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Abstract

Citrobacter rodentium is a natural mouse pathogen and the etiological agent of
transmissible murine colonic hyperplasia (CCH). As a member of the Attaching and Effacing
(AE) pathogens, C. rodentium shares a similar infection strategy with Enteropathogenic
Escherichia coli (EPEC) and Enterohemorrhagic E. coli (EHEC), two human pathogens
responsible for diarrhoeal diseases that contribute significantly to morbidity and mortality
worldwide. Since mice are resistant to EPEC and EHEC infections, C. rodentium provides an
ideal surrogate model for in vivo studies to better understand the mechanisms of infection

of AE pathogens.

In this study, we aimed to elucidate the infection mechanisms of C. rodentium by
investigating the transcriptome and proteome profiles of infected intestinal epithelial cells
(IECs) in mice. Through the combined analysis of gene expression and protein patterns, we
identified key regulatory pathways related to immune responses, inflammation, and
metabolism. These included the upregulation of the pentose phosphate pathway, the
ubiquitin-proteasome system, and the prostaglandin biosynthesis pathway. Additionally, the
dual analysis demonstrated that the disruption of microvilli and mitochondria in infected
IECs was due to the active destruction of these structures, as evidenced by a marked
reduction in their protein levels, despite no changes being observed at the RNA levels.
Additionally, we investigated the mRNA and protein targets of altered microRNA (miRNA)
during C. rodentium infection. Our findings revealed no correlation between the miRNA
levels, their corresponding mRNA targets, and the resulting protein levels. This lack of
correlation suggests that the bacteria target the miRNA system potentially to promote

disease progression.

In summary, this research provides significant insights into the complex host-pathogen
interactions during C. rodentium infection, contributing to a deeper understanding of similar
AE pathogens such as EPEC and EHEC. This study enhances our understanding of infectious
diseases by identifying crucial pathways that could be explored for diagnostic or therapeutic

innovation.
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CHAPTER 1 — Introduction

1 CHAPTER 1: Introduction.

1.1 Foodborne diseases.

Foodborne diseases arise from consuming food contaminated with viruses, bacteria,
parasites, or chemicals, with diarrhoeal disease being the most common outcome. Although
foodborne diseases are a global concern, affecting all countries, they disproportionately
impact low-income and middle-income countries, particularly vulnerable populations and

children under 5 years old, killing around 450000 children annually (WHO 2024).

Common pathogens responsible for foodborne disease outbreaks worldwide include
bacteria such as Salmonella, Campylobacter, Listeria monocytogenes (L. monocytogenes),
Vibrio cholerae, Shigella or Escherichia coli (E. coli), along with the virus rotavirus,
adenovirus and norovirus and the parasites Giardia, Cryptosporidium and Entamoeba spp
(WHO 2024). In low-income countries, E. coli and viruses in the genus Rotavirus are the
most common etiological agents (WHO 2024). Bacterial cases are frequently linked to
unpasteurised or raw milk, undercooked meat products, and contaminated fresh fruit and
vegetables (WHO 2018). Conversely, viral infections are typically associated with raw or
undercooked seafood or contaminated raw produce (WHO 2022). Infections can also be

transmitted from person to person, particularly under poor hygiene conditions.

While the symptoms of both bacterial and viral infections are very similar, bacterial infections
commonly present with fever, headache, nausea, vomiting, abdominal pain, and diarrhoea.
In contrast, viral infections are characterised by explosive vomiting and watery diarrhoea
(WHO 2022). Dehydration, a significant consequence of diarrhoea, leaves the body depleted
of water and salts. Therefore, the primary treatment for diarrhoea involves oral rehydration
salts (ORS) solution, a mixture of clean water, salt and sugar, or intravenous rehydration in

severe cases (WHO 2024).

Effectively treating and preventing diarrhoea is crucial for reducing mortality and morbidity,
including the risk of malnutrition. Preventive measures include access to safe drinking water,
good personal and food hygiene, hand washing with soap, and health education (WHO 2024).
Vaccination also plays a significant role in preventing diarrheal diseases. The rotavirus vaccine

is widely used and effective in preventing rotavirus infections. Similarly, the cholera vaccine
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is vital in areas prone to cholera outbreaks. Additionally, ongoing vaccine development
targets pathogens like Shigella, norovirus, invasive non-typhoidal Salmonella, and
enterotoxigenic E. coli (ETEC). According to the latest WHO information, there are currently

23 candidates in various stages of clinical trials (WHO 2023).

The lack of preventative therapies emphasises the importance of developing safe and
effective strategies. Understanding the infection dynamics of key enteropathogens is a critical
step towards creating such therapies with the potential to impact public health significantly.
This research project aims to comprehend the mechanisms of infection, providing valuable

insights that could benefit global health outcomes.

1.2  Escherichia coli.

E. coli is a facultative anaerobe that belongs to the Enterobacteriaceae family (Nataro and
Kaper 1998). This Gram-negative bacillus is a commensal found in the environment, food,
and the mammalian intestine. It is a crucial component of the healthy human intestinal
microflora and usually colonises the mammalian gut within hours of birth (Kaper et al.
2004). Most commensal E. coli are harmless and live in symbiosis in the gut of humans and
animals. However, in immunocompromised individuals or patients with damaged

gastrointestinal barriers, E. coli can cause disease (Tenaillon et al. 2010).

E. coli strains share a core genome of approximately 4.2 to 6.0 million base pairs (Mbp)
(Denamur et al. 2021). While most E. coli are harmless to their host, some can cause disease
and are referred to as pathotypes. The ability to cause disease is conferred by the
acquisition of mobile genetic elements, such as large virulence gene clusters like
pathogenicity islands (PAls), plasmids, bacteriophages and transposons (Robins-Browne et
al. 2016; Denamur et al. 2021). Horizontal gene transfer of these mobile genetic elements
facilitates the acquisition of virulence factors, contributing to the pathogenicity of some E.
coli strains (Tenaillon et al. 2010). Consequently, pathogenic E. coli strains have significantly

larger genomes than commensal strains (Denamur et al. 2021).
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1.2.1 Pathotypes.

The different pathotypes can be differentiated into two groups: intestinal pathogenic E. coli
(InPEC), which causes intestinal infections in humans and animals, and extraintestinal
pathogenic E. coli (EXPEC), which causes extraintestinal infections in mammals (Kaper et al.

2004; Kohler and Dobrindt 2011).

Extraintestinal E. coli strains include uropathogenic E. coli (UPEC), neonatal meningitis E. coli
(NMEC), and sepsis-associated E. coli (SEPEC), which are responsible for urinary tract
infections (UTI), neonatal meningitis and sepsis (Kohler and Dobrindt 2011; Sora et al. 2021).
Intestinal infections, on the other hand, mainly cause diarrhoea. Intestinal pathogenic E. coli
can be separated into several types: enteropathogenic E. coli (EPEC), Shiga toxin-producing
E. coli (STEC) which includes enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC),
enteroaggregative E. coli (EAEC), diffusely adherent E. coli (DAEC), adherent-invasive E. coli
(AIEC), and enterotoxigenic E. coli (ETEC) (Kaper et al. 2004; Croxen and Finlay 2010; Rojas-
Lopez et al. 2018; Pakbin et al. 2021).

