay). Apical
and basolateral cell culture medium was sampled, and bacteria removed by
centrifugation at 14000 x g for 5 min at room temperature. Supernatants were stored

at -20°C until required.

IL-8 was quantified using a human IL-8 ELISA kit (PeproTech) according to the
manufacturer’s instructions. IL-6, IL-1 and TNF-a were quantified using human IL-
6, IL-18 and TNF-a uncoated ELISA kits (Invitrogen) respectively, according to

manufacturer’s instructions. For horseradish peroxidase (HRP) detection and colour
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development, 2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium
salt (ABTS) was used for IL-8 and 3,3',5,5'-tetramethylbenzidine (TMB) used for IL-
6, IL-1B and TNF-a.

All ELISAs were performed in NUNC Maxisorb immunoassay 96-well plates
(ThermoFisher Scientific). All samples were used undiluted, except for LF82-
infected cell supernatants for IL-8 quantification, which were diluted 1:2 in DMEM/F-
12. For washes, 200 pl per well of 0.05% Tween-20 in PBS was used. Optical
density readings were taken using a FLUOstar Optima microplate reader (BMG).
Standard curves were generated, and data was analysed using the MARS data

analysis software.

2.11 Statistical analysis

Data was displayed and analysed using GraphPad Prism Version 10 software. Bar
graphs show individual data points plus a bar at the mean value, unless otherwise
stated. Error bars are indicative of standard deviation. For the comparison of two
groups, parametric student’s t-test was used. Three or more groups were compared
using parametric one-way analysis of variance (One-way ANOVA) with either
Tukey’s or Dunnett’s multiple comparison post-test. For all data analysis, a P value
of < 0.05 was considered statistically significant, and degrees of statistical
significance are presented as follows: * = P < 0.05; ** = P < 0.01; ** = P < 0.001;
¥ = P < 0.0001.
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Chapter 3. AIEC interaction with intestinal
epithelial cell lines T84 and Caco-2
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3.1 Background

AIEC are implicated in the pathogenesis of CD. The AIEC strain LF82 was initially
characterised as a CD-associated, non-diarrhoeagenic intestinal E. coli pathotype,
with a pathogenicity phenotype of adherence to and invasion of intestinal epithelial
cells followed by intracellular survival and replication within IECs and macrophages
(Boudeau et al., 1999; Bringer et al., 2006; Darfeuille-Michaud et al., 1998). AIEC
adherence has previously been shown to be mediated by the binding of FimH,
located at the tip of type 1 pili, to the mannosylated host cell receptor CEACAM-6
(Barnich et al., 2007). To date, the current understanding of AIEC pathogenesis has
been obtained from studies using non-confluent, undifferentiated carcinoma-derived

cell lines and mouse models.

In this study, the interaction of AIEC LF82 with intestinal epithelium was re-examined
by the characterisation of LF82 adherence, invasion and intracellular replication in
T84 and Caco-2 cells. In addition, biofilm formation, interactions with established
receptor CEACAM-6, LF82 effect on cell viability and secretion of pro-inflammatory
cytokines were determined. Furthermore, experiments were extended to additional
AIEC strains NRG857c (ileal isolate) and HM615, HM605 and HM580 (colonic

isolates) to gain a better understanding of AIEC pathogenesis in the human colon.
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3.2 Results

3.2.1 AIEC LF82 adherence, invasion and intracellular replication is cell line

dependent

Early AIEC studies characterised LF82 invasion in intestinal epithelial cell lines.
Boudeau et al demonstrated a 4% invasion rate of LF82 in Caco-2 cells (Boudeau
et al., 1999), meanwhile a 1% invasion rate of LF82 was shown in T84 cells by
Elatrech et al (Elatrech et al., 2015). Initial experiments focused on characterising
AIEC LF82 adherence, invasion and replication in T84 and Caco-2 cells. Cells were
seeded in 24-well plates and onto coverslips at a low cell density (1.2 x 10%ml) and
cultured for 48 hours to approximately 70% confluency. Cell monolayers were
incubated with AIEC LF82 or MG1655 for 3 hr, followed by either 1 hr or 21 hr
treatment with gentamicin to determine invasion and replication respectively. For
CFU quantification, monolayers were lysed and plated, and for microscopy,

coverslips were fixed and stained.

Following a 3 hr infection period, LF82 showed significantly more adherence to T84
and Caco-2 cells than the non-invasive lab strain MG1655, with higher adherence
observed in T84 cells (Figure 3.1A). Given that E. coli have a doubling time of 20
minutes, it is plausible that increased adherence could be due to a growth
advantage over the 3 hr infection period. The growth of LF82 and MG1655 in DMEM
and DMEM/F-12 medium was therefore monitored by a conventional growth curve
at ODeoo (Figure 3.1B). No significant difference was observed between the growth
curves of the two strains in each medium, suggesting equivalent growth rates and

thus unlikely to account for the adherence advantage seen by LF82.

Addition of gentamicin for 1 hr or 21 hr to determine invasion and intracellular
replication, respectively, indicated significantly higher LF82 invasion compared to
MG1655 in both cell lines and this was more pronounced in Caco-2 cells (Figure
3.1C). However, when numbers of invaded bacteria were normalised to numbers of

adherent E. coli to calculate invasion rates (%), non-invasive MG1655 invasion
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frequency was significantly higher than LF82 in both T84 and Caco-2 cells (Figure
3.1E). In addition, numbers of intracellular LF82 after 24 hr were significantly higher
than MG1655 in both cell lines, which was more pronounced in T84 cells (Figure
3.1D).

As for the percentage of intracellular bacteria after 24 hr compared to 1 hr
(replication rate), LF82 intracellular replication was significantly higher than MG1655
in T84 cells, yet there was no significant difference between strains in Caco-2 cells.
Notably, the replication rate of both strains was below 100% in Caco-2 cells, with
overall LF82 CFU numbers decreasing after 21 hours (~11,000 CFU after 1hr
compared to ~2000 CFU after 21hr) (Figure 3.1C, D and F).

73



>
w

Fkkk *kkk

3x107 0.8 .

i : —&— LF82 in DMEM/F12
— ° —4— MG1655 in DMEM/F12 l 'y
— 4 O__@ ® LF82 —e— LF82in DMEM i
g b ® MG1655 —e— MG1655 in DMEM
-] 7 ’
o 2x1074
S g
Q i a
g 1 o
© 1x1074
! -

[ 4
© 4
NNl K
T84 Caco-2 0 1 2 3 4

Incubation Time (hr)

o
»)

40000~ Aekkk AHkkk

—~ g ] e
z 5 00004
S LL
[T o ]
e c 20000+
c -_8 T
2 S
7] L T
S = 10000-
c o) i
= Y ]

0_

T84 Caco-2

m
M

0.4 _ % - 800 %

Invasion Rate (%)
o
N
I 1
Replication Rate (%)

T84 Caco-2 Caco-2

Figure 3.1. Adherence, invasion and intracellular replication of AIEC LF82 and non-
invasive E. coli MG1655 in non-confluent T84 and Caco-2 cells. Cells were grown for
48 hr and incubated with bacteria for 3 hr, followed by 1 hr or 21 hr of gentamicin to kill
extracellular bacteria. Adherent bacteria were determined after 3 hr by CFUs (A). Bacterial
growth of both strains was determined by quantification at OD600. The arrow depicts the 3
hr incubation with bacteria before gentamicin treatment (B). Invasion (C) and intracellular
replication (D) was determined after 1 hr or 21 hr of gentamicin treatment and plating out

cell lysates for CFUs respectively. Results were normalised to an inoculum of 107 bacteria.
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Invasion (E) and replication rates (F) were calculated relative to adherent and invaded
bacteria respectively. Data shown as the mean +- SD. Significance was calculated using a
student’s unpaired t-test (**p<0.01; ***p<0.001; ****p<0.0001).

Invasion assays were repeated in confluent monolayers. This is because confluent
monolayers exhibit a polarised distribution of cell surface receptors and are
therefore more physiologically relevant to differentiated epithelium. Cells were
seeded in 24-well plates and onto coverslips at a low cell density (1.2 x 10°/ml) as
described above, but instead cultured for 7 days to allow for the establishment of a

confluent monolayer.

Following a 3 hr infection period, LF82 showed significantly more adherence to
confluent T84 and Caco-2 cells than MG1655 (Figure 3.2A). The number of
adherent CFU in confluent cells was approximately half the value of that observed
in non-confluent cells. Addition of gentamicin for 1 hr indicated significantly higher
LF82 invasion compared to MG1655 in both cell lines and this was more
pronounced in Caco-2 cells, as previously described in non-confluent cells (Figure
3.2B). However, when invasion rates (%) were calculated, non-invasive MG1655
invasion frequency was significantly higher than LF82 in T84 cells only (Figure
3.2D). Although LF82 invasion was approximately 2-fold higher in non-confluent T84
cells in comparison to confluent cells, overall invasion rates were still low at ~0.02%.
Similarly, LF82 exhibited higher invasion rates in non-confluent Caco-2 cells
compared to confluent (~0.1% vs 0.03%) (Figure 3.2D). Low invasion rates

observed in these experiments are therefore not due to cell confluency.

In addition, numbers of intracellular bacteria after 24 hr indicated no significant
difference between the two strains in T84 cells, but numbers of intracellular LF82
after 24 hr were significantly higher in Caco-2 cells (Figure 3.2C). Interestingly,
numbers of intracellular CFU in non-confluent T84 cells was approximately 2.5-fold
higher than confluent T84s, whereas non-confluent Caco-2 cells exhibited 3.3-fold

higher CFU in comparison to the confluent equivalent.
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As for the percentage of intracellular bacteria after 21 hr compared to 1 hr
(replication rate), there was no significant difference between strains in either cell
line, however MG1655 showed higher replication rates than LF82 in T84 cells.
Notably, replication rates of both strains was below 100% in Caco-2 cells, with
overall LF82 CFU numbers decreasing after 21 hours (~3000 CFU after 1hr
compared to ~2000 CFU after 21hr) (Figure 3.2E).

Interestingly, replication rates after 21 hr differed between cell lines and cell
confluency. LF82 replication rate doubled in non-confluent cells compared with
confluent, however MG1655 replication halved. Meanwhile, in Caco-2 cells, the
replication rate of both strains was below 100% after 21 hr in both non-confluent

and confluent cells (Figure 3.2E).

Subsequent experiments were performed using fully-confluent cells.
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Figure 3.2. Adherence, invasion and intracellular replication of AIEC LF82 and non-
invasive E. coli MG1655 in T84 and Caco-2 cells. Confluent cells were incubated with
bacteria for 3 hr, followed by 1 hr or 21 hr of gentamicin treatment to kill extracellular
bacteria. Adherent bacteria were determined after 3 hr by CFUs (A). Invasion (B) and
intracellular replication (C) was determined after 1 hr or 21 hr of gentamicin treatment
respectively and cell lysates plated for CFUs. Results were normalised to an inoculum of
107 bacteria. Invasion (D) and replication rates (E) were calculated relative to adherent and
invaded bacteria respectively. Data shown as the mean +- SD. Significance was calculated
using a student’s unpaired t-test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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3.2.2 AIEC LF82 forms biofilms on T84 and Caco-2 cells

To visualise bacterial association and host cell integrity, T84 and Caco-2 cells
infected with LF82 and MG1655 were stained for E. coli and F-actin and evaluated
by fluorescence microscopy. AIEC LF82 demonstrated extensive adherence to both
T84 and Caco-2 cells, whereby chain-like structures of bacteria and potential
filamentation were seen. In comparison, few MG1655 adherent bacteria were
observed (Figure 3.3A and B). Interestingly, when observing immunofluorescence
staining, there appeared to be a discrepancy whereby CFUs observed in

quantification were lower than the extensive adherence seen visually under the

microscope.
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Figure 3.3. Adherence of LF82 and MG1655 to confluent T84 (A) and Caco-2 (B) cells.
Cells were incubated with AIEC LF82 or non-invasive E. coli MG1655 for 3 hr. Epithelia

were stained for E. coli (magenta) and F-actin (green). Scale bar = 10 ym.

To determine if this discrepancy was due to the presence of dead bacteria, T84
monolayers infected with LF82 or MG1655 were stained with Propidium lodide (PI).
Pl is a fluorescent DNA stain which penetrates the cell membrane of dead cells but

is excluded from viable cells. As seen in Figure 3.4, a high proportion of LF82 was
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not stained with PI, suggesting the discrepancy was not due to bacterial death
(Figure 3.4).

MG1655

Propidium iodide (blue) + phase contrast

Figure 3.4. Extensive AIEC LF82 adherence is not due to dead bacteria. Confluent T84
cells were incubated with AIEC LF82 or non-invasive E. coli MG1655 for 3 hr. Dead bacteria
were stained with propidium iodide (blue). Epithelia and total bacteria were visualised by
phase contrast (grey). White arrows indicate areas with live bacteria (unstained). Scale bar

=10 um.

It was hypothesised that the extensive adherence of LF82 observed by microscopy
may represent biofilm formation. Biofilm formation is a phenotypic feature of both
commensal and pathogenic bacteria to persistently colonise the intestinal mucosa.
For example, enteroaggregative E. coli (EAEC) form thick biofilms that adhere to
the apical side of enterocytes in their pathogenesis (Sheikh et al., 2001). AIEC LF82
has previously been shown to form stronger biofilms than other E. coli strains
isolated from the intestinal mucosa (Martinez-Medina et al., 2009). Several
exopolysaccharides are found in E. coli biofilms, one of which is cellulose, known to
play a structural role by providing a matrix that protects and supports biofilm growth
(Limoli et al., 2015). Therefore, initial investigations into biofilm formation focussed
on staining infected monolayers for cellulose by using the fluorochrome calcofluor-

white which allows the visualisation of cellulose fibres by fluorescence microscopy.
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Biofilm formation was confirmed by calcofluor staining which indicated cellulose
fibre-like structures between bacteria on LF82-infected T84 and Caco-2 cells which
were not present in MG1655-infected cells (Figure 3.5A and B). Biofilm formation of
each strain was further determined on abiotic surfaces by crystal violent staining.
AIEC LF82 and MG1655 were incubated in T84 and Caco-2 cell culture medium
(DMEM/F-12 or DMEM, respectively) for 24 or 48 hr in 96-well plates and stained
with crystal violet solution. AIEC LF82 biofilm formation was significantly higher than

that of MG1655 in both DMEM and DMEM/F-12 (Figure 3.5C and D).
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Figure 3.5. AIEC LF82 forms biofilms on T84 (A) and Caco-2 cells (B). Confluent T84
and Caco-2 cells were incubated with LF82 or MG1655 for 3 hr and stained for E. coli
(magenta) and cellulose (green). Scale bar = 10 ym. Biofilm formation in DMEM/F-12 (C)
and DMEM (D) on 96-well plates was quantified after 24 or 48 hr by crystal violet staining .
Data shown as the mean +- SD. Significance was calculated using a student’s unpaired t-
test (***p<0.001;****p<0.0001).
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3.2.3 T84 cells show heterogenous CEACAM-5 and CEACAM-6 expression

which is not associated with LF82 adherence

CEACAM-6 has previously been identified as a receptor for AIEC adhesion to
isolated ileal enterocytes from CD patients (Barnich et al., 2007). Of the CEACAM
family, CEACAM-1, CEACAM-5 and CEACAM-6 are expressed in the colon and
small intestine, while CEACAM-7 is restricted to the colon (Sheikh et al., 2020).
Given the association between CEACAMs and the pathogenesis of various E. coli
pathovars (Sheikh and Fleckenstein, 2023), CEACAM expression and AIEC LF82

binding was investigated in T84 and Caco-2 cells.