Although most pathotypes have their specific mechanism of infection, some mechanisms
are shared among pathogenic E. coli strains. Once the bacteria attach to host cells, these
bacteria hijack and manipulate host cell processes, allowing them to colonise the host,
evade the immune response, and ultimately lead to disease (Bhavsar et al. 2007; Croxen and

Finlay 2010).

1.2.2 Enteropathogenic E. coli.

First described in 1945, EPEC is a type of E. coli known for causing infantile diarrhoea,
particularly prevalent in low-income countries, and is associated with traveller's diarrhoea

(Croxen and Finlay 2010; Rojas-Lopez et al. 2018; Pakbin et al. 2021).

EPEC is further classified based on its pathogenicity into two subgroups: typical EPEC (tEPEC)
and atypical EPEC (aEPEC), each exhibiting distinct adherence patterns. Localised adherence
is characteristic of tEPEC, whereas a diffuse or aggregative adherence pattern characterises
aEPEC (Kaur and Dudeja 2023). This variation in adhesion patterns is attributed to the
presence (tEPEC) or absence (aEPEC) of the adherent factor plasmid (pEAF) (Trabulsi 2002;

Kaur and Dudeja 2023). The pEAF plasmid contains two operons, which include bfp, a type
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IV bundle-forming pilus, and per, a plasmid-encoded regulator. These operons play an
essential role as transcriptional activators for the Locus of Enterocyte Effacement (LEE) PAI

(Kaur and Dudeja 2023).

The LEE pathogenicity island encodes the genetic elements required for the Type Three
Secretion System (T3SS), which is essential for the formation of attaching and effacing (AE)
lesions, the hallmark of EPEC pathogenesis (Yerushalmi et al. 2014). EPEC is classified as an
AE pathogen due to its ability to induce these lesions, a trait it shares with EHEC. Both
pathogens exhibit many genetic and phenotypic similarities (Goosney et al. 2000; Trabulsi

2002; Platenkamp and Mellies 2018; Kaur and Dudeja 2023).

1.2.3 Enterohemorrhagic E. coli.

While EPEC is endemic in low-income countries and causes traveller’s diarrhoea, EHEC is
responsible for outbreaks worldwide, causing gastroenteritis and haemorrhagic diarrhoea
(Rojas-Lopez et al. 2018; Pakbin et al. 2021). Cattle serve as the primary reservoir for EHEC
(Croxen and Finlay 2010; Pakbin et al. 2021). Initially identified as a causative agent of
human disease in 1982 (Kaper et al. 2004; Welinder-Olsson and Kaijser 2005; Pakbin et al.
2021), the EHEC serotype is classified under the Shiga-toxin-producing E. coli subgroup
(STEC) and contains adhesin and attachment virulence factors encoded by the LEE PAI
(Kaper et al. 2004; Welinder-Olsson and Kaijser 2005; Croxen and Finlay 2010; Pakbin et al.
2021).

The Shiga-toxin (Stx), also known as Verocytotoxin (VT), can be divided into two serogroups,
stx1 and stx2, and can be present in various combinations in EHEC. Stx is an AB5 toxin
comprising a pentamer of the subunit B and the enzymatically active subunit A. Subunit B
binds to glycolipid globotriaosylceramide (Gb3) receptors on target cells such as Paneth cells
and kidney epithelial cells, while subunit A disrupts protein synthesis by cleaving ribosomal
RNA, inhibiting protein synthesis (Kaper et al. 2004; Croxen and Finlay 2010; Pakbin et al.
2021). These toxins are initially produced in the colon, then translocated across the gut and
enter the bloodstream, where they can reach the kidneys, and potentially induce
neurological complications (Frankel et al. 1998; Kaper et al. 2004; Welinder-Olsson and
Kaijser 2005; Hunt 2010; Tran et al. 2018). Once in the kidney, the Stx damages endothelial

cells and obstructs microvasculature, leading to thrombosis, which contributes to
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Haemolytic Uremic Syndrome (HUS), a severe and life-threatening condition characterised
by acute renal insufficiency, thrombocytopenia, and hemolytic anaemia (Kaper et al. 2004;
Jokiranta 2017). Moreover, Stx induces apoptosis in intestinal epithelial cells (IECs), causing
local damage in the colon, resulting in haemorrhagic colitis, bloody diarrhoea, necrosis, and

intestinal perforation (Kaper et al. 2004).

EHEC serotype 0157:H7, a significant Shiga-toxin-producing E. coli strain, notably impacts
public health. In 2021, England reported 365 confirmed STEC 0157 and 1234 cases of STEC
non-0157. Table 1.1 shows that STEC 0157 cases have reduced over the last 4 years;
however, non-0157 cases have almost doubled (Public Health England 2024). Across all
years, one-third of confirmed STEC 0157 cases in England required hospital admission, with
2%-3% developing HUS (Public Health England, 2024). Understanding the virulence and

pathogenicity of EHEC strains is crucial in addressing associated health risks.

Year STEC 0157 non-0157
cases STEC cases
2018 607 612
2019 539 768
2020 402 690
2021 365 1234

Table 1.1. STEC cases in England and Wales.

1.2.4 EPEC and EHEC differences.

Although both pathotypes belong to the AE pathogens group and share common virulence
mechanisms, they exhibit distinct characteristics. Notably, the infectious dose required for
EHEC infection is significantly lower (between 1 and 100 bacteria) compared to EPEC (10°
and 108 bacteria) (Kaper et al. 2004; Welinder-Olsson and Kaijser 2005; Croxen et al. 2013).
The tropism is also different, with EHEC predominantly colonising the Peyer’s patches and
large bowel, while EPEC primarily colonising the small intestine (Armstrong et al. 1996;
Fitzhenry 2002; Gaytan et al. 2016). Perhaps the most crucial difference lies in Shiga toxin
production, which is unique to enterohemorrhagic E. coli as it belongs to the STEC family
(Kaper et al. 2004; Wong et al. 2011). This distinction emphasises the diverse pathogenic

mechanisms and clinical implications associated with EPEC and EHEC infections.
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1.3 Attaching and effacing pathogens.

EPEC and EHEC are categorised as attaching and effacing pathogens (AE pathogens) due to
their ability to induce AE lesions within the intestinal epithelial cells. These lesions are
characterised by the intimate attachment of the bacteria to the surface of intestinal
epithelial cells followed by the effacement of microvilli and the formation of actin-rich
pedestals beneath the bacteria (Hall et al. 1990; Trabulsi 2002; Gaytan et al. 2016; Pakbin et
al. 2021). In Hela cells, these pathogens form pedestal-like structures where they remain
attached, further emphasising their role in disrupting the host cell's structure and function

(Scaletsky et al. 1996; Gaytan et al. 2016; Cepeda-Molero et al. 2017).

However, this classification of pathogens extends beyond human pathogens to include
others causing diseases in animals, such as rabbit-enteropathogenic E. coli (REPEC), porcine-
enteropathogenic E. coli (PEPEC), Escherichia albertii (both avian and human pathogen), and
the mouse pathogen Citrobacter rodentium (C. rodentium) (Goosney et al. 2000; Kaper et al.
2004; Mundy et al. 2005; Croxen and Finlay 2010; Wong et al. 2011; Gomes et al. 2020;
Pakbin et al. 2021).