T84 monolayers infected with LF82 or MG1655 were stained for E. coli and
CEACAM-1, 5, 6 or 7 and evaluated by fluorescence microscopy. T84 cells
demonstrated heterogenous expression of CEACAM-6, whereby some cells
exhibited high CEACAM-6 expression whereas others lacked receptor expression
entirely (Figure 3.6A). T84 cells lacked CEACAM-1 and CEACAM-7 expression, but
showed heterogenous CEACAM-5 expression, similar to CEACAM-6 (Figure 3.6A).
In addition, infected Caco-2 monolayers were also stained for E. coliand CEACAM-
6. Caco-2 cells exhibited a similar heterogenous pattern of CEACAM-6 expression,

as seen in T84 cells (Figure 3.6B).

Interestingly, there was no evident association between adherent LF82 and
CEACAM-6 in either cell line (Figure 3.6A and B). LF82 adherence was not localised
to areas of high CEACAM-6 expression and instead appeared scattered with no
preferential binding, suggesting LF82 binding to confluent T84 and Caco-2 cells may
be mediated by a different host receptor. Non-infected T84 monolayers exhibited
similar CEACAM-6 expression as those infected with LF82 (Figure 3.6C).

82



A ceacAm-1 CEACAM-5 CEACAM-6 CEACAM-7
T84 “ . QT84

LF82

DAPI

Figure 3.6. T84 cells do not express CEACAM-1 or CEACAM-7, meanwhile CEACAM-
5 and CEACAM-6 expression is heterogenous and AIEC LF82 does not bind
preferentially to either receptor. Caco-2 cells also display heterogenous CEACAM-6
expression and LF82 does not bind preferentially to CEACAM-6-rich cells. Confluent T84
(A) or Caco-2 (B) cells were incubated with AIEC LF82 for 3 hr and stained for E. coli
(magenta), CEACAM-1,5,6 or 7 (green) and DAPI (cyan). Cells with high CEACAM
expression are outlined in white. Non-infected T84 cells were stained for CEACAM-6

(green) and DAPI (cyan) (C). Scale bar = 10 ym.
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3.2.4 LF82 adherence is mediated by a mannosylated receptor that is not
CEACAM-6

Previous studies have demonstrated that adherence of AIEC LF82 involves binding
of type 1 pili to CEACAM-6 expressed on the apical side of primary ileal enterocytes
(Barnich et al., 2007). Given that LF82 did not appear to preferentially bind to
CEACAM-6 expressed in T84 and Caco-2 cells when evaluated by microscopy,
experiments to inhibit LF82 adherence were performed using CEACAM-specific
antibodies. T84 or Caco-2 cells were pre-treated with anti-CEACAM-1, -CEACAM-
5, -CEACAM-6 and -CEACAM-7 monoclonal antibodies for 1 hr followed by medium
change and subsequent incubation with LF82 for 3 hr. In addition, incubations were
performed in the presence of 0.5% D-mannose to block FimH binding to mannose.
To evaluate LF82 adherence, monolayers were either fixed, stained for E. coli and
analysed by microscopy, or lysed and plated for CFU quantification as previously

described (See - 2.3.1 Gentamicin invasion assay).

Whilst pre-treatment of T84 or Caco-2 cells with anti-CEACAM-1, -CEACAM-5, -
CEACAM-6 and -CEACAM-7 monoclonal antibodies had no significant effect on
LF82 adherence (Figure 3.7A and B), adherence was reduced in the presence of

0.5% D-mannose. This was also observed by microscopy (Figure 3.7D).

Given the lack of influence of CEACAM-blocking on LF82 binding, the protocol was
modified, and antibodies were retained in the media during bacterial infection. In
addition, incubations were shortened to 1 hr to reduce bacterial burden. However,
similar results were obtained showing no effect of antibody blocking on LF82
adhesion (Figure 3.7C).

Taken together, these data suggest that the binding of LF82 to colon carcinoma cells

occurs via a mannosylated receptor expressed on the apical cell surface other than
CEACAM-1, CEACAM-5, CEACAM-6 or CEACAM-7.
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Figure 3.7. LF82 adherence is inhibited by D-mannose, but not by CEACAM
antibodies. T84 (A) and Caco-2 (B) cells were incubated with LF82 for 3 hr. Experiments

in T84 cells were also performed using a 1 hr incubation with LF82 without antibody removal
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(C). Immunofluorescence staining of adherent LF82 on treated T84 cells incubated for 3 hr
(D). Cell culture media contained either 0.5% D-mannose, antibodies against CEACAMs 1,
5, 6 and 7 or were left untreated (no antibody). For CEACAM-6, a rabbit (Rb) and a mouse
antibody (M) were applied. For IFS, the CEACAM-6 mouse antibody was used. Data shown
as the mean +- SD. Significance was calculated using a one-way ANOVA test with Dunnett’s

post-test comparison to no antibody (****p<0.0001). Scale bar = 10 pm.

To ascertain that LF82 expresses FimH in cell culture medium, a yeast agglutination
assay was performed (Migliore et al., 2018). When present, FimH binds to the
mannose receptors on the cell membrane of Saccharomyces cerevisiae and
agglutination occurs. Bacterial ONCs of LF82 and MG1655 in LB, DMEM or
DMEM/F-12 were diluted and mixed with S. cerevisiae. Yeast agglutination was
determined visually, with a positive reaction forming a sheet, and a negative reaction
forming a pellet. LF82 expressed FimH in all conditions, whilst MG1655 only
expressed FimH in LB medium (Figure 3.8). In addition, LF82 FimH expression was
higher in LB than in DMEM or DMEM/F-12, as agglutination occurred at a higher
dilution (Figure 3.8).
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Figure 3.8. AIEC LF82 expresses FimH in cell culture media. Bacterial overnight
cultures of LF82 and MG1655 were serially diluted from 1 to 1:32 in LB, DMEM or DMEM/F-
12 medium. Commercial baker’s yeast (Saccharomyces cerevisiae) was added, and
agglutination determined visually. The highest dilution giving a positive reaction in each

condition is circled in red. Image representative of three experimental repeats.
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3.2.5 AIEC LF82 is cytotoxic to T84 and Caco-2 cells

During the invasion assays described previously (See - 3.2.1 AIEC LF82 adherence,
invasion and intracellular replication is cell line dependent), cell morphology was
visualised by immunofluorescence staining and phase contrast microscopy. Upon
examination of infected T84 cell monolayers, changes in cell morphology were
observed. LF82-infected T84 cells occasionally exhibited cell elongation and
formation of ‘holes’ in the monolayers (Figure 3.9A). This effect was not observed in
Caco-2 cells or MG1655-infected monolayers (Figure 3.9B). Therefore, cytotoxicity
was evaluated by Trypan Blue staining which only penetrates dead cells and can be
quantified by absorbance at 590 nm (ODsgo). Trypan Blue staining showed that LF82
induced cytotoxicity in both T84 and Caco-2 cells after 24 hr incubation (3 hr
followed by 21 hr gentamicin treatment) (Figure 3.9C and D), with the cytotoxic
effect apparent after only 4 hr in T84 cells (Figure 3.9C). Interestingly, cytotoxicity
was present in Caco-2 cells after 24 hr although the morphological changes

occasionally observed in T84 cells were not evident.
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Figure 3.9. AIEC LF82 is cytotoxic to T84 and Caco-2 cells. Confluent T84 and Caco-2
cells were incubated with AIEC LF82 or non-invasive E. coli MG1655 or left non-infected for
3 hr, followed by 1 or 21 hr treatment with gentamicin to kill extracellular bacteria (A, B).
Cell morphology was evaluated by light microscopy at 21 hr post gentamicin treatment.
Scale bar = 50 ym (C, D). Cytotoxicity was measured by Trypan Blue staining and
quantification at ODsgo. Data shown as the mean +- SD. Significance was calculated using
a one-way ANOVA test with Tukey’s post-test comparison (**p<0.01; ***p<0.001;
****p<0.0001).
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3.2.5.1 LF82-induced cytotoxicity is not mediated by secreted factors

As secretion of toxins is a common feature in bacterial pathogenesis (Erkmen and
Bozoglu, 2016), we determined whether LF82-induced cytotoxicity was mediated by
secreted factors. To this aim, T84 cells were incubated with conditioned medium
generated from cells incubated with LF82, MG1655 or left non-infected for 24 hr.
Results showed that a cytotoxic effect was only detected in LF82-infected cells but

not in cells incubated with conditioned media (Figure 3.10).
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Figure 3.10. AIEC cytotoxicity in T84 cells is contact-dependent. Conditioned media
from T84 cells incubated with AIEC LF82, MG1655 or left non-infected for 3 hr were
collected and added to fresh T84 cells for a further 21 hr to determine if cytotoxicity was
due to secreted factors. Cells incubated with AIEC LF82 or left non-infected for 3 hr plus 21
hr gentamicin treatment were used as a positive and negative control, respectively. Data
shown as the mean +- SD. Significance was calculated using a one-way ANOVA test with
Dunnett’s post-test in comparison to LF82 (***p<0.001; ****p<0.0001).
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3.2.5.2 LF82-induced cytotoxicity is independent of bacterial invasion

Additionally, it was investigated whether bacterial invasion was required for host
cytotoxicity. It has previously been shown that LF82 invasion of Hep-2 cells is
mediated by both an actin microfilament-dependent mechanism and microtubule
involvement (Boudeau et al., 1999). The use of cytochalasin D and colchicine can
disrupt actin and microtubule involvement, respectively, therefore blocking bacterial
invasion. To determine if LF82-induced T84 cytotoxicity was dependent on LF82
invasion, T84 cells were treated with either cytochalasin D, colchicine or left
untreated and incubated with LF82 for 3 hr followed by 21 hr gentamicin treatment
and cytotoxicity was quantified by Trypan Blue staining. In addition, non-infected
controls containing either cytochalasin D or colchicine were included to check for

any potential drug-induced cell damage during the assay.

Results indicated no difference in cytotoxicity between LF82-infected cells that were
left untreated or treated with either drug. Additionally, cytochalasin D and colchicine
did not cause a cytotoxic effect on non-infected cells (Figure 3.11). Therefore, it was

concluded that bacterial invasion was not required for cytotoxicity.
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Figure 3.11. AIEC cytotoxicity in T84 cells is independent of invasion. T84 cells were
incubated with AIEC LF82 for 3 hr plus 21 hr gentamicin treatment in the presence or
absence of cytoskeletal inhibitors cytochalasin D and colchicine. Non-infected controls
containing both drugs were included. Data shown as the mean +- SD. Significance was

calculated using a one-way ANOVA test with Tukey’s post-test comparison (*p<0.05).

92



3.2.5.3 LF82-induced cytotoxicity is not mediated by T6SS effector proteins

Unlike enteropathogenic and enterohaemorrhagic E. coli, AIEC do not harbour a
Type 3 Secretion System. However, AIEC strain LF82 possess two Type VI
Secretion Systems (T6SS-1 and T6SS-3), encoded by the pathogenicity islands
PAI-1 and PAI-3, respectively (Miquel et al., 2010). T6SSs can kill bacterial or
eukaryotic target cells by delivering enzymatic effectors (Hernandez et al., 2020). It
has previously been suggested that the T6SSs in AIEC LF82 may mediate
adherence to and invasion of IECs (Massier et al., 2015). However, studies have
shown that T6SS-3 played no role in invasion, whilst inactivation of T6SS-1

increased LF82 invasion (Cogger-Ward, 2019).

To assess whether T6SS effector proteins were responsible for the cytotoxicity
observed in LF82-infected T84 cells, cytotoxicity assays were performed with LF82
T6SS functional knockout strains LF82 AtssE1, LF82 AtssE3 and LF82 AtssE1
AtssE3. These strains were generated by deletion of TssE subunit genes from
T6SS-1 (AtssET), T6SS-3 (AtssE3) or both T6SSs (AtssE1 AtssE3) (Collins, 2016)
and kindly provided by Alan Huett (University of Nottingham).

As before, T84 cells were incubated with bacteria for 3 hr followed by 21 hr
gentamicin treatment and cytotoxicity was quantified by Trypan Blue staining. LF82
wildtype was included as a positive control. There was no difference in LF82-
induced cytotoxicity between the wildtype and T6SS-knockout strains (Figure 3.12),
with all conditions exhibiting higher cytotoxicity than in non-infected cells. This
suggests that T6S of effector proteins is not responsible for LF82-induced cell death
in T84 cells.
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Figure 3.12. LF82-induced cytotoxicity is not mediated by T6SS effector proteins.
Confluent cells were incubated with AIEC LF82, LF82 AtssE1, LF82 AtssE3, LF82 AtssE1
AtssE3 or left non-infected (NI) for 3 hr, followed by 21 hr treatment with gentamicin.
Cytotoxicity was measured by Trypan Blue staining and quantification at ODsg. Data shown

as the mean +- SD. Significance was calculated using a one-way ANOVA test with Dunnett’s
post-test in comparison to NI (**p<0.01; ***p<0.001).
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3.2.6 AIEC LF82 induces secretion of pro-inflammatory cytokines from T84

cells

The cytokine response has a crucial role in the pathogenesis of CD, as cytokines
act as upstream facilitators and downstream mediators of inflammation. Cytokines
not only drive intestinal inflammation and diarrhoea in CD but may also regulate
systemic effects and drive complications such as intestinal stenosis and fistula
formation. Such cytokines include TNF-a, IL-8, IL-6 and IL-1B3 (Strober and Fuss,
2011).

Therefore, the T84 cell response to LF82 infection was evaluated here by
quantification of TNF-a, IL-8, IL-6 and IL-13 release by sandwich ELISA. Non-
invasive MG1655 and a non-infected control were included for comparison. Cells
were incubated with LF82, MG1655 or left non-infected for 3 hr followed by 21 hr
treatment with gentamicin. Cell supernatants were sampled and used for
quantification of secreted cytokines. TNF-a levels were significantly higher in
supernatants of LF82-infected T84 cells compared to MG1655-infected and non-
infected cells (Figure 3.13A). Similarly, IL-8 was significantly higher in LF82-infected
cells compared to non-infected controls (Figure 3.13B). MG1655 also induced a
higher IL-8 response in comparison to non-infected cells, however this did not reach
significance. Additionally, IL-1[3 levels were significantly higher in LF82-infected cells
compared to MG1655 and non-infected samples, however quantities were very low
(~8 pg/ml for LF82 infected) (Figure 3.13D). In contrast, there was no significant
difference in IL-6 release between LF82, MG1655 and non-infected cells (Figure
3.13C).
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Figure 3.13. LF82 induces pro-inflammatory cytokine release in T84 cells. T84 cells
were incubated with LF82, MG1655 or left non-infected for 3 hr followed by 21 hr gentamicin
treatment. Cytokines TNF-a (A), IL-8 (B), IL-6 (C) and IL-1B (D) in cell supernatants were
quantified by ELISA. Data shown as the mean +- SD. Significance was calculated using a
one-way ANOVA test with Tukey’s post-test comparison (*p<0.05; **p<0.01; ***p<0.001;
****p<0.0001).
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3.2.7 AIEC interaction with colonic cells is strain-specific

The prototype AIEC strains LF82 and NRG857c were originally isolated from the
ileal mucosa of CD patients (Boudeau et al., 1999; Eaves-Pyles et al., 2008). Other
studies have isolated AIEC from colonic CD specimens (Martin et al., 2004 ). Similar
to ileal LF82 and NRG857c, colonic strains HM615, HM605 and HM580 have been
shown to adhere to and invade intestinal cell lines Caco-2 and HT29, and Hela cell-
derived 1407. Given the low invasion rates of LF82 and the lack of preferential
binding to CEACAM-6, our studies on AIEC interaction with T84 cells was expanded

to other AIEC isolates.

3.2.7.1 AIEC adherence, invasion and intracellular replication is strain-specific

To determine the adherence, invasion and intracellular replication of additional AIEC
isolates, gentamicin assays were performed as previously described (See - 2.3.1
Gentamicin invasion assay). Following a 3 hr infection of T84 cells, NRG857c,
HM615 and HM605 demonstrated similar levels of adherence as LF82, meanwhile
HM580 showed significantly higher adherence (Figure 3.14A). A growth curve of all
strains showed that NRG857c, HM615, HM605 and HM580 demonstrated higher
growth than LF82 after 3 hr (Figure 3.14B). Numbers of intracellular bacteria after 1
hr were similar between LF82, NRG857¢c, HM615 and HM605, however numbers of
intracellular HM580 were significantly higher compared to LF82. Interestingly,
numbers of intracellular NRG857c and HM580 after 21 hr were significantly higher
compared to LF82 (Figure 3.14D). Calculation of invasion rates demonstrated that
NRG857c¢ was significantly more invasive than LF82, meanwhile HM615, HM605
and HM580 invasion rates were similar to that of LF82 (Figure 3.14E). Furthermore,
replication rates demonstrated that NRG857c¢ also had the highest replication rate
(Figure 3.14F) and interestingly, HM580 replication was also significantly higher
than that of LF82 despite showing a similar invasion rate. The replication rate of

HM615 was below 100%, suggesting it is cleared from T84 cells.
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Figure 3.14. Adherence, invasion and intracellular replication of AIEC LF82,
NRG857c, HM615, HM605 and HM580 and E. coli MG1655 in T84 cells. Confluent cells

98



were incubated with each strain for 3 hr, followed by 1 hr or 21 hr of gentamicin to kill
extracellular bacteria. Numbers of adherent bacteria were determined after 3 hr by CFUs
(A). Bacterial growth of all strains was determined by quantification at ODsgo with the arrow
indicating the 3 hr adherence timepoint (B). Invasion (C) and intracellular replication (D)
was determined after 1 hr or 21 hr of gentamicin treatment, respectively, and cell lysates
plated for CFUs. Results were normalised to an inoculum of 107 bacteria. Invasion rates
(E) and replication rates (F) were calculated relative to adherent and invaded bacteria
respectively. Data shown as the mean +- SD. Significance was calculated using a one-way
ANOVA test with Dunnett's post-test in comparison to LF82 (*p<0.05; **p<0.01;
****p<0.0001).
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To determine whether binding of AIEC strains NRG857¢, HM615, HM605 and
HM580 was associated with CEACAM-6 localisation, IFS was performed. Initially,
T84 infected for 3 hr were stained with the rabbit E. coli OK antibody and DAPI to
determine antibody reactivity with the different AIEC strains. Whilst E. coli OK
stained most bacteria of strains LF82, NRG857¢c, HM615 or HM605, detection of
HM580 was poor (Figure 3.15). Therefore, DAPI was used to visualise adherent
HM580. Subsequent co-staining of infected T84 cells for CEACAM-6 did not show
any evident association between adherent AIEC NRG857c, HM615, HM605 or
HM580 with CEACAM-6 (Figure 3.16).

NRG857¢

Figure 3.15. AIEC strains LF82, NRG857c, HM615, HM605 but not HM580 were
detected by the rabbit E. coli OK antibody. Confluent T84 cells were incubated with AIEC
LF82, NRG857¢c, HM615, HM605 or HM580 for 3 hr and stained for E. coli (red) and DAPI
(cyan). White arrows indicate areas with DAPI-stained HM580 bacteria (Scale bar = 10 ym).
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Figure 3.16. Adherence of AIEC strains HM615, HM605, HM580, LF82 and NRG857c¢ to
T84 cells. Confluent T84 cells were incubated with AIEC HM615, HM605, HM580, LF82,
NRG857c or left non-infected for 3 hr and stained for E. coli (magenta) and CEACAM-6
(green). Cells with high CEACAM-6 expression are outlined in white. For HM580, DAPI

E.coli

staining is shown as the E. coli OK Ab did not stain the majority of bacteria. Scale bar = 10

um.
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3.2.7.2 The AIEC LF82 cytotoxicity phenotype is not present in other AIEC strains

To determine whether the cytotoxicity mediated by LF82 is shared amongst other
AIEC strains, T84 cells were infected with strains NRG857c, HM615, HM605 and
HM580 for 3 hr followed by 21 hr gentamicin treatment and cytotoxicity was
determined. LF82-infected and non-infected cells were included as positive and
negative controls, respectively. Results indicated that HM615, HM605, HM580 and
NRG857c¢ did not induce cytotoxicity in T84 cells and cytotoxicity was comparable
to the levels seen in non-infected cells (Figure 3.17). Only LF82 showed significantly

higher levels of cell death compared to non-infected controls (Figure 3.17).
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Figure 3.17. AIEC LF82-mediated cytotoxicity is not exhibited by colonic strains
HM615, HM605 and HM580 or ileal strain NRG857c in T84 cells. Confluent T84 cells
were incubated with AIEC LF82, HM615, HM605, HM580, NRG857c¢ or left non-infected
(NI) for 3 hr, followed by 21 hr treatment with gentamicin. Cytotoxicity was measured by
Trypan Blue staining and quantification at ODsg. Data shown as the mean +- SD.
Significance was calculated using a one-way ANOVA test with Dunnett's post-test

comparison to NI (****p<0.0001).
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3.2.8 Summary

Overall, the results of this study showed that AIEC LF82 adherence and biofilm
formation was significantly increased compared to non-pathogenic E. coli MG1655,
meanwhile invasion and intracellular replication were comparable in both strains.
Notably, LF82 binding was mediated by fimbriae but occurred independently of the
established ileal AIEC receptor CEACAM-6. Despite low invasion and intracellular
replication, infection with LF82 resulted in cytotoxicity which was dependent on
bacterial contact but not invasion or type VI secretion of effector proteins. In addition,
LF82-infected T84 cells exhibited increased release of pro-inflammatory TNF-a, IL-
6 and IL-8. Extension of our studies to additional ileal and colonic AIEC isolates
demonstrated highly divergent infection strategies between strains. Therefore,
these results suggest that LF82 pathogenesis in the human colon is strain-specific
and mediated by the formation of stress-resistant biofilms, contact-dependent

cytotoxicity and pro-inflammatory cytokine secretion.
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3.3 Discussion

3.3.1 AIEC LF82 adherence, invasion and replication is cell-line dependent

Early experiments by Boudeau and colleagues characterised the invasive ability of
LF82 using a gentamicin protection assay, whereby the membrane-impermeable
antibiotic gentamicin is utilised to kill extracellular bacteria whilst having no effect on
the host cell (Boudeau et al., 1999). As a result, intracellular CFU can be accurately
determined by plating out dilutions of infected lysed cells. These early studies used
intestinal epithelial cell lines Intestine-407, HCT-8 and Caco-2, whereby cells were
grown for 48 hours. This time frame is not long enough to allow a confluent,
polarised monolayer to form, therefore affecting cell height and distribution of cell
surface receptors (Langerholc et al., 2011). Additionally, cell line Intestine-407,
whilst initially thought to be derived from normal embryonic intestinal tissue, was
later identified as a contaminant of the cervical cancer-derived cell line HeLa and is
therefore not representative of intestinal epithelial cells (Korch and Capes-Davis,
2021).

In this investigation, experiments were initially repeated using non-confluent T84
and Caco-2 colon carcinoma cells. Whilst LF82 exhibited extensive adherence
compared to MG1655, invasion rates were unexpectedly low when invaded bacteria
were calculated as a percentage of adherent bacteria. Although MG1655 invasion
was higher than LF82, it is important to note overall LF82 invasion rates were low
(~0.2% in T84 cells, ~0.1% in Caco-2) compared to similar studies in the literature,
where a 1% invasion rate of T84 cells (Elatrech et al., 2015) and 4% invasion of
Caco-2 cells (Boudeau et al., 1999) has previously been observed. Furthermore,
the invasion % calculated in the studies by Boudeau et al were calculated as a
percentage of the inoculum surviving gentamicin treatment, whereas in our studies
the percentage of invasion was standardised to levels of adherent bacteria. These
experiments were repeated in cells grown to confluence, and displayed similarly low
invasion rates. Interestingly, the replication of LF82 in T84 cells was approximately

4-fold in non-confluent and 2-fold in confluent cells, meanwhile, in Caco-2 cells,
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replication rates were below 100% in both states. This indicates a potential
mechanism of clearance in Caco-2 cells that is not present in T84 cells and
demonstrates intracellular replication of AIEC LF82 differs between cell lines.
Interestingly, studies by Larabi et al demonstrated that upon AIEC LF82 infection,
miR-30c and miR-130a were packaged in exosomes and transferred to recipient
T84 cells, in which they inhibit ATG5 and ATG16L1 expression and suppress
autophagy using qRT-PCR analysis (Larabi et al., 2020). In addition, AIEC have
been shown to inhibit autophagy by impairing host SUMOylation leading to
increases in AIEC intracellular replication in vitro (Bretin et al., 2016; Dalmasso et
al., 2019; Nguyen et al., 2014). This could therefore explain the higher replication
observed in T84 cells in comparison to Caco-2. In contrast, Dalmasso et al showed
that a functional siderophore yersiniabactin is implicated in the activation of
autophagy upon infection with AIEC in T84 cells (Dalmasso et al., 2021). Whilst
yersiniabactin is an advantage for AIEC survival and growth in an iron-restricted
environment, presence of the siderophore in AIEC activated Hif-1a, leading to
autophagy activation and consequently a better host control of AIEC intracellular

replication (Dalmasso et al., 2021).

The intrinsic heterogeneity of Caco-2 cells is also important to consider, given that
several clones have been isolated from the parental line (Sambuy et al., 2005),
therefore making it difficult to compare results in the literature when the sub-type of
Caco-2 cells has not been specified. As a result, the sub-clones may display
different morphological and functional characteristics which may affect the results
described in these studies. In addition, Caco-2 cells have demonstrated increased
division rate, decreased expression of cell surface receptors and altered membrane
permeability at higher passage numbers (Yu et al., 1997). This could explain
differences between results in the literature due to selection of fast-growing sub-

populations during passaging.
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3.3.2 LF82 forms biofilms on T84 and Caco-2 cells

Biofiims are a community of bacteria living within an extracellular polymeric
substance (EPS) matrix, produced by the bacteria, and adhere to each other on
either living or non-living surfaces (Gupta et al., 2016; Zhao et al., 2023). Bacteria
employ biofilm formation under environmental cues to develop a relationship with
the host, display resistance in harsh conditions or to survive antibiotic and host
response-mediated stress (Castiblanco and Sundin, 2016). As a result, biofilm
formation contributes towards the development of antibiotic resistance and the

persistence of infections (Pang et al., 2019).

E. coli biofilm formation is a well-characterised and defined process, present
amongst both commensal and pathogenic E. coli (Reisner et al., 2006). However,
the wide range of environmental niches in which E. coli can thrive combined with
the genomic variability amongst strains suggests varying biofilm formation
strategies which are underexplored. Commensal Gl E. coli typically reside in the
outer mucus layer of the colon without contacting the underlying epithelium (Conway
and Cohen, 2015), establishing biofilms by formation of an ECM consisting of curli
and cellulose (Hufnagel et al., 2015). In addition, AIEC have been shown to be
higher biofilm producers than non-AIEC strains, where adhesion and invasion
correlated with biofilm formation capabilities (Martinez-Medina et al., 2009b). Given
that increased AIEC has been observed in intestinal biopsy specimens of IBD
patients (Darfeuille-Michaud et al., 2004), the ability to form biofilms could contribute

to IBD aetiology and is thus gaining interest in AIEC and IBD research.

Previous research demonstrated that AIEC deposited cellulose in microcolonies on
Caco-2 cells, promoted by a T4SS (Elhenawy et al., 2021). Furthermore, Prudent et
al found that intracellular LF82 produced an extrabacterial matrix that acts as a
biofilm and controls the formation of LF82 intracellular bacterial communties (IBCs)
(Prudentetal., 2021). In our study, extensive LF82 adherence was initially observed
on confluent Caco-2 and T84 cells and biofilm formation was subsequently
confirmed by detection of cellulose fibres inbetween bacteria. However,

quantification of cellular biofilm formation was problematic due to a lack of distinctive

106



E. coli antibody labelling. This could be circumvented by GFP labelling of bacteria.
Instead, quantification of abiotic biofilms in 96-well plates confirmed our findings and
indicated strong biofilm formation by LF82. This is in agreement with earlier studies
by Martinez-Medina et al which demonstrated AIEC strains, including LF82, are
strong biofilm-producers and associated with pathogenesis and colonisation of the
ileal mucosa in CD (Martinez-Medina et al., 2009b).

With distinct bacterial labelling and a strong signal, biofilms on biotic surfaces can
be quantified by imaging and automated cell counting (Wilson et al., 2017). In
addition to a lack of labelling in our studies, LF82 was found to form chain-like
structures, making it difficult to isolate single bacterial cells for counting. Another
method of biofilm quantification includes flow cytometry, or FACS analysis, which
would provide a value of adherent bacterial cells (Ambriz-Avifia et al., 2014). This
method would also require a strong bacterial signal and lack of aggregation.
Additionally, this comes with limitations in that staining may pick up host cell debris,

affecting output.

In contrast to LF82, AIEC strains NRG857c, HM580, HM605 and HM615 did not
form biofilms on confluent T84 cells. Although this was not confirmed by cellulose
staining, AIEC binding was diffuse or restricted to very few adhering bacteria
(HM605). This agrees with previous studies (Vejborg et al., 2011) which
demonstrated that HM580 and HM605 did not form biofilms in 96-well plates while
HMG615 biofilm fomation was significantly reduced compared with LF82.
Interestingly, Vejborg et al found potential AIEC virulence genes to be strain-specific
and not shared between isolates, thus making it difficult to identify specific markers
(Vejborg et al., 2011). Amongst these were a number of biofilm-related genes
including fim, flu and csg genes encoding type 1 fimbriae, Ag43 (autotransporter
protein) and curli, respectively. In addition, isolates from IBD patients did not display
any consistently better biofilm-forming capacity in vitro compared to isolates from
healthy controls (Vejborg et al., 2011), suggesting genes are not shared between
strains and other factors are required for pathogenesis in IBD. This contributes to

the hypothesis that AIEC are a diverse group and each strain may potentially have
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its own virulence strategy. Whilst LF82 is regarded as the AIEC prototype strain, its
virulence traits displayed here, including extensive adherence and cytotoxicity, do
not apply to the other strains tested, highlighting the need to revise the criteria used
to define AIEC.

3.3.3 LF82 adherence to Caco-2 and T84 cells is mannose-dependent but not
mediated by CEACAM-6

Various adhesins that mediate AIEC adherence to IECs have been described. For
example, ChiA binds to inducible CHI3L1, which is overexpressed in colonic
epithelial cells during inflammation (Chen et al., 2011; Mizoguchi, 2006). Meanwhile,
the OmpA-Gp96 interaction supports OMV fusion with IECs and promotes AIEC
invasion (Rolhion et al., 2010). Previous studies have implicated CEACAM-6 as a
receptor for AIEC LF82 binding by FimH (Barnich et al., 2007). The studies by
Barnich et al utilised ileal biopsies to determine CEACAM-6 expression and
interaction with LF82. Their results demonstrated AIEC adhere to the brush border
of primary ileal enterocytes isolated from CD patients but not to healthy controls. In
addition, blocking of CEACAM-6 with a monoclonal antibody reduced LF82 binding,
and CEACAM-6 expression was elevated in ileal epithelial cells of CD patients
versus non-IBD controls. Interestingly, expression of CEACAM-6 was also
increased after infection with AIEC, suggesting AIEC can promote its own

colonisation in CD.