EPEC, EHEC and C. rodentium are all extracellular Gram-negative enteric pathogens with
similar infection strategies (Mundy et al. 2005; Wong et al. 2011). While EPEC and EHEC are
responsible for causing diarrheal diseases with global morbidity and mortality implications
(WHO, 2018), C. rodentium is a natural pathogen in mice, acting as the etiological agent of
transmissible murine crypt hyperplasia, also known as colonic crypt hyperplasia (CCH)
(Collins et al. 2014a; Collins et al. 2014b; Cepeda-Molero et al. 2017). Given that mice are
naturally resistant to EPEC/EHEC infection, in vivo research on AE pathogens was impeded
for along time (Law et al. 2013). However, the infection of mice with C. rodentium now
provides an ideal surrogate model for in vivo studies to understand the mechanisms of

infection of AE pathogens (Mundy et al. 2005; Law et al. 2013).

The development of the AE lesion occurs in three stages. Initially, bacteria adhere to the
host cells in a non-intimate manner through a type IV pilus (T4P), referred to as bundle-
forming pilus (BFP) in tEPEC, haemorrhagic coli pilus (HCP) in EHEC and colonisation factor
Citrobacter (CFC) in C. rodentium (Mundy et al. 2003; Wales et al. 2005; Xicohtencatl-Cortes

et al. 2007; Kaur and Dudeja 2023). Next, bacteria disrupt signal transduction pathways
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within the host cell by translocating effector proteins through the T3SS (Garmendia et al.
2005; Wales et al. 2005). Finally, bacteria establish an intimate attachment to the host cell
via the interaction between the adhesin intimin and its receptor Tir (Translocated Intimin
Receptor), translocated through the T3SS into the host cell membrane. These phases
collectively result in the recruitment of actin from the host cell, forming a pedestal-like
structure (Error! Reference source not found.) (Frankel and Phillips 2008; Croxen and Finlay

2010; Gaytan et al. 2016).
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Figure 1.1. Pedestal formation in AE pathogens.

The T3SS of AE pathogens injects Translocated Intimin Receptor (Tir) into host intestinal epithelial
cells upon infection. Tir integrates into the host cell membrane, binding bacterial intimin and
initiating actin cytoskeleton rearrangement. This process forms actin pedestals around the bacteria,
crucial for their attachment and colonisation of the intestinal epithelium. Figure adapted from
Palmer and Skaar (2019).

1.4  Type three secretion system.
AE pathogens employ a T3SS to promote disease. This system acts as a macromolecular
syringe, creating a continuous channel from the bacterial cytoplasm to the cell exterior. The

T3SS consists of several key components: the extracellular components, including a

filament/needle (EscF/EspA) and a translocation pore (EspB/EspD), which penetrate the
host cell membrane to facilitate protein delivery; a basal body, which consists of an outer
membrane ring, an inner membrane ring, an inner rod, and an export apparatus, all crucial

for the assembly and function of the T3SS; and the cytoplasmic protein complexes, including
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the cytoplasmic ring and an ATPase (EscN), which provide the necessary energy for the
secretion process (Figure 1.2) (Vallance and Finlay 2000; Gaytan et al. 2016; Slater et al.
2018; Slater and Frankel 2020; Ruano-Gallego et al. 2021).

EspA forms the filament of the T3SS, creating a channel between the bacterial cytoplasm
and the host cell. Together with the translocation pore units EspB and EspD, it constitutes
the translocon. Mutants lacking these translocon components can secrete proteins but fail
to translocate them into host cells. This defect affects adhesion, AE lesion formation, and
overall virulence, highlighting the importance of these secreted proteins (Knutton 1998;

Crepin et al. 2005; Gaytan et al. 2016).
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Figure 1.2. Structure of the Type Three Secretion System.

The figure illustrates the T3SS structure, highlighting four main components: the translocation pore,
the filament/needle (which extends from the bacterial membrane), the basal body (embedded in the
bacterial membranes), and the cytoplasmic ring. Figure created with BioRender.com.
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The genes necessary for the formation of the T3SS are encoded in the LEE pathogenicity
island (Figure 1.3), a 35.6 kb region inserted in the genome of AE pathogens (Perna et al.
1998; Kaper et al. 2004; Franzin and Sircili 2015; Furniss and Clements 2018). These genes
are organised in 5 operons: LEE1 to LEES. The LEE1, LEE2, and LEE3 operons encode the
structural components of the T3SS, inner and outer membrane components of the T3SS (E.
coli secretion gene, Esc), gene regulators (like Ler), chaperones (chaperone for E. coli
secreted protein, Ces), and secreted proteins (E. coli secreted protein, Esp). The LEE4
encodes for the needle proteins EscF and EspA, the translocons EspB and EspD, and effector
proteins. The LEES operon encodes the adhesin intimin (encoded by the eae gene), its
translocated receptor Tir, and the chaperone CesT (Elliott et al. 1998; Elliott et al. 2000;
Deng et al. 2004; Deng et al. 2005; Serapio-Palacios and Finlay 2020).
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Figure 1.3. Locus of Enterocyte Effacement of EPEC.

Locus of Enterocyte Effacement (LEE) is a genomic island organized into five main operons,
containing all the necessary genes to assemble a functional T3SS, along with regulatory elements and
core effector proteins. While there are minor differences in the LEE of EHEC and C. rodentium, the
overall organization and function are largely conserved. Figure from Slater et al. (2018).

1.5  T3SS Effectors.

The effector proteins manipulate eukaryotic cellular processes to the benefit of the bacteria.
They facilitate interaction with the intestinal epithelial cells, modify the host cytoskeleton
dynamics (leading to the induction of AE lesions and extensive remodelling of the gut
epithelium), and modulate the host immune response (Vallance and Finlay 2000; Wong et

al. 2011; Gaytan et al. 2016; Ruano-Gallego et al. 2021).

Although there is some variation, the gene content and organisation among the LEE regions

from different AE pathogens are highly conserved (Petty et al. 2010; Wong et al. 2011). All
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AE pathogens have 22 core effectors, including those encoded within the LEE and non-LEE
encoded (Nle) effectors. Nle effectors are found on mobile genetic elements or other
pathogenicity islands, and while they are not necessary for pedestal formation in EPEC, they
are required for AE lesions and colonisation (Collins et al. 2014b; Cepeda-Molero et al.
2017). The LEE-encoded effectors are Tir, Map, EspZ, EspF, EspH, EspG and EspB each with
distinct functions (lguchi et al. 2009).