In contrast, the results of our study showed that LF82 adherence is not mediated by
CEACAM-6 binding in the colonic epithelium. Immunofluorescent staining of LF82-
infected T84 cells indicated LF82 binding was independent of CEACAM-6
expression. The use of CEACAM monoclonal antibodies to block LF82 binding
demonstrated no change in LF82 adhesion compared to non-treated controls.
Interestingly, some of these results aligned with those of Barnich et al., whereby
blocking CEACAM-1 and 5 had no effect on LF82 adhesion, however our results
conflicted with the blocking of CEACAM-6. In this investigation, CEACAM-6
antibodies did not block LF82 adherence to T84 cells, whereas Barnich et al

demonstrated a significant reduction in LF82 adherence to ileal IECs using the same
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antibody (clone 9A6, Santa Cruz) and blocking protocol. This discrepancy could be
due to differences in intestinal binding sites (ileum versus colon) as no upregulation
of CEACAM-6 expression was observed in the colonic mucosa of CD patients
(Barnich et al., 2007). In addition, AIEC access was restricted to the apical cell
surface in our experiments whereas bacteria were exposed to isolated ileal IECs in
the Barnich study, thereby allowing basolateral membrane binding. Furthermore,
our results showed similar CEACAM-6 expression in non-infected T84 monolayers
and those infected with LF82 although this was not quantified by Western Blot or
Imaged analysis. Therefore, increased CEACAM-6 expression observed after
infection with AIEC in ileal enterocytes (Barnich et al., 2007) might not be reflected
in T84 cells.

Whilst the same monocolonal antibody (clone 9A6) was used in our investigations
as those by Barnich et al, it is important to consider that monoclonal antibodies are
not guaranteed to block AIEC binding if the epitope is located outside of the binding
site. In addition, the lack of a positive control, such as ETEC which has been
confirmed to bind via CEACAM-6, is a limitation to our studies. Sheikh et al
confirmed ETEC binding to CEACAM-6, whereby a CRISPR-Cas9 deletion of
CEACAM-6 in intestinal epithelial cells led to a marked decrease in bacterial
adhesion by wildtype ETEC (Sheikh et al., 2020). Additionally, the study showed
interaction of recombinant CEACAM-6 with the mannose-binding lectin domain of
FimH (Sheikh et al., 2020).

Our studies demonstrated that LF82 adherence was dependent on FimH binding to
mannose, given that in the presence of 0.5% D-mannose, LF82 binding to T84 and
Caco-2 cells was significantly reduced. It is important to consider any potential
effects of D-mannose and its mechanism of action on E. coli physiology. Whilst our
study did not investigate whether D-mannose has any toxic activity on AIEC LF82,
multiple studies in uropathogenic E. coli (UPEC) demonstrate that D-mannose,
even at relatively high concentrations, does not alter bacterial growth, viability or
morphology, indicating that it lacks bacteriostatic or bactericidal activity against E.

coli strains in vitro. In the prototype UPEC strain CFT073, high concentrations of D-

109



mannose had no detectable effect on colony formation or growth dynamics on solid
media or in broth, and did not influence bacterial motility or morphology compared
with untreated cells (Scribano et al., 2020). Systematic reviews of the use of D-
mannose in urinary tract infection prevention similarly conclude that it interferes with
type 1 fimbriae—mediated adhesion without affecting bacterial metabolism or
growth, and that its action does not involve direct effects on bacterial or host cellular
processes (Scaglione et al., 2021). Therefore, this supports the interpretation that
D-mannose is not inherently toxic to AIEC, but instead acts as an anti-adhesive.
Collectively, these results suggest that the upregulation and binding of AIEC to
CEACAM-6 is specific to the ileal segment in CD while different mannosylated host

cell receptors are likely to play a role in AIEC colonisation of the colon.

This could be due to differential gene expression and environmental changes along
different areas of the gastrointestinal tract. For example, in the Gl tract, S.
Typhimurium Std fimbriae (Suwandi et al., 2019) and Bacillus subtilis YesU
(Tiralongo et al., 2018) use abundant fucosylated glycans to adhere to and colonise
the gut. Vibrio cholerae adhesins, including V. cholerae cytolysin (VCC) and RbmC,
bind complex-type N-linked glycans expressed on intestinal epithelial cells to
support colonisation (De et al., 2018). Meanwhile, ETEC adhesin EtpA binds blood
group A glycans to adhere and deliver toxins (Kumar et al., 2018). Although beyond
the scope of this thesis, this could potentially be explored by the use of glycan arrays
or mass spectrometry analysis of LF82-infected colonic epithelia in future studies to
identify the mannosylated receptor. For example, the use of a shotgun carbohydrate
microarray to identify receptors for ETEC fimbrial adhesins demonstrated that the
blood group A type 1 hexasaccharide acts as a receptor for the FedF lectin domain
and remarkably also for F18-fimbriated E. coli in livestock (Lonardi et al., 2013). A
shotgun approach could thus help in identifying AIEC receptors in vivo. Current
strategies to block AIEC binding include approaches to block the receptor CEACAM-
6 or to interfere with CEACAM-6 glycosylation (Sivignon et al., 2022; Sun et al.,
2020). However, based on the results of this thesis, these strategies would only be

applicable in the small intestine and not the colon. Meanwhile, approaches to block
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FimH, and thus bacterial adhesion, using a specific FimH antagonist (TAK-018) may

be more suitable (Chevalier et al., 2021).

3.3.4 AIEC adherence, invasion and intracellular replication is strain-specific

Whilst increased numbers of AIEC have been reported in the ileum of CD patients,
there is also evidence of E. coli associated with the colonic mucosa (Martinez-
Medina et al., 2009a). In addition, mucosa-associated E. coli that resisted
gentamicin treatment and were assumed to be intracellular have been located within
the histologically normal regions of the colonic mucosa in colon cancer patients
(Swidsinski et al., 1998). Studies by Martin et al demonstrated the presence of
increased numbers of adherent, hemagglutinin-expressing E. coli on and within CD
mucosae which are able to induce IL-8 release from |IEC lines 1407 and HT29 (Martin
et al., 2004). Strains HM580, HM605 and HM615 used in our study were isolated
from the colonic mucosa of CD patients. In addition to LF82, NRG857c is also an
AIEC strain isolated from the ileum of a CD patient. NRG857c¢ belongs to the same
serogroup as LF82 and shows high sequence similarity, whereby 35 genomic
islands in NRG857c are highly orthologous in LF82 (Nash et al., 2010).

The low invasion rates of LF82 and lack of preferential binding to CEACAM-6 led to
extension of our studies to include ileal strain NRG857¢ and colonic strains HM615,
HM605 and HM580. Our results suggest that adherence, invasion and intracellular
replication of AIEC to colonic cells is strain-specific. Of all strains investigated,
HMS580 displayed significantly higher adherence. Interestingly, the adherence of
HM580 to T84 cells in our study (5.2 x 107 CFU/well) was much higher than
described previously, whereby 2.7 x 10° and 3.54 x 10* CFU/well adherence to 1407
and HT29 cells respectively was shown (Martin et al., 2004). Although higher than
LF82, the growth of HM580 was similar to other strains and therefore may not be
responsible for the increase in adherence. Interestingly, whilst HM580 showed
higher adherence, it has previously been described that HM580 does not form
biofilms like LF82 (Vejborg et al., 2011). Therefore, the mechanism of adherence of
HM580 and LF82 may differ. Similarly, NRG857c has been shown to adhere to and
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invade Caco-2 cells, whereby 3 x 10% and 2.6 x 10° CFU were recovered following

adherence and invasion respectively (Cieza et al., 2015).

With respect to invasion, colonic strains HM615, HM605 and HM580 showed similar
rates to LF82. This is in contrast to results in HT29 cells, where HM580
demonstrated significantly less invasion compared with LF82 (1.98% versus
12.36%), whereas strains HM605 and HM615 showed no viable intracellular
bacteria after 1 hr gentamicin treatment at all (Martin et al., 2004). In addition, ileal
isolate NRG857c invasion into T84 cells was significantly higher than LF82. Given
that both LF82 and NRG857c are ileal isolates and have previously been suggested
to be similar characteristically, the difference is surprising. However, the overall
invasion rate (0.08%) of NRG857c in our studies is still a fraction of what has
previously been described by Cieza et al, where a 1.22% invasion rate of Caco-2
cells was observed (Cieza et al., 2015). Interestingly, Mancini et al demonstrated
significantly higher LF82 invasion in comparison to NRG857c¢ in T84 cells, however
infection parameters differed, where only a 2 hr infection incubation period was used
(Mancini et al., 2021). Furthermore, genomic studies by Vejborg et al demonstrated
several AIEC isolates do not share virulence genes. These include genes related to
invasion, namely ibeA, invA and tia (Vejborg et al., 2011). Therefore, NRG857¢c may
harbour virulence genes related to invasion that are not shared with other isolates

which could be investigated by functional genomic studies.
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3.3.5 AIEC LF82 is cytotoxic to T84 and Caco-2 cells

In this study, cytotoxicity was a key feature of LF82 pathogenesis across both T84
and Caco-2 cells. Given that AIEC LF82 has been shown to disrupt epithelial barrier
function by direct targeting of TJ protein ZO-1 (Wine et al., 2009), it may also be
speculated that LF82 induces cell damage that ultimately leads to a leaky gut barrier
in CD. Given that LF82-induced cytotoxicity in our study was not mediated by
secreted factors and was independent of bacterial invasion, it can be hypothesised
that LF82 adherence to the host cell mediates cell death. Interestingly, epithelia
exposed to LF82 deficient in type 1 pili, which are critical for adhesion, had
mitochondrial networks similar to noninfected epithelia (Mancini et al., 2021). This
was in addition to a lack of effect observed when using dead LF82, indicating that
the attachment of viable bacteria to the epithelium caused fragmentation of the

mitochondrial network.

Furthermore, it was hypothesised that the cell death observed in LF82-infected IECs
could be due to the secretion of T6SS effector proteins. T6SSs can deliver
enzymatic effectors into both prokaryotic and eukaryotic hosts to destroy them
(Massier et al., 2015). AIEC LF82 harbours two Type VI Secretion Systems (T6SS),
T6SS-1 and T6SS-3. However, infections with mutant strains LF82 AtssE1, LF82
AtssE3 and LF82 AtssE1 AtssE3 did not diminish cell death in T84 cells. Previous
studies have also shown that T6SS-1 and T6SS-3 were not involved in LF82
invasion (Cogger-Ward, 2019). Therefore, alternative virulence factors mediate
LF82 host cytotoxicity. For example, Brucella melitensis cytotoxicity in macrophages
is dependent on a T4SS (Pei et al., 2008). Interestingly, a T4SS has been identified
in AIEC NRG857c¢ which is required for intestinal biofilm formation in C57BL/6 mice.
Notably, the T4SS is enriched among E. coli isolates from CD patients compared to
healthy controls suggesting a role in pathogenesis (Elhenawy et al., 2021). As LF82
formed biofilms and promoted contact-dependent cytotoxicity in our study, exploring
the role of a T4SS in LF82 cytotoxicity would be an interesting avenue of future

research.

113



Whilst the underlying mechanisms of LF82-mediated cytotoxicity were not identified
in this study, it can be hypothesised that this may be a result of reactive oxygen
species (ROS) production and mitochondrial damage. ROS production can be
induced by microbial pathogens and can lead to the damage of mitochondrial
proteins, membranes and DNA in the host, leading to impaired mitochondrial
function and thus cell death (McKay et al., 2020). A study by Mancini et al
investigated the effect of AIEC LF82 on mitochondrial function, demonstrating that
LF82 significantly affected epithelial expression of approximately 8600 genes in T84
cells, many of which relate to mitochondrial function. Furthermore, LF82-infected
T84 epithelia revealed swollen mitochondria, reduced mitochondrial membrane
potential and adenosine triphosphate, and fragmentation of the mitochondrial
network, which were not observed with dead LF82, medium from bacterial cultures,
or commensal E. coli-HB101 (Mancini et al., 2021). This fragmentation occurred at
early time points after infection (2-4 hr), while loss of mitochondrial fusion protein
OPA1-L was observed by 16 hr after infection. Thus, fragmentation of the
mitochondrial network was shown as a novel aspect of LF82 epithelial interaction
that could explain the cytotoxicity demonstrated here. This may have implications
for barrier function that could be relevant to AIEC triggering initiation or disease

relapse in IBD.

Interestingly, host cell cytotoxicity was restricted to LF82 and not observed in
isolates NRG857¢c, HM615, HM605 or HM580. As these strains also did not form
biofilms, this would support a role of the T4SS as suggested above. In addition,
previous studies have shown that ROS-mediated mitochondrial damage in T84 cells
during LF82 infection was not shared among other AIEC strains from CD patients
(Elatrech et al., 2015) and that strain NRG857c caused little mitochondrial
fragmentation (Mancini et al., 2021). Although this suggests that LF82-induced T84
cell death might be mediated via ROS production, the results by Elatrech et al
indicated a strong ROS response reaches its maximum after 3 hr, which they
suggested to be coinciding with the invasion of LF82 in T84 cells (Elatrech et al.,
2015). In our studies, cytotoxicity was observed after 4 and 24 hrs in T84 cells but

was independent of LF82 invasion. Therefore, prolonged ROS exposure as a result
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of extensive LF82 adherence could be studied to gain a better insight into LF82-

induced cytotoxicity in IECs.

Furthermore, differences in T84 and Caco-2 cell lines are likely to substantially
influence the epithelial cell death pathways activated following AIEC infection. T84
cells model a crypt-like colonic epithelium, exhibit innate immunity signalling, are
highly depenedent on tight junction integrity and active autophagic flux, therefore
are more likely to undergo regulated cell death in response to intracellular AIEC and
inflammatory stress (Eckmann et al., 1993; Larabi et al., 2020; Madara et al., 1987).
Consistent with this, infection of T84 monolayers with AIEC LF82 in this study
resulted in the formation of gaps within the epithelial monolayer (Figure 3.9A),
indicative of a loss in barrier integrity. This barrier disruption is predicted to promote
intrinsic apoptotic signalling, characterised by caspase-3 activation and PARP
cleavage when autophagic clearance mechanisms are overwhelmed (Elhenawy et
al., 2019; Larabi et al., 2020). In contrast, Caco-2 cells displayed preserved
monolayer integrity following LF82 infection when observed by microscopy (Figure
3.9B). This may be explained by attenuated innate immune responses and
increased tolerance of intracellular bacteria (Barnich et al., 2007; Pinto et al., 1983).
Such a reduced response may limit activation of apoptotic or pyroptotic pathways in
Caco-2 cells and instead permit intracellular persistence of AIEC with less prominent
epithelial damage, thus Caco-2 cells may underestimate cytotoxic effects of AIEC

infection.
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3.3.6 AIEC LF82 induces secretion of pro-inflammatory cytokines from T84
cells

Increased release of pro-inflammatory cytokines is a key feature of CD and results
in perpetuation of intestinal inflammation (De Souza and Fiocchi, 2016). The
observation that LF82 induces secretion of pro-inflammatory cytokines from IECs
highlights the potential pathogenesis of AIEC in CD. Results of our studies indicated
a significantly higher release of IL-8, TNF-a and IL-6 from cells incubated with LF82
compared with non-infected controls. Similarly, Elatrech et al demonstrated that
LF82 induced IL-8 mRNA expression in T84 cells, which, interestingly, occurred as
a result of LF82-induced ROS production (Elatrech et al., 2015). Given the
cytotoxicity described previously, and the potential link to ROS production, a
mechanism whereby LF82 extensively adheres to IECs, inducing ROS production

and subsequent IL-8 release could be proposed for the cell death observed.