The T3SS effector protein targets different parts of the host to create an environment that
allows the pathogens to thrive (Slater et al. 2018; Serapio-Palacios and Finlay 2020). For
instance, Tir (translocated intimin receptor) is a protein translocated into the plasma
membrane of host cells, where it serves as a receptor for the adhesin intimin. The
interaction between Tir and intimin is essential for triggering a signalling cascade that leads
to the forming of actin pedestals and intimate attachment of bacteria in host cells.
Additionally, Tir plays a role in downregulating Map-dependent filopodia formation (Nancy

L. Freeman et al. 2000; Dean et al. 2006; Berger et al. 2009; Stevens and Frankel 2015).

Map (mitochondrial-associated protein) is another multifunctional effector that regulates
diverse processes in the host cell. Upon infection, Map localises to the mitochondria via the
mitochondrial targeting signal (MTS), disrupting membrane potential and impacting oxygen
availability in the colon (Ma et al. 2006). Additionally, Map induces the formation of
filopodia (long finger-like structures) and causes the rapid inactivation of the sodium-
glucose-transporter SGLT-1, leading to rapid watery diarrhoea (Berger et al. 2009; Berger et
al. 2017; Shenoy et al. 2018).

EspZ plays a significant role during infection inhibiting apoptosis and reducing the cytotoxic
effect of bacterial infection, preventing rapid cell death during infection. Moreover, it
targets the mitochondria of infected cells (Shames et al. 2010; Shames et al. 2011).
Additionally, EspZ regulates the translocation of other effector proteins during infection,
ensuring that effectors are delivered in a regulated and timely manner to maximize their

impact on host cell functions (Berger et al. 2012; Serapio-Palacios and Finlay 2020).

EspF is a multifunctional effector that interacts with multiple host proteins and modulates
several processes. Along with the effector proteins Map and EspZ, EspF targets

mitochondria, disrupting the membrane potential and inducing the release of cytochrome ¢
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(Dean et al. 2006; Holmes et al. 2010). Its effects include disruption of the epithelial barrier,
microvillus effacement, modulation of the cytoskeleton, targeting and disruption of the
nucleolus, and inhibition of several epithelial transporters, which impairs water

reabsorption and induces diarrhoea (Holmes et al. 2010; Stevens and Frankel 2015).

EspH interferes with actin cytoskeleton dynamics. It represses filopodia formation, enhances
pedestal length and inhibits phagocytosis (Tu et al. 2003; Dong et al. 2010; Shenoy et al.
2018). EspH directly binds to and inactivates mammalian RhoGEFs, preventing their activity

toward RhoGTPases and thereby modulating actin dynamics (Dong et al. 2010).

EspG 's cellular function aims to disrupt microtubules and form actin stress fibres.
Moreover, EspG has been implicated in disrupting tight junctions in epithelial cells, thereby

altering cell permeability (Matsuzawa et al. 2004; Tomson et al. 2005; Shenoy et al. 2018).

EspB is the only secreted protein that functions as a component of the T3SS translocation
pore and is also a translocated effector. EspB disrupts adherens junctions and interacts with
the actin-binding domain of myosins, impairing their function and inhibiting phagocytosis

(Kodama et al. 2002; lizumi et al. 2007).

In summary, the diverse functions and targeted actions of T3SS effector proteins underscore
their pivotal role in bacterial pathogenesis and illustrate the complex strategies AE
pathogens employ to manipulate host cell processes. C. rodentium, a natural intestinal

pathogen in mice, is a valuable model for studying these mechanisms.

1.6  Citrobacter rodentium.

C. rodentium shares 67% of its genes and key virulence factors with related human
pathogens EPEC and EHEC (Collins et al. 2014b; Silberger et al. 2017). These shared factors
include the LEE pathogenicity island, which encodes for the T3SS. Additionally, it encodes a
type IV pilus and two type VI secretion systems (T6SS). Notably, although C. rodentium does
not express the Shiga toxin, researchers have developed a C. rodentium strain that
expresses the Shiga toxin, enabling studies on its impact on pathogenesis in vivo (Collins et
al. 2014b). Interestingly, C. rodentium is also used as a model for studying ulcerative colitis

and colon cancer (Hopkins and Frankel 2021).
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A hallmark of infection is CCH, characterised by the elongation of crypts, increased colonic
thickness, goblet cell loss and an increase in proliferating cells, particularly transit amplifying
(TA) cells at the base of the crypt (Silberger et al. 2017; Hopkins and Frankel 2021). This
hyperplasia arises from excessive epithelial regeneration and repair mechanisms (Mundy et
al. 2005; Ahmed et al. 2012; Roy et al. 2015). Under normal conditions, intestinal epithelial
cells are renewed from Lgr5+ stem cells, which are stimulated by Wingless (Wnt) signalling
to produce TA cells that eventually differentiate into mature epithelial cells. However,
during C. rodentium infection, the proliferation of TA cells is excessively stimulated by
mitogens and cytokines. This heightened proliferation, coupled with reduced shedding of
enterocytes, leads to the elongation of colonic crypts and contributes to the severity of
colitis. The severity can vary depending on the genetic background of the mouse, with
outcomes ranging from fatal to self-limiting (Collins et al. 2014b; Mullineaux-Sanders et al.

2019).

In C57BL/6 mice, the infection typically progresses through four phases. In the
establishment phase (1-3 days post-infection, DPI), C. rodentium colonises the caecal patch.
In the expansion phase (4-8 DPI), the bacteria attach intimately to the distal part of the
colon and proliferate. During this phase, the effector protein Tir is injected into the IEC via
the T3SS. Tir integrates into the IEC plasma membrane and interacts with the bacterial
adhesin intimin, forming an intimate attachment. In the steady-state phase (8-12 DPI), C.
rodentium reaches the peak of infection, with colonisation levels reaching a plateau at 108
to 10° colony former units (CFU)/g of faeces (Hopkins et al. 2019). Finally, in the clearance
phase (from 12 DPIl onward), bacterial levels rapidly decrease as the host begins to clear the
infection (Mullineaux-Sanders et al. 2019; Hopkins and Frankel 2021). Throughout infection,
mice develop colitis and dysbiosis is induced in the large intestine, which results in a
reduction of the abundance and diversity of commensal bacteria (Lupp et al. 2007; Hopkins

et al. 2019).

The interaction between the bacteria and the host cell leads to significant changes in the
enterocyte. C. rodentium infection triggers notable changes, including an enhanced
antimicrobial response and host defence mechanisms, changed colonic microbiome, altered

cellular metabolism, and significant modifications in the miRNome profile of infected IECs
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(Collins et al. 2014b; Berger et al. 2017; Hopkins et al. 2019; Mullineaux-Sanders et al. 2019;
Wen et al. 2019; Hopkins and Frankel 2021). These changes are critical for understanding

how C. rodentium manipulates host cell functions to facilitate its survival and proliferation.

1.6.1 C rodentium and host cell metabolism.

C. rodentium infection triggers colonic crypt hyperplasia by increasing the proliferation of TA
cells, which reduces the number of differentiated IECs such as enterocytes, goblet cells, and
deep crypt secretory cells (Hopkins et al. 2019). This loss disrupts Notch, Wnt, and EGF
signalling pathways, disturbing cellular homeostasis. The decrease in differentiated
enterocytes, marked by fewer ion exchangers, obstructs ion absorption and contributes to
infection-induced diarrhoea (Papapietro et al. 2013; Hopkins et al. 2019). These shifts in

cellular turnover likely affect cellular metabolism, increasing energy demands within the

crypt.