Whilst LF82 exhibited increased release of IL-8, non-invasive MG1655 also elicited
an IL-8 response in T84 cells. This is not unexpected, as it has previously been
described that flagellin released by commensal E. coli strains can induce a pro-
inflammatory response in enterocytes. For example, MG1655 induced IL-8 release
after 16 hr incubation in HT-29 and Caco-2 cells due to activation of the TLRS
signalling pathway (Bambou et al., 2004). This raises the important question of how
gut homeostasis is maintained and inappropriate inflammation avoided in the
presence of the bacterial microbiota. Haller et al suggested that the intestine may
rapidly produce immunoregulatory cytokines to counteract the pro-inflammatory
effect of commensal bacteria. For example TGF-B1 secreted from enterocytes
inhibits Bacteroides vulfgatus-induced NF-kB recruitment to the IL-6 promoter by
histone acetylation (Haller et al., 2002). Instead, it is also possible that other gut
microbiota may reduce the IEC pro-inflammatory response. For example,
Bacteroides thetaiotaomicron has been shown to inhibit inflammatory responses
induced by Salmonella in vitro and in vivo (Kelly et al., 2004). Furthermore, flagellin
expression in commensal bacteria might be downregulated under intestinal

conditions as shown for E. coli (Sevrin et al., 2020).
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Chapter 4. Investigating AIEC LF82 interaction with
polarised IECs and the influence of oxygen using a

Vertical Diffusion Chamber (VDC) model system
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4.1 Background

The intestinal environment is highly complex, with factors such as oxygen
availability, epithelial morphology, and barrier integrity playing critical roles in host—
pathogen interactions. To mimic this in vitro, colonocyte-like T84 cells were
polarised on permeable Transwell membranes enabling full differentiation into
microvillous epithelial monolayers with intact tight junctions. This is particularly
relevant to CD, where increased epithelial permeability is a hallmark of pathology,
and AIEC strain LF82 has been shown to disrupt tight junction proteins (Wine et al.,
2009).

Polarised T84 epithelia grown on membrane filters can be incorporated into a
vertical diffusion chamber (VDC), allowing maintenance of a low-oxygen apical
environment that more accurately reflects conditions in the distal gastrointestinal
tract, where oxygen levels are typically below 1% (Friedman et al., 2018). Oxygen
availability is increasingly recognised as a critical determinant of bacterial virulence.
Work by Marteyn et al. demonstrated that intestinal oxygen gradients directly
regulate pathogen behaviour through the oxygen-responsive transcription factor
FNR, enabling spatial control of virulence gene expression in vivo. In Shigella
flexneri, active FNR under anaerobic luminal conditions represses type Il secretion,
while oxygen diffusion near the epithelial surface inactivates FNR, triggering effector

secretion precisely at the site of host cell contact (Marteyn et al., 2010).

Microaerobic conditions may therefore act as a cue for AIEC to upregulate adhesins,
invasion-associated factors, and intracellular survival mechanisms, facilitating
epithelial colonisation and persistence. Consistent with this model, A/E lesion-
forming E. coli display enhanced adherence under microaerobic conditions due to
the stimulation of T3SS expression (Schuller and Phillips, 2010), and AIEC virulence
has similarly been shown to be sensitive to environmental cues encountered at the
epithelial interface. Similarly, infection of T84 and Caco-2 cells with Campylobacter
Jejuniin the VDC demonstrated increased epithelial association and invasion of host

cells under microaerobic versus aerobic conditions (Mills et al., 2012; Naz et al.,
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2013). In addition, Clostridioides difficile infection of T84 cells under microaerobic
conditions results in heightened pro-inflammatory responses, including increased
IL-8 and TNF-a expression, alongside a more pronounced loss of epithelial barrier

resistance (Anonye et al., 2019; Jafari et al., 2016).

Despite this, the majority of AIEC studies to date have relied on non-polarised
carcinoma cell lines such as Caco-2, HT-29, and T84 cultured under atmospheric
oxygen conditions. Building on the findings presented in Chapter 3, the interaction
between AIEC LF82 and intestinal epithelial cells was therefore re-examined using
fully polarised T84 monolayers within the VDC system, enabling assessment of
host—pathogen interactions under physiologically relevant microaerobic conditions

that more accurately reflect the in vivo intestinal niche.
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4.2 Results

4.2.1 Establishment of polarised T84 monolayers

For this study, polarised T84 cell monolayers were used as they are more
physiologically relevant than non-polarised cells, whereby the cells develop a tall,
column-shaped morphology and have a polarised distribution of cell surface
receptors which is of critical importance when investigating host-pathogen
interactions (Madara et al., 1987; Tran et al., 2014). Polarised T84 monolayers were
obtained by culturing cells on permeable collagen-coated Snapwell or Transwell
filters. T84 cells were seeded onto filter inserts at 5 x 10° cells per filter and cultured
for 14 days. From day 4 post-seeding, Trans-epithelial electrical resistance (TEER)
was determined to monitor epithelial barrier function. Epithelial structure was
determined by immunofluorescence staining for the microvillous actin, and the tight
junction protein occludin. By day 8, T84 monolayers developed a strong resistance,
with TEER values peaking around 2000 Q x cm?, and then stabilised over the
following 6 days to approximately 1000 Q x cm? (Figure 4.1A). When evaluating
immunofluorescence staining by microscopy, T84 cells exhibited other hallmarks of
polarisation, including a tall, column-shaped morphology with an apical microvillous

brush border and intact tight junctions between cells (Figure 4.1B).
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Figure 4.1. Polarised T84 cells have a high epithelial resistance, a microvillus brush
border and form tight junctions. T84 cells were cultured in Transwell inserts for 14 days
and transepithelial electrical resistance (TEER) monitored every 2 days from day 4 post-
seeding (A). Data shown as the mean +- SD from 3 experiments. Monolayers cultured for

14 days were stained for occludin (red) and F-actin (green) (B). Scale bar = 10um.
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4.2.2 AIEC LF82 adherence, invasion and intracellular replication in polarised
T84 cells

Given the low invasion and high adhesion of LF82 in non-polarised T84 and Caco-
2 cells, the adherence, invasion and intracellular replication of AIEC LF82 and non-
invasive MG1655 was determined in polarised T84 monolayers. T84 cells on
Transwell filters were incubated with either LF82 or MG1655 and adherence,
invasion and replication was determined as described previously (See - 2.3.1
Gentamicin invasion assay). LF82 adherence was higher than that of MG1655 but
this did not reach significance (Figure 4.2A). Numbers of intracellular LF82 after 1hr
and 21hr were significantly higher compared with MG1655 (Figure 4.2B). LF82
invasion and replication rates were higher than MG1655, however this also did not

reach significance (Figure 4.2C and 4.2D).
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Figure 4.2. Adherence, invasion and intracellular replication of AIEC LF82 and E. coli
MG1655 in polarised T84 cells. T84 cells were polarised on Transwell filters. Cells were
incubated with bacteria for 3 hr, followed by 1 hr or 21 hr of gentamicin to kill extracellular
bacteria. Adherent bacteria were determined after 3 hr by CFUs (A). Invasion and
intracellular replication (B) was determined after 1 hr or 21 hr of gentamicin treatment,
respectively, and cell lysates plated for CFUs. Results were normalised to an inoculum of
10" bacteria. Invasion rates (C) and replication rates (D) were calculated relative to
numbers of adherent and invaded bacteria, respectively. Data shown as the mean +- SD.

Significance was calculated using a student’s unpaired t-test (**p<0.01).
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4.2.3 Apical invasion of AIEC LF82 is predominant in Caco-2 but not T84

cells

Given the low invasion rates of LF82 in T84 and Caco-2 cells, it was hypothesised
that AIEC invasion occurred via the basolateral side of the epithelium. This strategy
is employed by the gastrointestinal pathogen Shigella flexneri where invasion was
significantly higher from the basolateral versus apical surface in in differentiated
enteroid monolayers (Ranganathan et al., 2019). Additionally, previous studies have
demonstrated increased TEER reduction in polarised T84 cells infected with AIEC
LF82 via the basolateral versus apical surface (Wine et al., 2009) indicating a

preferential interaction with the basolateral side.

To determine if LF82 invades via the basolateral membrane of polarised IECs, T84
and Caco-2 cells were grown on Transwell filters and incubated with LF82 on either
the apical or basolateral side for 3 hr followed by 1 hr of gentamicin treatment. To
prevent bias due to the impact of gravity, filters were inverted for basolateral
invasion. Results showed similar CFU numbers for apical and basolateral invasion
in T84 cells (Figure 4.3A) whereas LF82 preferentially invaded the apical surface of
Caco-2 cells (Figure 4.3B). Therefore, low invasion rates in earlier experiments are

likely not due to preferential invasion from the basolateral side.
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Figure 4.3. AIEC LF82 invasion in T84 and Caco-2 cells infected from the apical or
basolateral side of the epithelium. T84 (A) or Caco-2 (B) cells were polarised on
Transwell filters and incubated with AIEC LF82 for 3 hr followed by 1 hr treatment with
gentamicin. Invasion was determined by plating out cell lysates for CFUs. Results were
normalised to an inoculum of 10" bacteria. Data shown as the mean +- SD. Significance

was calculated using a student’s unpaired t-test (****p<0.0001).
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4.2.4 AIEC LF82 is cytotoxic to polarised T84 cells and disrupts epithelial

barrier function

Given the LF82-induced cell death observed in confluent T84 cells, cytotoxicity in
polarised T84 cells was investigated. Polarised T84 monolayers were incubated with
AIEC LF82, MG1655 or left non-infected for 3 hr followed by 21 hr gentamicin
treatment and cytotoxicity was determined by Trypan Blue staining. In addition,
TEER was measured before and after 21 hr of incubation to determine changes in
epithelial barrier function as a result of infection. LF82 induced significantly higher
cytotoxicity in polarised T84 cells compared to MG1655 and non-infected controls
(Figure 4.4). While non-infected polarised T84 cells maintained approximately 80%
of barrier function, incubation with MG1655 and LF82 significantly decreased barrier
function to 60% and 25%, respectively (Figure 4.4). The decrease in TEER

correlates with increases in cytotoxicity observed during LF82 infection.
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Figure 4.4. LF82 is cytotoxic to polarised T84 cells and significantly reduces barrier
function. Polarised T84 cells were incubated with AIEC LF82 or non-invasive E. coli
MG1655 or left non-infected for 3 hr, followed by 21 hr treatment with gentamicin to Kkill
extracellular bacteria. Cytotoxicity was measured by Trypan Blue staining and quantification
at ODsgo (A). Barrier function was determined by measuring TEER (B). TEER data shown
as % TEER relative to barrier function before infection. All data shown as the mean +- SD.
Significance was calculated using a one-way ANOVA test with Tukey’s post-test comparison

(**p<0.01; ***p<0.001; ****p<0.0001).
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4.2.5 AIEC LF82 induces predominant pro-inflammatory cytokine secretion

from the apical side of the epithelium

As previously shown, confluent T84 cells secrete the pro-inflammatory cytokines
TNF-a and IL-8 in response to LF82 infection (See - 3.2.6 AIEC LF82 induces
secretion of pro-inflammatory cytokines from T84 cells). Polarising cells on
Transwell filters additionally allows to determine the direction of cytokine secretion
(i.e. apical versus basolateral). Apical cytokine secretion would suggest that
cytokines may be secreted into the lumen during infection. Earlier studies have
demonstrated IL-8 secretion from polarised T84 cells to be primarily basolateral
following apical infection with Salmonella Typhimurium, leading to neutrophil
migration across the epithelium (Kucharzik, 2005; McCormick et al., 1995).
However, previous studies in the Schuller group demonstrated predominant apical
IL-8 secretion in EPEC-infected T84 cells (McGrath et al., 2022).

Samples were collected after 3 hr incubation with bacteria followed by 21 hr
gentamicin treatment and TNF-a, IL-8, IL-6 and IL-1B in apical and basal
supernatants was quantified by sandwich ELISA. IL-8 release into the apical
compartment was significantly higher in LF82 and MG1655-infected cells compared
with non-infected controls (Figure 4.5A). This was mirrored in basal compartments
but only reached significance for LF82. Notably, E. coli-induced IL-8 secretion was
higher in apical versus basal supernatants (Figure 4.5A). In addition, TNF-a release
was also primarily apical and significantly higher in LF82-infected cells compared to
non-infected controls. Whilst basal TNF-a release also appeared higher than
MG1655 and non-infected cells, this did not reach significance (Figure 4.5B).
Cytokines IL-6 and IL-1 were not detected.
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Figure 4.5. Exposure to AIEC LF82 and E. coli MG1655 induces IL-8 secretion and
LF82 induces TNF-a secretion in polarised T84 cells. T84 cells polarised on Transwell
filters were incubated with LF82, MG1655 or non-infected for 3 hr followed by 21 hr
gentamicin treatment. IL-8 (A) and TNF-a (B) release was quantified in apical and basal
supernatants by ELISA. Data shown as the mean +- SD. Significance was calculated using

a one-way ANOVA test with Tukey’s post-test comparison (*p<0.05; **p<0.01; ***p<0.001).
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4.2.6 Investigating the influence of oxygen on AIEC LF82 pathogenesis using
a Vertical Diffusion Chamber (VDC) system

To investigate AIEC interaction with polarised T84 cells in aerobic and microaerobic
conditions, a vertical diffusion chamber model system was used. The apical medium
was inoculated with bacteria for 3 hr to allow bacterial adherence and replaced with
media containing gentamicin for 1 hr or 21 hr to quantify invasion and replication,

respectively.

4.2.6.1 AIEC LF82 adherence, invasion and intracellular replication in aerobic and
microaerobic conditions

LF82 adherence to polarised T84 cells was significantly higher in aerobic vs
microaerobic conditions (Figure 4.6A). This was not due to enhanced microbial
replication in the presence of oxygen as LF82 growth was similar in aerobic and
microaerobic conditions when cultured in the VDC without the presence of host cells
(Figure 4.6B). Regarding LF82 invasion and intracellular replication, there was no
significant difference between aerobic and microaerobic conditions (Figure 4.6C
and D). When invasion and replication rates were calculated, there was no

significant difference between the two conditions (Figure 4.6E and F).
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Figure 4.6. Adherence, invasion and intracellular replication of AIEC LF82 in
polarised T84 cells under aerobic and microaerobic conditions. Cells were incubated
in the VDC with AIEC LF82 for 3 hr, followed by 1 hr or 21 hr of gentamicin to kill extracellular
bacteria. Adherent bacteria were determined after 3 hr by CFUs (A). Bacterial growth of
LF82 in each condition without host cells was determined after 3 hr by CFUs (B). Invasion
(C) and intracellular replication (D) was determined after 1 hr or 21 hr of gentamicin
treatment respectively and cell lysates plated for CFUs. Results were normalised to an
inoculum of 107 bacteria. Invasion (E) and replication rates (F) were calculated relative to
adherent and invaded bacteria, respectively. Data shown as the mean +- SD. Significance

was calculated using a student’s unpaired t-test (**p<0.01).
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4.2.6.2 Polarised T84 cells do not maintain barrier function in the VDC

To investigate the effect of LF82 infection on epithelial permeability in aerobic and
microaerobic conditions, barrier function in T84 cells infected with LF82, MG1655 or
left non-infected was determined after 24 hr. Previous studies in the Schuller group
have successfully used T84 cells in the VDC whilst barrier function was maintained
(McGrath et al., 2022). Unexpectedly, TEER values dropped by about 80% even in
non-infected controls suggesting loss of epithelial integrity during the 24 hr
incubation in the VDC (Figure 4.7). To determine if this was due to the lack of FCS
in the culture medium, T84 cells were incubated in DMEM/F-12 medium containing
1, 5 or 10% FCS or no FCS (0%). However, this did not restore barrier function
(Figure 4.8). Additionally, immunofluorescence staining for occludin indicates tight

junctions are less intact in lower FCS concentrations (Figure 4.9).
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Figure 4. 7. Barrier function of T84 cells under aerobic (A) and microaerobic (B)
conditions in the VDC. Polarised T84 cells were incubated with AIEC LF82, E. coli
MG1655 or left non-infected (NI) for 3 hr, followed by 21 hr treatment with gentamicin to kill
extracellular bacteria. Barrier function was determined by measuring TEER. Data shown as

% TEER relative to barrier function before infection. Data shown as the mean +- SD.
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Figure 4.8. Reduced barrier function after VDC incubation is not caused by a lack of
FCS. Polarised T84 cells were maintained in the VDC under aerobic conditions in DMEM/F-
12 medium supplemented with 1%, 5% or 10% FCS or no FCS (0%). Barrier function was
determined by measuring TEER after 24 hr. Data shown as % TEER relative to barrier

function before incubation. Data shown as the mean +- SD.