Cholesterol, a crucial lipid constituent of biological membranes, plays a vital role in
maintaining the epithelium integrity to prevent pathogen dissemination. Its homeostasis is
regulated by the expression of transcription factors such as liver X receptors (LXRs) and
sterol regulatory element-binding protein 2 (SREBP2), which control the expression of efflux
transporters and cholesterol biosynthesis, respectively. In conditions of cholesterol excess,
LXR transcription factors are activated to promote the expression of efflux transporters such
as ATP-binding cassette transporter A1 (ABCA1), ATP-binding cassette sub-family G member
5 (ABCG5), and ATP-binding cassette sub-family G member 8 (ABCG8) to facilitate
cholesterol removal. Conversely, biogenesis pathways are stimulated under low cholesterol

conditions to maintain cellular cholesterol levels (Luo et al. 2020).

During infection, IECs experience significant changes in cholesterol metabolism. C.
rodentium infection leads to an upregulation of the uptake and biosynthesis of cholesterol.
3-Hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), a key enzyme in cholesterol
biosynthesis, is upregulated, and the levels of low-density lipoprotein receptor (LDLR) and
proprotein convertase subtilisin/kexin type 9 (PCSK9), which regulates LDL and cholesterol
synthesis, are increased. Interstingly, cholesterol efflux is also enhanced, with transporters

like ABCA1 in higher abundance, leading to elevated cholesterol levels in serum and faeces
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during infection (Berger et al. 2017; Hopkins et al. 2019). These changes indicate a complex

interaction between cholesterol biosynthesis and efflux in response to infection.

Under normal conditions, IECs metabolise butyrate in the mitochondria via the B-oxidation
process, producing acetyl-CoA. This process consumes oxygen and promotes an anaerobic
environment in the lumen. The acetyl-CoA enters the tricarboxylic acid (TCA) cycle to
produce high-energy molecules, fueling oxidative phosphorylation (OXPHOS) for ATP
production. This efficient energy production is crucial for maintaining normal cellular

functions in the intestine (Szrok-Jurga et al. 2023).

During infection with C. rodentium, there is a downregulation of pathways like OXPHOS, TCA
cycle and B-oxidation, coupled with the upregulation of the glycolysis pathway (Berger et al.
2017; Hopkins et al. 2019). This phenomenon mirrors the Warburg effect, which is
characterised by an increased reliance on glycolysis for energy production even in the
presence of sufficient oxygen. Typically observed in cancer and proliferative cells, the
Warburg effect allows cells to rapidly generate ATP and biosynthetic precursors necessary

for cell growth and proliferation (Vander Heiden et al. 2009; Escoll and Buchrieser 2018).

Disruption of B-oxidation reduces mitochondrial energy production and oxygen
consumption through OXPHQOS, leading to increased oxygenation of the colonic epithelium.
These alterations in the oxygenation of the intestinal mucosa are likely attributed to
mitochondrial disruption caused by effector proteins like Map, EspF, and EspZ (Nougayrede
and Donnenberg 2004; Nagai et al. 2005; Ma et al. 2006; Shames et al. 2011; Hua et al.
2018). Simultaneously, the abundance of the Sodium-Glucose Co-Transporter 4 (SGLT4)
increases, facilitating more glucose transport into the cells for glycolysis. Additionally,
phosphocreatine, a molecule that helps rapidly regenerate adenosine triphosphate (ATP), is
found at higher levels in infected IECs (Berger et al. 2017). This indicates that these cells are
mobilising more ATP to meet heightened energy demands. Overall, these changes suggest
that infected IECs adjust their metabolic pathways to cope with the stress of infection,

relying more on glycolysis and enhancing their capacity to regenerate ATP.
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1.6.2 Host miRNome and C. rodentium.

Moreover, C. rodentium induces a change in the microRNA (miRNA) profile of infected cells
in mice. miRNAs are small, non-protein-coding RNAs, approximately 21-25 nucleotides in
length, that regulate gene expression by targeting mRNAs for degradation or translation
repression (Wahid et al. 2010). The synthesis of the miRNA begins in the nucleus, where
DNA is transcribed to primary miRNA (pri-miRNA) by RNA polymerase Il (Figure 1.4) (Lee et
al. 2002; Bartel 2004). This pri-miRNA is then processed by Drosha, an RNase Ill enzyme, to
precursor-microRNA (pre-miRNA). The pre-miRNA is subsequently transported to the
cytoplasm by exportin-5 (Xpo5), where it is further processed into mature miRNA by Dicer

(Lee et al. 2002; Wahid et al. 2010).
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Figure 1.4. miRNA synthesis and functions.

Pri-miRNA is transformed into pre-miRNA in the nucleus of the cell. Then, is exported through
exportin 5 to the cytoplasm, where it is transformed into mature miRNA by Dicer. Mature miRNA is
loaded in the RISC, forming the active complex. RISC promote gene silencing via deadenylation and
degradation of mMRNA, 5’ decapping, or promoting ribosome detachment from the target mRNA.
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In the cytoplasm, mature miRNAs are incorporated into the RNA-induced silencing complex
(RISC). This complex includes Argonaute proteins such as Argonaute 1 (Ago 1) and
Argonaute 2 (Ago 2), as well as p54 and the fragile X protein (FRAX) (Wahid et al. 2010;
Saliminejad et al. 2019). RISC regulates gene expression through diverse mechanisms.
Typically, miRNA binds to complementary regions in the 3’ untranslated region of target
mMRNA, leading Ago2 to promote mRNA degradation (Lee et al. 2002). In cases of imperfect
complementarity between the miRNA and its target mRNA, the catalytic function of Ago is
altered, and the GW182 protein is recruited (Niaz and Hussain 2018). GW182 acts as a
scaffold for recruiting catalytic proteins or the CCR4-NOT complex, which leads to
deadenylation of the mRNA’s polyA tail (Wahid et al. 2010; Niaz and Hussain 2018).
Additionally, RISC recruits Dcpl1/2 proteins to induce mRNA 5’ decapping and degradation.
Another mechanism involves the RISC complex causing ribosome stalling, which interferes
with protein translation and leads to premature termination (Wahid et al. 2010). Through

these diverse mechanisms, RISC effectively silences gene expression.

MiRNAs regulate different physiological processes in animals, including cell death, cell
proliferation, metabolic pathways, immune response, antiviral defence, adipocyte
differentiation, and insulin secretion (Wahid et al. 2010; Das et al. 2016; Saliminejad et al.
2019). Dysregulation of miRNA expression is associated with various disease pathologies,
such as myocardial infarction to cancers, highlighting their potential as diagnostic markers
and therapeutic targets (Saliminejad et al. 2019). Furthermore, miRNAs are integral to the
host's response to both viral and bacterial infections and are often exploited by pathogens

to manipulate host cell pathways (Wahid et al. 2010; Das et al. 2016).

Several intestinal pathogens, such as the Gram-negative bacteria Salmonella, Campylobacter
concisus, Helicobacter pylori, and the Gram-positive bacterium Listeria monocytogenes,

have been reported to modify host miRNAs (Maudet et al. 2014; Das et al. 2016). Notably, C.
rodentium infection also induces a change in the miRNome profile of IEC in mice. Wen et al.
(2019) investigated the impact of infection on the miRNome of IECs and found that 24
miRNAs were significantly deregulated during infection. These deregulated miRNAs were
associated with pathways related to cell cycle regulation, immune response, and cancer

development. This change in the miRNome of infected cells emphasises the complex
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interplay between miRNAs and host responses to pathogenic infections, highlighting their

importance in understanding and managing these interactions.

1.6.3 Host immune response to C. rodentium.

C. rodentium infection triggers a complex host immune response, involving both innate and
adaptive mechanisms to combat the pathogen. Inflammation is a critical aspect of this
response, essential to eliminate affected cells and harmful factors, and restore tissue and

physiological function (Ricciotti and Fitzgerald 2011; Wautier and Wautier 2023).

Initially, C. rodentium infection depletes goblet cells, which are responsible for secreting
mucins that protect the gut and maintain epithelial barrier integrity (Bergstrom et al. 2008;
Chan et al. 2013). This depletion compromises the barrier, allowing bacteria to penetrate

and trigger inflammatory signalling pathways (Mullineaux-Sanders et al. 2019).

The innate immune response is initiated through the recognition of pathogen-associated
molecular patterns (PAMPs) (Collins et al. 2014b; Silberger et al. 2017; Mullineaux-Sanders
et al. 2019). Epithelial cells respond by releasing antimicrobial proteins and reactive oxygen
species to contain the pathogen. This is followed by activating antigen-presenting cells and
phagocytes, including macrophages, monocytes, and neutrophils. These immune cells use
pattern recognition receptors (PRRs) such as toll-like receptors (TLR) or nucleotide-binding
oligomerisation domain-like receptors (NOD) to recognise and respond to the pathogen
(Hopkins and Frankel 2021). TLR2, TLR4, and NOD2 detect components such as
peptidoglycan and lipopolysaccharides (LPS). While TLR2 helps maintain mucosal integrity,
TLR4 intensifies inflammation and tissue damage, and NOD2 aids bacterial clearance by

recruiting inflammatory monocytes (Gibson et al. 2010; Kim et al. 2011).

The activation of these PRRs triggers adaptor proteins, leading to the activation of pro-
inflammatory transcription factors such as NF-kB and interferon regulatory factors. This
cascade results in the production of cytokines (such as IL-6) and chemokines (for instance
CXCL1 and CCL2), as well as nitric oxide, all of which contribute to inflammation and
pathogen clearance (Kim et al. 2011; Mullineaux-Sanders et al. 2019). Phagocytes also
engulf and destroy C. rodentium while releasing additional pro-inflammatory cytokines.

Dendritic cells migrate to the lymph nodes, where they activate and guide circulating
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lymphocytes to the colonic lamina propria. Importantly, dendritic cells produce IL-23 (Error!
Reference source not found.), which boosts the immune response by stimulating the
production of interleukin-22 (IL-22) from group 3 innate lymphoid cells (ILC3) and T-helper
(Th) cells (Collins et al. 2014b; Mullineaux-Sanders et al. 2019). Notably, mice lacking I1L-22
or IL-23 are highly susceptible to C. rodentium infection (Koroleva et al. 2015; Silberger et al.

2017).

The adaptive immune response to C. rodentium is predominantly driven by Thl cells. CD4+ T
cells are central in this process, producing key cytokines such as IL-22, IL-17A, and IFNy
(Error! Reference source not found.) (Silberger et al. 2017; Mullineaux-Sanders et al. 2019).
Early in the infection, the attachment of C. rodentium to IECs triggers a strong Th17

response. Initially, Th17 cells mainly produce IL-17A and IL-22. However, as the infection
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Figure 1.5. Phases of Citrobacter rodentium infection.

The image illustrates the changes occurring during the different phases of C. rodentium infection.
Initially, the mucus layer of the colon diminishes as goblet cells are depleted. Host cell metabolism
shifts, leading to increased cholesterol release into the lumen. Oxygen levels in the lumen rise due to
mitochondrial destruction and reduced cellular respiration. Both innate and adaptive immune cells,
such as dendritic cells, neutrophils, and T-helper (Th) cells, activate an immune response, stimulating
the production of various molecules to combat the infection. Figure from Mullineaux-Sanders et al.
(2019).

18



CHAPTER 1 — Introduction

progresses, they increase their production of IFNy and the transcription factor T-bet,
adopting a more Thl-like phenotype (Collins et al. 2014b; Silberger et al. 2017; Mullineaux-
Sanders et al. 2019).

IL-17A plays a key role in inflammation by recruiting neutrophils, which are vital for
controlling bacterial infections (Collins et al. 2014b; Silberger et al. 2017; Mullineaux-
Sanders et al. 2019). IL-22, a pro-inflammatory cytokine from the IL-10 family, acts on IECs
to promote the secretion of antimicrobial peptides such as Regllly and RegllIB, as well as
nutritional immunity proteins like calprotectin (a heterodimer of S100A8 and S100A9) and
lipocalin 2 (Lcn2) (Hood and Skaar 2012). These molecules help limit C. rodentium

colonisation (Collins et al. 2014b).

Additionally, Gamma-Delta (y6)-T cells contribute to the production of IL-17A and IFNy
(Collins et al. 2014b). IFNy enhances epithelial cell responses and promotes pro-
inflammatory lymphocyte phenotypes, reinforcing the Th1 bias typical of responses to AE
pathogens. Th17 cells also produce IL-21, which works alongside IFNy to activate STAT1 and
induce the expression of interferon-stimulated genes in T cells (Mullineaux-Sanders et al.

2019).

In the clearance phase, starting from 12 days post-infection, C. rodentium associated with
mucosal tissues is opsonized by immunoglobulin G (IgG) produced by B cells and engulfed by
phagocytes (Mullineaux-Sanders et al. 2019). Meanwhile, luminal C. rodentium is
outcompeted by commensal bacteria, such as E. coli, resulting in clearance of the pathogen
in approximately three weeks (Collins et al. 2014b; Silberger et al. 2017; Mullineaux-Sanders

et al. 2019).

Moreover, prostaglandins (PGs), derived from the fatty acid arachidonic acid, play a
significant role in the inflammatory response. The principal bioactive PGs are prostaglandin
E» (PGEy), prostaglandin |, (PGIy), prostaglandin F2q (PGF24), and prostaglandin D, (PGDa).
While these molecules are ubiquitously produced, their expression level and production
profiles change during inflammation (Ricciotti and Fitzgerald 2011; Aoki and Narumiya 2012;
Allaj et al. 2013). For example, during C. rodentium infection, there is an increase in PGE;
production in the colonic tissue, which inhibits T-helper 17 (Th17) cell differentiation. Th17

cells are crucial for mucosal defence, as they secrete cytokines that enhance the
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antimicrobial response and promote the recruitment of immune cells to infection sites.
Interestingly, targeting the prostaglandin E; receptor EP4 enhances intestinal defence
against C. rodentium by leading to increased Th17 cells, boosting antimicrobial peptide
production and a decreased number of bacteria in the colon (Dejani et al. 2018). While this
highlights the complex regulation of immune responses during infection, the precise role of
PGE; and the prostaglandin pathway during C. rodentium infection is not yet fully

understood.