Figure 4.9. Occludin staining indicates intact tight junctions despite low TEER. Scale bar =

10 ym.
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4.2.6.3 AIEC LF82-induced pro-inflammatory cytokine release is primarily apical
and lower in microaerobic conditions

To determine LF82-induced pro-inflammatory cytokine release in aerobic and
microaerobic conditions, apical and basal supernatants from T84 cells incubated
with LF82, MG1655 or non-infected in the VDC were collected after 24 hrs and TNF-
a, IL-8, IL-6 and IL-13 was quantified by sandwich ELISA. LF82 induced a
significantly higher apical and basolateral IL-8 release compared to non-infected
cells in both aerobic and microaerobic conditions (Figure 4.10). As previously
described in polarised T84 cells (See - 4.2.5 AIEC LF82 induces predominant pro-
inflammatory cytokine secretion from the apical side of the epithelium), IL-8 release
was higher from the apical versus the basal side. Similarly, MG1655 also elicited an
IL-8 response, although this was lower than that of LF82. Similarly, IL-1B release
was higher in apical versus basal supernatants in LF82-infected cells. There was no
significant difference between IL-1 release in LF82-infected cells compared with
MG1655 or non-infected in either aerobic or microaerobic environments, however
high variation between samples was observed (Figure 4.10). In addition,

concentrations of TNF-a and IL-6 were below detection levels of the ELISA kit.
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Figure 4.10. LF82 and MG1655 induce IL-8 release in polarised T84 cells under
aerobic and microaerobic conditions. Polarised T84 cells were incubated in the VDC
with LF82, MG1655 or left non-infected (NI) for 3 hr followed by 21 hr gentamicin treatment.
IL-8 (A) and IL-1 secretion (B) in apical and basal supernatants were quantified by ELISA.
Data shown as the mean +- SD. Significance was calculated using a one-way ANOVA test
with Tukey’s post-test comparison (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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4.2.7 Summary

In this study, the adherence, invasion and intracellular replication of AIEC LF82 was
determined in fully polarised T84 cells and compared with MG1655. LF82
adherence, invasion and intracellular replication was higher than MG1655.
Interestingly, LF82 invasion and replication rates were higher than MG1655, which
differed from non-polarised cells, however these did not reach significance. Given
these low invasion rates, investigations into basolateral invasion showed that LF82
invasion of T84 cells was similar to apical invasion, meanwhile apical invasion was
significantly higher than basolateral in Caco-2 cells. Therefore, there was no
preferential binding to the basolateral side. As in Chapter 3, LF82 also induced
significantly higher cytotoxicity in polarised T84 cells compared to MG1655 and non-
infected controls. The polarisation on Transwells allowed TEER to be determined,
showing that LF82 decreased barrier function. Furthermore, evaluation of pro-
inflammatory cytokine secretion showed that polarised T84 cells released IL-8 and
TNF-a primarily from the apical side which was higher when incubated with LF82.
Use of the VDC allowed investigations into the effects of a microaerobic
environment on LF82 pathogenesis. Interestingly, LF82 adherence to T84 cells was
higher under aerobic conditions compared to microaerobic, and there was no
difference in invasion or replication across the two conditions. Unexpectedly, T84
cells did not tolerate the VDC as barrier function decreased in all conditions, which
was not due to lack of FCS in the cell culture media. Finally, secretion of IL-8 and
IL-1B was higher in LF82-infected cells compared to MG1655 and non-infected.
Interestingly, levels of secreted cytokines were lower in microaerobic conditions

compared to aerobic. Meanwhile, TNF-a and IL-6 were not detected.
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4.3 Discussion

4.3.1 AIEC LF82 adherence, invasion and replication in polarised T84 cells

Colon carcinoma cell lines are frequently used due to their highly proliferative nature
and ease of culture, making them a useful tool for mechanistic studies and
toxicology assays (Creff et al., 2021). Whilst T84 and Caco-2 cells spontaneously
differentiate into a polarised epithelium upon reaching confluence, these cells can
be polarised further by culture on collagen coated membranes. As a result, T84 cells
display characteristics similar to colonocytes, including apical brush borders, tight
junctions, desmosomes, taller height and apical/basolateral polarisation of cell
surface receptors (Madara et al., 1987; Tran et al., 2014). Therefore a more accurate
representation of in vivo gastrointestinal pathogenesis can be studied in vitro. In this
study, evaluation of adherence, invasion and replication in polarised T84 cells
showed higher LF82 adherence in comparison to MG1655, however this did not
reach significance. Numbers of intracellular bacteria after 1 hr and 21 hr were
significantly higher than MG1655. In addition, LF82 had a higher invasion rate than
MG1655, in contrast to non-polarised T84 cells, where MG1655 had a higher rate.
However, it is important to consider the spread of data, and the overall invasion rate

was still low and comparable to that of non-polarised cells (0.08%).

Whilst many common intestinal pathogens including Salmonella, Campylobacter
and other pathogenic E. coli primarily invade the colonic epithelium through the
apical surface, the low invasion rates observed prompted investigations into
whether LF82 uses basolateral invasion in its pathogenesis. This strategy is
employed by the gastrointestinal pathogen Shigella flexneri, whereby bacteria
invade through the basolateral pole of Caco-2 cells (Marteyn et al., 2010).
Additionally, previous studies have demonstrated increased TEER reduction in
polarised T84 cells infected with AIEC LF82 via the basolateral versus apical surface

(Wine et al., 2009) indicating a preferential interaction with the basolateral side. In
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this study, LF82 invasion was similar between the apical and basolateral sides of

T84 cells. Meanwhile, apical invasion of LF82 was predominant in Caco-2 cells.

4.3.2 AIEC LF82 adherence, invasion and intracellular replication in aerobic
and microaerobic conditions

The low oxygen conditions of the intestinal environment are of critical importance in
host-pathogen interaction (Marteyn et al., 2011). As described above, LF82
adherence was significantly higher under aerobic compared to microaerobic
conditions. This was not due to higher replication in the aerobic environment, as
bacterial growth was comparable between the two conditions. This is interesting, as
adherence of gastrointestinal pathogens is typically expected to be higher in a
microaerobic environment due to being specially adapted to the luminal conditions
of the gut. This is observed in Campylobacter jejuni, whereby epithelial association
and invasion of host cells is increased under microaerobic conditions in comparison
to aerobic (Mills et al.,, 2012; Naz et al., 2013). In addition, H. pylori exhibits
increased adherence to Caco-2 cells in microaerobic conditions, whereby numbers
of adherent bacteria were more than 20 times higher after 4 hr incubation when
compared with aerobic conditions (Cottet et al., 2002). Similar results were also
seen with EHEC, where adherence to T84 cells was increased under microaerobic
conditions (Schuller and Phillips, 2010). Furthermore, a VDC was employed to
culture C. difficile with T84 cells and an anaerobic environment induced enhanced
C. difficile-induced cytokine secretion compared to the aerobic equivalent (Jafari et
al., 2016). Whilst many gastrointestinal pathogens exhibit increased virulence in a
microaerobic environment, it has previously been demonstrated that a zone of
relative oxygenation adjacent to the GI tract mucosa exists. This is caused by
diffusion from the capillary network at the tips of villi, which has been shown to
reverse the anaerobic block of Ipa secretion in Shigella flexneri, allowing T3SS
activation and thus enhancing invasion and virulence (Marteyn et al., 2010). In CD,
observations of gut microbiota dysbiosis include a decrease in anaerobes of the
Firmicutes phylum and an increase in facultative anaerobes, such as E. coli. This

shift is suggestive of a disruption in anaerobiosis and thus a role for oxygen. It has
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been suggested that disruption to the microvasculature of the intestinal tissue during
inflammation may influence both tissue oxygenation and release of oxygen in the
intestinal lumen (Binion and Rafiee, 2009; Chidlow et al., 2007; Deban et al., 2008).
Meanwhile, recent studies in a DSS colitis-induced mouse model showed intestinal
injury reduces intestinal tissue oxygenation and increases the flux of oxygen from
the tissue into the intestinal lumen, altering microbiome composition (Zong et al.,
2024). The higher LF82 adherence observed in an oxygenated environment
compared to microaerobic in our studies may therefore be due to LF82 adapting to
higher oxygen levels based on the leaky gut phenotype typically associated with
CD. Given that pathogens need to regulate their virulence gene expression to
maximize their fitness, and use environmental cues to do this, such as oxygen, pH
and nutrient availability, it is plausible that LF82 may harbour virulence factors that
are switched on in an aerobic environment. For example, in Shiga toxin-producing
E. coli (STEC), these cues influence T3SS expression in the colon (Ando et al.,
2007; Carlson-Banning and Sperandio, 2016; Schuller and Phillips, 2010).
Interestingly, AIEC LF82 flagellum expression is enhanced in the presence of bile
acids and mucins in contrast to commensal E. coli (HS) (Sevrin et al., 2020).
Therefore, LF82 virulence modulation in response to available oxygen would be an

interesting potential avenue of future AIEC research.

4.3.3 Cytotoxicity and reduced barrier function in polarised T84 monolayers

In addition to cell death, we determined the TEER in LF82-infected polarised T84
compared to MG1655- and non-infected controls. Results demonstrated reduced
barrier function in LF82-infected cells, whereby TEER was ~30% of the pre-infected
value in T84 cells. Similar results were observed in a separate study, whereby apical
LF82 infection of polarised T84 cells caused a 46% reduction in TEER when
compared with uninfected controls (Wine et al., 2009). In addition, LF82 infection
of the basolateral side exhibited an 81% reduction in TEER (Wine et al., 2009). It
could be hypothesised that the reduced TEER following basolateral infection could
be due to increased LF82 adherence or invasion of the basolateral side. Whilst

TEER was not determined following basolateral infection in this project, our results
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indicated similar levels of LF82 invasion from the apical and basolateral side of
polarised T84 cells. Therefore, reduced TEER is unlikely caused by increased
invasion. Interestingly, Wine et al. described that live bacteria were required, as a
drop in TEER was not observed with either heat-inactivated or formaldehyde treated
LF82 (Wine et al., 2009). In our investigations, a significant reduction in TEER was
observed in polarised T84 cells infected with LF82, which correlated with increasing
cytotoxicity. Therefore LF82-induced cytotoxicity may be a cause of decreased

barrier function.

4.3.3 Polarised T84 cells do not maintain barrier function in the VDC

Previous work in the Schuller group utilised the VDC system with T84 cells for
studies on the pathogenesis of diarrhoeagenic E. coli. During 22 hr incubations,
morphology and integrity of cell monolayers remained intact (McGrath et al., 2022;
Schuller and Phillips, 2010). Unexpectedly, T84 cells did not maintain epithelial
barrier function in our experiments, and a significant reduction in TEER was
observed after 24 hr of incubation even in the absence of bacteria. This was not due
to a lack of FCS in the cell culture medium. Notably, T84 cells used in this study
were sourced from the European Collection of Authenticated Cell Cultures
(ECACC), while previous studies in the Schuller group utilised T84 cells from the
American Type Culture Collection (ATCC). Both cell lines exhibited different cell
morphology and growth kinetics (data not shown), suggesting intrinsic differences
between T84 cell line clones from ECACC and ATCC repositories which may have

affected cell viability.
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4.3.4 AIEC LF82 induces apical IL-8 secretion in polarised T84 cells

Polarised T84 cells exhibit highly directional cytokine secretion in response to
bacterial infection, with IL-8 release occurring predominantly from the basolateral
surface under most conditions. This is thought to reflect physiological signalling
towards the lamina propria to promote neutrophil recruitment during infection
(Kucharzik, 2005; McCormick et al., 1995), and has been consistently observed
following apical infection with enteric pathogens, including Campylobacter jejuni
(Zheng et al., 2008). In addition, attachment of S. Typhimurium to the apical
membrane of T84 monolayers cultured on filter inserts stimulated basolateral
secretion of IL-8 and resulted in neutrophil migration across an intact epithelial
monolayer (McCormick et al., 1995). In contrast, apical IL-8 release from T84 cells
is influenced by epithelial polarity, receptor localisation, and the nature of the
bacterial stimulus. Engagement of pattern recognition receptors that are
preferentially localised to the basolateral membrane, such as TLRS and TLR4,
results in more robust NF-kB activation and IL-8 secretion than apical stimulation
alone (Gribar et al., 2008). Nevertheless, apical IL-8 secretion has been reported in
response to certain pathogens and PAMPs, including flagellin and
enterohaemorrhagic E. coli, suggesting that epithelial cells retain the capacity to
signal into the lumen under specific conditions (Lewis et al., 2016). In our study, IL-
8 secretion occurred mainly from the apical side of the T84 monolayer. This confirms
more recent studies on EHEC and EPEC showing predominant apical IL-8 release
in T84 cells (Lewis et al., 2016; McGrath et al., 2022). The functional role of apical
IL-8 remains less defined, but may contribute to local autocrine signalling or luminal
neutrophil recruitment during severe or sustained infection. Together, these studies
indicate that while basolateral IL-8 secretion represents the dominant and
physiologically relevant response of polarised T84 cells to bacterial challenge,
apical IL-8 release can occur in a pathogen- and context-dependent manner and

should be interpreted with consideration of epithelial polarity and barrier integrity.
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Many gastrointestinal pathogens induce a pro-inflammatory cytokine response in
microaerobic conditions, for example Clostridium difficile infection increased gene
expression of IL-8 and TNF-a in T84 cells in a VDC model (Jafari et al., 2016). In
our studies, T84 cells incubated with LF82 in the VDC showed a higher release of
apical IL-8 in aerobic compared to microaerobic conditions. Interestingly, this
correlates with increased LF82 adherence observed in aerobic conditions. In
contrast to experiments in confluent T84 cells (Chapter 3), TNF-a and IL-6 were not
detected in VDC supernatants. This is likely due to higher medium volumes in VDC
compartments (4 ml) compared with 24-well plates (1 ml) resulting in dilution of

cytokine concentrations below detection levels.
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Chapter 5. AIEC LF82 interaction with human

colonoids
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5.1 Background

As previously described, a prevalent approach to modelling human intestinal
infections has been the use of colon carcinoma cells. Widely used cell lines,
including T84 and Caco-2 (used in Chapters 3 and 4), and HT-29, are cost-effective
and readily available, but represent only one single cell type (i.e.
enterocyte/colonocyte) of the intestinal epithelium and generally do not produce
mucus (Navabi et al., 2013). Whilst Caco-2 cells display characteristics of the small
intestine, T84 cells more resemble colonic crypt cells (Liévin-Le Moal and Servin,
2013). In addition, carcinoma-derived cell lines have a mutational profile which is
very different in comparison to healthy IECs, or the specific mutations present in CD
(Sazonovs et al., 2022). Whilst animal models provide an alternative and have
advantages in modelling the systemic development of diseases, they are expensive,
time consuming and raise ethical issues. Furthermore, AIEC do not efficiently
colonise the mouse gut in the presence of a native microbiota and efficient immune
response (Sivignon et al., 2022). The development of human intestinal organoid
models circumvents these problems and provides a powerful tool for studying the
role of AIEC in CD.

As organoids maintain the genetic background of the tissue from which they are
derived, organoids with CD-specific mutations can be generated from biopsies of
CD patients. In addition, they display all the major cell types of the gut, produce a
mucus layer and can also be polarised to present apical basolateral polarisation. In
culture, organoids are closed 3D structures, with the apical membrane facing
inwards towards the lumen, and the basolateral surface facing outward. More
recently, ‘apical-out’ organoids have been developed for access to the apical
membrane to reflect in vivo interactions with the intestinal lumen (Han et al., 2021).
Alternatively, monolayers can be generated, whereby organoid fragments are
seeded onto Transwell membranes coated with extracellular matrix (ECM) proteins
and cultured in media containing essential growth factors for expansion and

differentiation (In et al., 2016). This allows assessment of barrier function by
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determining TEER, and the sampling of apical and basal supernatants for evaluation

of pro-inflammatory cytokine secretion.

In this study, organoids were cultured from endoscopic biopsies from CD patients in
remission (CD) or resection samples from tumour excisions (non-IBD) (See - 2.4
Intestinal organoid culture). All tissues were derived from the transverse colon;
therefore, organoids were referred to as colonoids from this point onwards.
Characteristics of CD mucosa include increased mucus production, discontinuous
inflammation and a disrupted epithelial barrier (Kang et al., 2022). Therefore, initial
studies focussed on characterising colonoids derived from CD or non-IBD tissue, by
assessing MUC2 production, cytokine secretion, CEACAM-6 expression and barrier
function. Following this, colonoid monolayers were used to investigate AIEC
interaction with the epithelium by evaluating adherence and invasion, barrier

function, cell viability and pro-inflammatory cytokine secretion.

5.2 Results

5.2.1 Colonoid culture and differentiation

For this study, colonoid monolayers were used as they form a polarised monolayer
with an apical brush border, allowing bacterial access to the apical side of the
epithelium. To generate 2D polarised colonoid monolayers, 3D colonoids in
expansion were fragmented and seeded onto permeable collagen-coated Transwell
filters (Figure 5.1). Once confluent, monolayers were differentiated by withdrawal of
Wnt3a, R-spondin and SB202190 in differentiation medium for 4 days thereafter.
The TEER of each monolayer was determined to confirm barrier function before and
after differentiation. Colonoids derived from non-IBD tissue were named ‘TCN’,

whilst colonoids from CD tissue were named ‘TCC’.
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Figure 5.1. Phase contrast micrographs of 3D colonoids in expansion (A) and 2D

colonoid monolayers (B). Scale bar = 50 ym.

Epithelial structure and the presence of mucus was determined by
immunofluorescence staining for microvillous actin, MUC2 and cell nuclei. When
evaluating immunofluorescence staining by confocal microscopy, colonoid
monolayers exhibited hallmarks of polarisation and differentiation, including a tall,
column-shaped morphology, with an apical microvillous brush border and the

presence of goblet cells (Figure 5.2A and B).
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Figure 5.2. Differentiated TCN-1 colonoid monolayer on Transwell filter. Confocal laser
microscopy image of TCN-1 monolayers stained for F-actin (colonocytes, green), MUC2
(goblet cells, white) and cell nuclei (blue). XY scan of apical cell surface (A). Selected XZ

scans (B). Scale bar = 10 ym.
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5.2.2 Colonoid characteristics differ between patients

5.2.2.1 Barrier function is different between colonoid lines

Given that reduced barrier function is a typical feature in CD patients (Hollander et
al., 1986), barrier function of 2D organoid monolayers derived from CD or non-IBD

tissue was determined and compared.

To determine colonoid barrier function before and after differentiation, TEER was
measured before and 4 days post differentiation. Barrier function increased after
differentiation in all organoid lines except TCC-7 (Figure 5.3). Overall, barrier
function after differentiation was significantly lower in TCN-4, TCC-6 and TCC-7
compared to other colonoid lines, with TCN-4 displaying the lowest TEER (Figure
5.3). Although there were significant differences in barrier function between colonoid

lines, this was not dependent on patient status (CD vs non-IBD) (Figure 5.3).
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Figure 5.3. Organoid barrier function differs between lines. Barrier function was
determined before and after differentiation by measuring TEER. Data shown as the mean
+- SD. Significance was calculated using a one-way ANOVA test with Tukey’s post-test
comparison (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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5.2.2.2 Colonoid IL-8 secretion is primarily apical and cytokine secretion differs
between colonoid lines

To evaluate whether the inflammatory signature of CD was retained in colonoids
generated from patient samples, the baseline levels of pro-inflammatory cytokine
secretion in differentiated non-IBD colonoid lines TCN-1 and TCN-2, and CD
colonoid lines TCC-6 and TCC-7, were evaluated by quantification of TNF-a, IL-8,
IL-6 and IL-1P release by sandwich ELISA. On day 4, apical and basal supernatants
were sampled and used for cytokine analysis. Overall, IL-8 secretion was higher in
apical versus basal compartments although this did not reach significance for TCC-
6 (Figure 5.4A) where apical IL-8 secretion was lower compared with other organoid
lines. In contrast, IL-6 levels were very low for all colonoid lines, with no apparent
correlation between non-IBD or CD-derived colonoids observed (Figure 5.4B). In
addition, concentrations of TNF-a and IL-1B were below detection levels (4 pg/ml

and 2 pg/ml, respectively).
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Figure 5.4. Baseline cytokine secretion of differentiated colonoids. A) IL-8 and B) IL-
6 secretion in apical and basal supernatants were quantified by ELISA. Data shown as the
mean +- SD. Significance was calculated using a one-way ANOVA test with Tukey’s post-

test comparison (*p<0.05; ****p<0.0001).
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5.2.2.3 MUC?2 expression is different between colonoid lines

To determine if MUC2 expression differed between non-IBD and CD-derived
colonoids, differentiated colonoids were fixed for immunofluorescence staining for
MUC2. IFS staining was evaluated by microscopy at x 20 magnification and the
integrated density was quantified with Imaged. Upon observation by microscopy,
TCN-1, TCN-2 and TCC-7 showed small patches of overlaying MUC2, which was
more extensive in TCN-1. In contrast, TCC-6 produced a confluent sheet of MUC2
(Figure 5.5). When quantified with ImagedJ, levels of MUC2 were significantly
different between organoid lines, where TCC-6 displayed the highest levels of
MUC2. There was no correlation between MUC2 levels and CD status of the donor
(Figure 5.5A and B).
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Figure 5.5. MUC2 levels differ between colonoid lines. Colonoid monolayers on
Transwells were differentiated and stained for MUC2 (magenta) and cell nuclei (cyan).
Scale bar = 50 ym (A). MUC2 was quantified by calculating the integrated density (B). Data
shown as the mean +- SD. Significance was calculated using a one-way ANOVA test with

Tukey’s post-test comparison (**p<0.01; ***p<0.001; ****p<0.0001).
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5.2.2.4 CEACAM-6 expression is heterogenous and differs between colonoid lines

To determine if CEACAM-6 expression differed between non-IBD and CD-derived
colonoids, differentiated colonoids were fixed for immunofluorescence staining for
CEACAM-6. IFS staining was evaluated by microscopy at x 20 magnification and
the integrated density was quantified with Imaged. Evaluation of CEACAM-6
staining in colonoids demonstrated heterogenous expression, whereby some cells
expressed high CEACAM-6 levels and others none. Upon quantification with
Imaged, CEACAM-6 expression in TCN-1 was significantly higher than in TCN-2,
TCC-6 and TCC-7 (Figure 5.6A and B). Like MUC2, there was no correlation

between CEACAM-6 levels and organoids derived from normal or CD tissue.
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Figure 5.6. CEACAM-6 expression varies between colonoid lines. Colonoid monolayers
on Transwells were differentiated and stained for CEACAM-6 (magenta) and cell nuclei
(cyan). Scale bar = 50 um (A). CEACAM-6 was quantified by calculating the integrated
density (B). Data shown as the mean +- SD. Significance was calculated using a one-way
ANOVA test with Tukey’s post-test comparison (*p<0.05; **p<0.01; ****p<0.0001).
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5.2.3 AIEC interaction with differentiated colonoids

5.2.3.1 AIEC LF82 adherence and invasion of colonoid monolayers

To determine adherence and invasion of AIEC LF82 in colonoids, invasion assays
were performed as described previously (See - 2.3.1 Gentamicin invasion assay).
Colonoid lines TCC-2 (CD) and TCN-4 (non-IBD) were used. Differentiated colonoid
monolayers were incubated with LF82 or non-invasive MG1655 for 3 hr followed by
1 hr treatment with gentamicin to determine adherence and invasion, respectively.
For CFU quantification, monolayers were lysed and plated, and for microscopy,

monolayers were fixed and stained.

Following a 3 hr infection period, LF82 showed higher adherence to TCC-2 and
TCN-4 compared to MG1655, although this did not reach significance. Additionally,
LF82 adherence was similar between TCC-2 and TCN-4 organoids (Figure 5.7A).
Addition of gentamicin for 1 hr to determine bacterial invasion indicated higher
numbers of intracellular bacteria for LF82 compared with MG1655, although this
was not significant (Figure 5.7B). Similarly, LF82 invasion was comparable between
TCC-2 and TCN-4. When numbers of invaded bacteria were normalised to numbers
of adherent E. coli to calculate invasion rates (%), LF82 invasion was higher than
MG1655 in TCC-2, however this did not reach significance. Meanwhile, LF82 and
MG1655 invasion rates were comparable in TCN-4 (Figure 5.7C).
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Figure 5.7. Adherence and invasion of AIEC LF82 and E. coli MG1655 in TCC-2 and
TCN-4 colonoid monolayers. Colonoid monolayers were polarised on Transwell filters,
grown to confluence and differentiated. Monolayers were incubated with bacteria for 3 hr,
followed by 1 hr of gentamicin treatment to kill extracellular bacteria. Adherent bacteria were
determined after 3 hr by CFUs (A). Invasion (B) was determined after 1 hr of gentamicin
treatment and cell lysates plated for CFUs. Results were normalised to an inoculum of 10’

bacteria. Invasion rates (C) were calculated relative to adherent bacteria. Data shown as

the mean +- SD. Significance was calculated using a student’s unpaired t-test.

156



To visualise bacterial association with colonoids, TCN-1 monolayers incubated with
LF82, MG1655 or left non-infected were stained for E. coli, F-actin, DAPI and either
MUC2 or CEACAM-6. Microscopy indicated aggregates of LF82 on the colonoid
surface, meanwhile few single bacteria were observed for MG1655 (Figure 5.8A and
B). In addition, CEACAM-6 appeared to be located on shed vesicles with
subsequent LF82 binding (Figure 5.9A and B).
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Figure 5.8. TCN-1 colonoid monolayer infected with LF82 (A) and MG1655 (B).
Confocal laser microscopy image of TCN-1 monolayers stained for E. coli (red), F-actin
(colonocytes, green), MUC2 (goblet cells, white) and cell nuclei (blue). XY scan of apical

cell surface and selected XZ scans shown. Scale bar = 10 ym.
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Figure 5.9. TCN-1 colonoid monolayer infected with LF82. Confocal laser microscopy
image of TCN-1 monolayers stained for E. coli (red), F-actin (colonocytes, green),
CEACAM-6 (white) and cell nuclei (blue). XY scan of apical cell surface (A) and selected

XZ scans shown (B). Scale bar = 10 um.
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5.2.3.2 AIEC LF82 induces cytotoxicity in colonoids

Given the cytotoxicity observed in LF82-infected T84 cells (See - 3.2.5 AIEC LF82
is cytotoxic to T84 and Caco-2 cells), barrier integrity and cell death were also
evaluated in colonoid monolayers. Differentiated colonoid lines TCN-4 (non-IBD)
and TCC-7 (CD) were incubated with LF82, MG1655 or left non-infected for 3 hr
followed by 21 hr gentamicin treatment. Cytotoxicity was determined by Trypan Blue
staining and quantification at ODsgo. To determine the effect of bacteria on barrier
function, TEER was measured before and after incubation and end values
presented as % TEER relative to before incubation. Trypan Blue staining showed
that cytotoxicity in LF82-infected colonoids was significantly higher than in non-
infected controls in TCN-4, and significantly higher than in MG1655- and non-
infected cells in TCC-7 (Figure 5.10A). Although TEER was reduced after incubation
with LF82 in TCN-4 and TCC-7, this was not statistically significantly different
compared with MG1655 or non-infected controls (Figure 5.10B).
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Figure 5.10. AIEC LF82 is cytotoxic and reduces barrier function in TCN-4 and TCC-7
colonoids. Colonoid monolayers were incubated with AIEC LF82, non-invasive E. coli
MG1655 or left non-infected for 3 hr, followed by 21 hr treatment with gentamicin to Kkill
extracellular bacteria. Cytotoxicity was measured by Trypan Blue staining and quantification
at ODsgo (A). Barrier function was determined by measuring TEER (B). Data shown as %
TEER relative to barrier function before infection. Data shown as the mean +- SD.
Significance was calculated using a one-way ANOVA test with Tukey’s post-test comparison

(*p<0.05; **p<0.01).
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5.2.3.3 AIEC LF82 does not induce considerable IL-8 secretion

As IL-8 was the most highly secreted cytokine in LF82-infected T84 cells, the pro-
inflammatory response of TCN-1 (non-IBD) and TCC-2 (CD-derived) colonoid
monolayers to LF82 infection was measured by quantification of IL-8 release after
3 hr plus 21 hr gentamicin incubation. Apical and basal supernatants were collected
from colonoids incubated with LF82, MG1655 or left non-infected and IL-8 was
quantified by sandwich ELISA. Although IL-8 release into the apical compartment
was higher in LF82- and MG1655-infected TCN-1 and TCC-2 monolayers compared
with non-infected controls, this did not reach significance due to restricted sample
numbers (Figure 5.11). This was mirrored in basal compartments in TCN-1, while
basal IL-8 secretion in LF82-infected TCC-2 colonoids was lower compared with
non-infected controls. Interestingly, MG1655 induced the highest IL-8 secretion
whilst LF82-induced IL-8 release was only marginally higher compared to non-
infected colonoids. Notably, E. coli-induced IL-8 secretion was higher in apical
versus basal supernatants. In addition, IL-8 levels were generally higher in TCN-1
versus TCC-2 (Figure 5.11).
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Figure 5.11. Exposure to AIEC LF82 and E. coli MG1655 induces IL-8 secretion in
TCN-1 and TCC-2 organoid monolayers. Organoid monolayers on Transwell filters were
incubated with LF82, MG1655 or left non-infected for 3 hr followed by 21 hr gentamicin
treatment. IL-8 release was quantified in apical (A) and basal (B) supernatants by ELISA.
Data shown as the mean +- SD. Significance was calculated using a one-way ANOVA test

with Tukey’s post-test comparison.
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5.2.4 Summary

Overall, characterisation of different colonoid lines derived from non-IBD and CD
tissue suggests that all characteristics tested are donor-dependent. This includes
barrier function, MUC2 and CEACAM-6 expression and base-line pro-inflammatory
cytokine secretion. When infected with AIEC LF82 and non-invasive MG1655, LF82
adherence and invasion appeared to be higher than that of MG1655 in both colonoid
lines although this did not reach statistical significance due to high variation. The
calculation of invasion rates demonstrated comparable levels between LF82 and
MG1655 in TCN-4, but higher LF82 invasion in TCC-2, although again this was not
statistically significant. The invasion rates of LF82 overall were even lower than
those observed in T84 cells. Additionally, confocal microscopy of infected colonoid
epithelia showed a lack of intracellular bacteria. Instead, aggregates of LF82 were
observed on the surface. Furthermore, LF82 induced significant cytotoxicity in both
colonoid lines. Interestingly, IL-8 secretion was higher in MG1655-infected than in
LF82-infected colonoids. As observed in T84 cells, IL-8 was predominantly released

from the apical membrane.
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5.3 Discussion

5.3.1 Colonoid characteristics differ between patients

In contrast to colon cancer-derived cell lines, which represent only one IEC type
(mostly colonocytes), organoids include the all major cell types of the gut, maintain
the crypt-villi structure of the intestine, produce mucus and retain the region-specific
genetic background and transcriptional and epigenetic characteristics of the
gastrointestinal tract from which they derive (Cramer et al., 2015; Kraiczy et al.,
2019; Middendorp et al., 2014). Organoids generated from CD patients maintain
altered gene expression profiles associated with absorptive and secretory functions
(d’Aldebert et al., 2020; Dotti et al., 2017). However, the acute transcriptional
inflammatory phenotype is lost during organoid culture (Arnauts et al., 2020),
although this can be induced with subsequent inflammatory stimulation such as
addition of cytokines (Middendorp et al., 2014). Cytokines play a critical role in
driving inflammation and tissue injury in the intestine. As such, biological therapies
targeting inflammatory cytokines and the cells that produce them, such as anti-TNF
agents and IL-12/IL-23 inhibitors (Xue et al., 2025), have led to progress in treating

IBD, yet sustained remission in CD patients is rarely achieved.