1.6.4 Host microbiome and C. rodentium infection.

The composition of the commensal bacteria significantly influences C. rodentium-host
interactions. During homeostasis, the microbiota is formed by obligate anaerobic bacteria,
including Firmicutes and Bacteroidettes. These bacteria play crucial roles in modulating host
metabolism, aiding digestion, and stimulating the development of mucosal immune and

lymphatic systems (Hopkins and Frankel 2021).

IECs differentiate commensal bacteria from pathogens via TLR. For instance, a surface
polysaccharide of Bacteroides fragilis triggers TLR2 activation, which stimulates T cells and
secretion of the anti-inflammatory IL-10 and inhibits pro-inflammatory Th-17 response
(Hopkins and Frankel 2021). Moreover, Lactobacillus and Bacteroides spp. promote the
mucus barrier, while Clostridia produce butyrate, an energy source for host colon cells
(Error! Reference source not found.) (Mullineaux-Sanders et al. 2019; Hopkins and Frankel

2021).

Commensal bacteria limit infections through three primary strategies: blocking pathogen
growth by releasing antibacterial metabolites and competing for nutrients and oxygen,
priming the host’s immune defences, and out-competing pathogens during the resolution of

infection (Stecher and Hardt 2011; Hopkins and Frankel 2021).

Diet significantly influences microbiota composition and can affect the progression of
infection (Mullineaux-Sanders et al. 2019; Hopkins and Frankel 2021). For example, omega-6
polyunsaturated fatty acids (PUFAs) derived from dietary oils increase the levels of
Enterobactereriaceae, segmented filamentous bacteria (SFB) and Clostridium spp., which are

implicated in pro-inflammatory responses in the colon. Furthermore, a low-fibre diet can
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lead commensal bacteria to degrade the mucus layer, increasing susceptibility to infection
(Mullineaux-Sanders et al. 2019). Additionally, dietary compounds can also modify immune
responses in the colon. For example, vitamin D suppresses Th17 responses, reducing ILC3
and IL-22 production, and increasing susceptibility to C. rodentium infection (Hopkins and

Frankel 2021).

IEC metabolism changes during C. rodentium infection affects the microbiota by promoting a
shift from obligate anaerobes (which thrive in oxygen-free environments) to facultative
anaerobes (which can survive with or without oxygen) (Lupp et al. 2007; Berger et al. 2017;
Hopkins et al. 2019; Mullineaux-Sanders et al. 2019; Caballero-Flores et al. 2021). C.
rodentium uses metabolites from the microbiota to adjust its virulence gene expression. For
instance, butyrate produced by obligate anaerobes in the colon induces the expression of
the T3SS. Conversely, fucose liberated from host glycans by Bacteroides thetaiotaomicron
(B. thetaiotaomicron) is sensed by C. rodentium and represses T3SS. This is a mechanism by
which the pathogen conserves energy in expressing virulence factors until it is close to the
mucosa. Moreover, B. thetaiotaomicron produces 1,2-propanediol, which is metabolised by
C. rodentium to propionate and induces the expression of the LEE1 operon, encoding the
regulator Ler, crucial for virulence. In addition, C. rodentium degrades the mucus layer via
mucinases. This degradation induces the secretion of succinate by B. thetaiotaomicron,

which is sensed by C. rodentium and leads to the expression of T3SS.

These interactions illustrate how C. rodentium exploits the microbiota to regulate its

virulence and adapt to the host environment.
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1.7  Aims and Objectives.

Previous studies have shown the impact of C. rodentium infection on host cells, revealing
significant alterations in the molecular profile of intestinal epithelial cells. These changes
affect cellular metabolism, cellular respiration, inflammatory responses, the microbiome,
and the miRNome. Despite these findings, the specific regulatory mechanisms and pathways
involved in the IEC response are not fully understood. This PhD aimed to understand how
IECs respond to C. rodentium at a molecular level to provide valuable insights into host-

pathogen interactions. The following objectives were outlined:

1. Investigate how intestinal epithelial cells respond to C. rodentium infection at the

RNA level (Chapter 3).

2. Understanding transcriptome and proteome of C. rodentium-infected intestinal

epithelial cells (Chapter 4).

3. Investigate the prostaglandin biosynthesis regulation during C. rodentium infection

(Chapter 5).

4. Establish how the RNA-induced silencing complex (RISC) is regulated during C.

rodentium infection (Chapter 6).
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2 CHAPTER 2: Materials and Methods.

2.1 Microbial strains and growth conditions.

2.1.1 Microbial strains.

All bacterial strains used in this study are detailed in Table 2.1.

. . Antibiotic
Bacterial strains . Reference
resistance
Citrobacter rodentium ICC169 Nal® Schauer and Falkow (1993)
C. rodentium NEspA Nal? — Kn® Petty et al. (2010)

aNalidixic acid, °’kanamycin.

Table 2.1. Bacterial strains used in this study.

2.1.2 Bacterial media.

Luria-Bertani (LB) Agar Miller (Fisher Scientific, 12821660) and LB Broth Miller (Fisher
Scientific, 11345992) were prepared with double-distilled water and sterilised by
autoclaving at 121 °C for 15 minutes, following the manufacturer's instructions. When
necessary, media was supplemented with the appropriate antibiotics at the following
concentrations: nalidixic acid (Nal) (Alfa Aesar, J67194.8=), 50 ug/mL; kanamycin (Kn) (Sigma
Aldrich, K4000-25G), 50 pg/mL.

2.1.3 Storage.

All bacterial strains in this study were stored at -80 °C in Microbank™ cryovials (Pro Lab
Diagnostics, PL.170/M). Cryovials were first inoculated with an overnight bacterial culture

under an aseptic technique, labelled, and placed in a -80 °C freezer for long-term storage.

2.1.4 Growth conditions.

Bacterial strains were streaked into LB agar Petri dishes, with or without antibiotics when
needed, from frozen stock and incubated at 37 °C overnight. Then, a colony from a plate

was taken and cultured overnight in LB broth media at 37 °C with shaking at 150 rpm.
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2.2 Invivo experiments.

2.2.1  Mouse husbandry.

All animal experiments adhered to the Animals (Scientific Procedures) Act 1986
(Home Office 2014) and were approved by the local Ethical Review Committee, with Project

Licence (PPL) number P42814957 and Personal Licence (PIL) number 1041F3CCO.

Pathogen-free female C57BL/6 mice (18-20 g; purchased from Charles River Ltd., UK) were
housed in individually ventilated, HEPA-filtered cages with sterile bedding and nesting
materials, with sterilised food and water freely available. Upon arrival, the mice were
randomised using a random number generator and tagged for identification before each
experiment. Different colour markers (blue, green, red, black, or no tag) were used to mark
the animals' tails. Before initiating the experiments, the mice were acclimatised to the new
environment for 6 days. Independent single-infection experiments were conducted with 4-6

mice per group. Mice were humanely euthanised by cervical dislocation.