The establishment and characterisation of morphological and functional phenotypes
of control (non-IBD) organoids and organoids derived from IBD patients has been
performed by different researchers. Previous studies have demonstrated that
intestinal organoids derived from IBD patients display similar expression levels of
several IBD-marker genes when compared to the tissue from which they were
derived (Dotti et al., 2017). Genes encoding TJ proteins, such as ZO-1, OCLN and
CTNNB, exhibited similar expression levels in intestinal crypts from CD-patients and
derived organoids (Dotti et al., 2017). Meanwhile, studies by d'Aldebert et al
demonstrated an inflammatory phenotype, decreased size and budding capacity,
increased cell death and luminal debris, decreased tight junction formation and an
inverted polarisation in IBD organoids (d’Aldebert et al., 2020). As for the
inflammatory phenotype of IBD colonoids, mRNA expression of MCP1, IL-8 and IP-
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10 was similar in colonoids from IBD patients and controls. Notably, stimulation with
an inflammatory cocktail of IL-1, TNF-a and IL-6, induced significant mRNA
overexpression of MCP-1 and IL-8, whilst also significantly decreasing expression
of TJ proteins ZO-1 and Occludin, but not Claudin-1 in non-IBD organoids compared
to unstimulated controls (d’Aldebert et al., 2020). These results agree with our
findings which show that colonoids derived from normal and IBD tissue exhibited no
difference in the secretion of pro-inflammatory cytokines. Hibiya et al demonstrated
that murine colonoid exposure to a mixture of cytokines and bacterial components
over 60 continuous weeks led to significant induction of target genes for the NF-«kB
pathway, which remained elevated 11 weeks after withdrawal of all cytokines (Hibiya
et al., 2016). Therefore, the regulation of inflammatory gene expression may be a
result of the acute inflammatory response in IBD as opposed to gene mutation.
Interestingly, Ozkan et al demonstrated that IBD fibroblasts are a key driver in IBD
inflammation using a CD organ-on-a-chip model (Ozkan et al., 2024). Studies by
Pavlidis et al observed significant enrichment of IFN-y and IL-17a responsive
transcriptional signatures in colonic biopsies from patients with active colonic CD
compared to healthy controls (Pavlidis et al., 2022). In addition, there was a
concordance in IBD enrichment of cytokine-regulated transcriptional responses
between the epithelium and the whole biopsy (Pavlidis et al., 2022). Epigenetic
variations have been identified in tissues from IBD patients (Kellermayer, 2012;
McGovern et al., 2015), therefore exposure of the epithelium to inflammatory
mediators may result in epigenetic changes that could be conserved in organoid
cultures. On the other hand, organoid co-culture models with immune cells or
fibroblasts could be employed (Staab et al., 2023). It is also important to consider
that immune cells are not present in our model. The inflammation in CD may be due
to an excessive immune response to intestinal microbiota, with increased
phagocytic activity and secretion of cytokines observed by gut resident
macrophages in IBD patients (Lu et al., 2022). Co-culture models of organoid
monolayers with macrophages and monocytes have been utilised to investigate the
epithelium and underlying immune response. In our results, it is important to
consider that secreted cytokines are derived from the epithelium itself. It is also

interesting to consider whether the inflammatory state of a colonoid is affected by
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the disease state of the patient biopsy it was derived from, for example if the patient

was in remission or had active disease.

Similar to our results in polarised T84 cells (See - 4.2.5 AIEC LF82 induces
predominant pro-inflammatory cytokine secretion from the apical side of the
epithelium), IL-8 was secreted predominantly from the apical surface in colonoid
monolayers. This agrees with studies on enteroid monolayers where IL-8 was
mainly released apically (Zachos et al., 2016). Furthermore, Zachos et al
demonstrated that IL-1 and TNF-a were undetectable or present at levels below 1
pg/ml. Meanwhile, IL-6 was secreted from both apical and basal surfaces and at
quantities below 50 pg/epithelium (Zachos et al., 2016). This is in concordance with
our results, whereby IL-6 secretion was below 1 pg/epithelium, meanwhile IL-13 and

TNF-a were below detection levels (2 pg/ml and 4 pg/ml, respectively).

The culture of 2D colonoid monolayers on Transwell filters allowed barrier function
to be assessed before and after differentiation by measuring TEER. Previous
studies have described contradictory results on CD organoid barrier function.
Studies by d’Aldebert et al showed a significant decrease in the expression of TJ
proteins ZO-1, occludin and claudin-1 in colonoids from IBD compared to controls
by western blot analysis (d’Aldebert et al., 2020). In addition, 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). On the other
hand, 3D colonoids from CD tissue demonstrate exclusion of FITC-dextran,
suggesting an effective intestinal barrier (Xu et al., 2018). However, in our studies,
we generally did not observe a lower TEER in CD colonoids in comparison to non-

IBD controls. Instead, TEER values were characteristic for each donor.

As previously described, Barnich et al demonstrated higher CEACAM-6 expression
in ileal biopsies from CD patients compared to healthy controls (Barnich et al.,
2007). In addition, CEACAM-6 is generally upregulated in inflamed tissues,
including various cancers such as pancreatic adenocarcinoma (Kurlinkus et al.,

2021; Pandey et al., 2019; Yan et al., 2016), gastric cancer (Roy et al., 2016) and
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colon cancer (llantzis et al., 2002). In gastric cancer, it is suggested that
Helicobacter pylori may infect the stomach through interactions with CEACAM-6,
which in turn promotes gastric expression of CEACAM-6; exacerbating the infection
and promoting inflammation (Behrens et al., 2020). A similar feedback loop has
been suggested for AIEC and CEACAM-6, whereby AIEC promotes its own
colonisation in CD. This is due to overexpression of CEACAM-6 in CD tissue leading
to AIEC colonisation, which in turn promotes secretion of IFN-y and TNF-a by
macrophages and lymphocytes, resulting in upregulated CEACAM-6 expression
(Glasser and Darfeuille-Michaud, 2008).

In contrast, our results showed that CEACAM-6 expression was not higher in
organoids derived from CD versus control tissue although this was not quantified by
Western blotting. Therefore, higher CEACAM-6 expression may not be retained in
colonoids, which could be due to the loss of inflammatory stimulus from non-

epithelial cells described above.

Finally, MUC2 levels in CD and non-IBD colonoids differed between colonoid lines
but were independent of disease status (CD versus non-IBD). This is in agreement
with studies by d’Aldebert which showed similar expression of MUC2 in colonoids
from IBD donors and controls (d’Aldebert et al.,, 2020). Interestingly, mRNA
expression analysis to characterise IBD and non-IBD organoids demonstrated no
difference in MUC2 expression in undifferentiated IBD vs non-IBD organoids.
However, MUC2 mRNA expression was significantly reduced in differentiated CD
organoids compared to UC and non-IBD controls (Noben et al., 2017). Further
analysis of the colonoids generated in this study could benefit from quantification of
MUC2 by western blot or ELISA.

165



5.3.2 AIEC LF82 interaction with human colonoids

Given that carcinoma-derived cell lines lack some physiological characteristics
including epithelium architecture, patient-specific variability and location-specific
attributes of the intestine, human colonoids from patient biopsies provide a
promising strategy for studying the epithelial response to and pathogenicity
mechanisms of AIEC infection in a CD-specific background. Mayorgas et al showed
that LF82 was able to invade differentiated colonoid monolayers, where 0.2% LF82
invasion at MOI 20 after 4 hr infection was observed (Mayorgas et al., 2021). A
kinetic infection analysis demonstrated that over time, increasing amounts of
invasive bacteria were detected at MOl 20 and 100. In contrast, our results
demonstrated a much lower invasion rate of 0.03% in both colonoid lines tested,
which showed no difference between CD-derived and non-IBD colonoids. Although
it is important to note that an MOI of 10 was used in our studies, whereas Mayorgas
et al used MOI 20. In addition, confocal microscopy indicated that LF82 did not form
epithelial biofilms on colonoids as seen in T84 cells but localise in the mucus layer.
Studies in CEABAC10 mice on a high fat and high sugar diet demonstrated
increased AIEC colonisation of the intestinal mucosa with an associated decrease
in MUC2 expression (Martinez-Medina et al., 2014). Investigating the effect of LF82
infection on MUC2 levels in CD and non-IBD colonoids by ELISA or WB was beyond

the time restraint of this thesis but could be determined in future studies.

Additionally, Sayed et al used enteroid monolayers co-cultured with monocytes on
the basal side to investigate host immune responses to AIEC LF82 infection.
Enteroid monolayers from non-IBD controls displayed disrupted TJs after infection
with LF82, meanwhile enteroids derived from CD patients showed disrupted TJs
before infection (Sayed et al., 2020). Interestingly, CD-derived enteroids showed
increased occludin levels upon infection with LF82, indicating a potential host
mechanism in response to infection that prevents TJ collapse. However, this was

assessed by immunofluorescence staining for occludin and was not quantified.
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Interestingly, Mayorgas et al showed infected cells remained viable over time using
the CellTox Green assay (Mayorgas et al., 2021). This is in contrast to the results of
our study, which indicated cytotoxicity was induced by LF82 following infection.
However, the methods employed by Mayorgas et al reached a maximum 7 hr
incubation with LF82, whereas our investigation observed cytotoxicity after 24 hr.

Therefore, cytotoxicity may be induced in colonoids only at later time points.

5.3.3 Rationale for patient selection for future colonoid studies

Given that organoids retain key genetic, epigenetic, and functional characteristics
of the donor epithelium (Dotti and Salas, 2018), careful patient selection is essential
to ensure that epithelial responses reflect clinically relevant host—pathogen
interactions. Selection criteria commonly consider disease subtype (CD vs UC),
location, disease activity at the time of sample collection and treatment history, as
each of these variables can influence epithelial behaviour, barrier function and
innate immune responses (Jeshvaghani et al., 2025). Importantly, organoids derived
from inflamed and non-inflamed regions of the same patient can exhibit distinct
phenotypes, providing an opportunity to dissect inflammation-associated epithelial
changes while controlling for host genetic background (Arnauts et al.,
2020). Therefore, future studies should include a large population of donors
classified into disease status and age at diagnosis, with control groups including
healthy donors. Various studies include individuals diagnosed with non-IBD GI
diseases as healthy controls, therefore it is important to obtain resections from non-
inflammatory zones to prevent the introduction of unwanted genetic mutations

(d’Aldebert et al., 2020).
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Chapter 6. Conclusions and Future Work
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6.1 Final conclusions

In this study, the interaction of AIEC LF82 with human colonic epithelia was
investigated using confluent and polarised carcinoma cell lines and differentiated
human colonic organoid monolayers. Whilst earlier studies found a 4.8% invasion
rate of LF82 in non-confluent Caco-2 cells, our results demonstrated a considerably
lower invasion rate below 0.1%, displaying no significant difference compared with
non-invasive MG1655. Such a discrepancy is likely to be a result of differences in
cell polarity, whereby polarised cells form intact tight junctions and cell surface
receptors are segregated apically and basolaterally. This polarity restricts LF82 to
the binding receptors expressed on the apical surface. Given that intestinal
pathogens such as Shigella flexneri bind to the basolateral surface via M cells or
through disrupted tight junctions (Marteyn et al., 2010), it was plausible that this may
explain the low invasion rates observed with AIEC LF82. However, LF82 did not
show preferential binding to the basolateral side. Whilst invasion rates were lower
than previously described in the literature, LF82 displayed distinct biofilm formation
in T84 cells which was not shared amongst AIEC ileal strain NRG857c and colonic
strains HM615, HM605 and HM580. Interestingly, LF82 biofilm formation was not
observed on colonoid epithelia. Instead, LF82 appeared to adhere predominantly to

the colonoid mucus layer rather than the exposed cell surface.

In addition, LF82 appeared to bind to a mannosylated receptor independent of the
established fimbrial receptor CEACAM-6. LF82 expressed type | fimbriae and
adherence to T84 cells was inhibited by D-mannose, but did not co-localise with
CEACAM-6 expressing cells. The use of CEACAM-6 antibodies also did not inhibit
LF82 binding, which differs from the work of Barnich et al, whereby LF82 adhered
specifically to CEACAM-6 in ileal enterocytes from CD patients (Barnich et al.,
2007). Given that the same antibody (mouse monoclonal 9A6) was used for blocking
studies, it can be suggested that LF82 may bind to different cell surface receptors

in human colonic epithelial cells.
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A key finding across LF82-infected cell models was cytotoxicity that was dependent
on bacterial contact and independent of secreted factors. Whilst LF82 has two
identified T6SSs (T6SS-1 and T6SS-3), it is yet to be determined whether effector
proteins with virulence functions are present. Given that T6SS-deficient LF82
mutants did not reduce cytotoxicity in T84 cells, this indicates other mechanisms of
contact-dependent cytotoxicity. In addition, LF82 significantly reduced TEER in
polarised T84 cells when compared with MG1655-infected and non-infected
controls, suggesting disruption to epithelial barrier function. A similar pattern was
observed in colonoids; however, TEER reduction did not reach significance.
Furthermore, the secretion of pro-inflammatory cytokines TNF-a, IL-8, IL-6 and IL-

1B suggests AIEC may exacerbate inflammation observed in CD.

The use of colonoids derived from CD patients and non-IBD controls showed MUC2
production and CEACAM-6 expression in colonoids was independent of disease
status. Rather, these phenotypes were patient-specific. Whilst this is unexpected
given that reduced MUC2 secretion and increased CEACAM-6 expression have
been reported in CD tissue, it is important to consider our studies were limited to
four colonoid lines. In addition, colonoids from UC patients have previously been
shown to lose their inflammatory signature. Therefore, it remains to be investigated
whether colonoids retain these phenotypes and are comparable to that of the
original tissue from which they were derived. As a result, LF82 infection displayed

a similar phenotype in both CD and non-IBD colonoids.

In summary, we demonstrated that LF82 pathogenesis in the human colon is strain-
specific and mediated by the formation of biofilms, contact-dependent cytotoxicity,
epithelial permeability, and pro-inflammatory cytokine secretion. This has been
shown in both polarised carcinoma cell lines and human colonic organoids, however
more studies using the latter are required to gain more insight into AIEC
pathogenesis in colonoids. These data further extend the characteristics of AIEC

LF82 which may perpetuate chronic inflammation observed in CD.

170



6.2. Future directions

To further develop the findings of this thesis, infection of colonic organoids within a
VDC system would permit simultaneous control of oxygen gradients while
preserving the mucus layer, enabling investigation of LF82 pathogenesis under
microaerobic conditions that more closely reflect the colonic lumen. Such
approaches would provide important insight into the environmental cues that
regulate AIEC localisation, persistence, and epithelial interactions. In parallel,
further studies are required to define the bacterial and host mechanisms underlying

LF82-mediated epithelial damage and barrier disruption.

The present study confirmed that LF82 adherence to the colonic epithelium is
mannose-dependent and does not involve CEACAM-6 binding, highlighting a
significant gap in the current understanding of colonic-specific AIEC receptors. This
could be addressed using approaches such as shotgun carbohydrate microarrays
or mass spectrometry-based glycomics to identify mannosylated host glycans that
mediate LF82 binding in the colon. Identification of such interactions would be
critical for the development of anti-adhesive therapeutic strategies with efficacy in

the colonic environment.

Future work should also focus on strategies to limit LF82 persistence, including
disruption of biofilm formation and mucus-associated colonisation. Given the
heterogeneity within the AIEC pathovar, it will be essential to extend these analyses
beyond LF82 to a broader panel of clinical isolates. Evaluation of multiple AIEC
strains in complex intestinal models, such as colonic organoids, will be necessary
to distinguish conserved pathogenic mechanisms from isolate-specific traits and to

enhance the translational relevance of experimental findings to CD pathogenesis.
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