2.2.2 Preparation of culture and infection of mice.

Mice were infected with C. rodentium strain ICC169 (Wild Type, WT) or PBS-treated. To
prepare the inoculum, bacteria were cultured overnight (37 °C, 150 rpm shaking) from
frozen stock in 50 mL tubes containing 20 mL of LB broth supplemented with nalidixic acid
(50 pug/mL). On the day of infection, bacteria were pelleted (4000 rpm for 10 minutes) and

resuspended in 2 mL of sterile PBS.

In the main experimental groups, the C. rodentium experiment was conducted twice to
assess transcriptomic changes. Mice received 200 pL of C. rodentium WT (6.3E*9°f CFU) by
oral gavage (treatment group) or 200 uL of PBS (control group) in these experiments. In a
separate experiment, aspirin (ASA) (Sigma Aldrich, A5375-100G) was used to investigate

Lcn 2 production and phenotype changes, including crypt hyperplasia development. This
experiment was performed once and included four conditions: (1) mice receiving 200 pL of
C. rodentium WT alongside ASA, (2) mice receiving 200 pL of PBS alongside ASA, (3) mice
receiving 200 L of C. rodentium WT without ASA, and (4) mice receiving 200 uL of PBS
without ASA. After infection, all mice were weighed and monitored daily until the end of the

experiment.
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2.2.3 Aspirin preparation and administration.

The aspirin concentration given to mice was 25 mg/kg/day. Considering that the average
mice weight was around 20 g and that mice drink an average of 4 mL of water daily, 125 mg
of aspirin was dissolved in 1 L of tap water and placed in the drinking water holder. The

aspirin solution was prepared fresh and replaced every two days.

2.2.4 C. rodentium faecal enumeration.

Infected mice were separated into individual boxes to be weighed and to collect faeces. In
the main experimental group, faeces from the treatment group were collected, and for the
ASA experiment, from both the C. rodentium-ASA treatment group and the C. rodentium-

treatment group.

Faeces from infected mice were collected, weighed, and resuspended in PBS (1 mL of PBS
per 0.1 g of stool). The suspension was then serially diluted and plated in LB agar
supplemented with nalidixic acid (50 pg/mL). Plates were incubated at 37 °C overnight, and

colonies were counted the following day. Each dilution was plated in triplicates.

2.2.5 Tissue sample collection.

Tissue samples were collected at eight days post-infection (DPI), the peak of infection. Four
centimetres of the terminal colon were collected. Of these, 3.5 cm were cut longitudinally
for enterocyte extraction; to preserve the integrity of the tissue, stools were removed using
forceps. An additional 0.5 cm was collected for tissue fixation and Haematoxylin and Eosin

(H&E) staining.

2.2.5.1 Intestinal epithelial cell isolation.

Colon samples were placed in a 50 mL Falcon tube containing 4 mL of intestinal epithelial
cells (IEC) isolation reagent (5 mL 10x HBSS; 0.5 mL HEPES; 100 uL EDTA 0.5M; 250 pL B-
mercaptoethanol; to 50 mL H,0). Then, the tissue was incubated at 37 °C with shaking at
200 rpm. for 40 min. Next, the tissue was removed, and the lifted enterocytes were
centrifuged at 4 °C for 10 min (2500 g). Finally, cells were washed twice with PBS, 4 ml of
PBS and 0.5 mL of PBS, respectively, and centrifuged at 4 °C for 10 min (2500 g). The
supernatant was discarded, and the enterocyte pellet was stored at —80 °C for further RNA

extraction.
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2.2.5.2 Histological analyses.

0.5 cm of the distal colon was collected and fixed in 4% paraformaldehyde (Thermo
Scientific, 28908) diluted in PBS for at least 48 hours. After fixation, samples were
transferred to PBS and were Haematoxylin and Eosin (H&E) stained by the Bioimaging Hub,

Histology department at Cardiff University Bioimaging Hub Core Facility.

Histological images were captured using the Leica DMRB microscope at the Cardiff
University Bioimaging Hub. Crypt length was measured with Image J software for all animals

and all conditions, and the results were analysed using GraphPad Prism.

2.3 RNA sequencing and bioinformatic analysis.

2.3.1 RNA sequencing sample preparation.

RNA was extracted from IEC samples stored at -80 °C using the RNeasy mini kit (Qiagen,
74104). RNA concentration was quantified using the NanoDrop spectrophotometer
(samples with concentrations higher than 100 ng/uL were considered for further steps).
Next, RNA was treated with RQ1 RNase-Free DNase (Promega, M6101) and the quality of
the samples was determined using TapeStation and Qubit technologies. DNase treatment
was repeated twice due to the high concentration of DNA in the samples. Then, TapeStation
and Qubit were repeated, and samples with an RNA concentration higher than 88.4 ng/uL
and RNA Rin higher than 2.7 were selected. Three samples for each condition (Infected and

Control) from two independent experiments were selected.

2.3.2 RNA sequencing.

The RNA extracted from IEC samples was subjected to polyA tail purification. PolyA selection
is often used to enrich mRNA by capturing the polyadenylated tails that are characteristic of
eukaryotic mRNA, minimising the presence of bacterial RNA, which typically lacks polyA
tails. To ensure biological replicates and account for inter-individual variability, mRNA was
extracted and processed separately for each mouse. The RNA samples were assessed for
quality and purity, including checking ribosomal RNA (rRNA) content, to ensure minimal

rRNA contamination prior to library preparation.

The polyA-purified mRNA was used to create RNAseq libraries. Single-end RNA sequencing

was performed on an lllumina NextSeg500 platform with a read configuration of 1x75 base
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pairs, generating approximately 30 million reads per sample. Sequencing depth was
optimised to provide sufficient resolution for transcriptomic analysis. Sequencing was
performed by the Genome Hub, School of Biosciences, Cardiff University. The raw
sequencing reads were aligned to the reference genome (Mus_musculus.GRCm38.101)
using the STAR aligner, and gene expression levels were quantified with FeatureCounts by

counting the reads mapped to each gene.

2.3.3 Bioinformatic analysis.

Transcriptomic analysis was carried out using the Linux operating system and R software,
with Bioconductor packages including DESeq2 for normalisation and differential analysis,
and SARTools for quality control (Varet et al. 2016). Differentially expressed genes were
annotated using Ensembl and cross-referenced against the UniProt Reference Proteomes of
17102 reviewed mouse protein entries. Variance Stabilising Transformation (VST) was
applied to transform count data, followed by hierarchical clustering to assess variability

across samples.

The analysis began with the identification of differentially expressed genes using an
adjusted p-value threshold of <0.05, calculated using the Benjamini-Hochberg (BH) method
to control for the false discovery rate. Genes with a -log10 adjusted p-value >1.30 were
considered significant, and a log2 fold change (log2FC) threshold of +0.58 was applied to
classify genes as upregulated (log2FC > 0.58) or downregulated (log2FC < -0.58).

Following the identification of differentially expressed genes, a comprehensive manual
curation process was conducted. All differentially expressed genes were linked to their
corresponding protein names, functions, associated pathways, and subcellular locations
using the UniProt database. This step was crucial for accurate functional classification and
for grouping genes into relevant pathways. Additionally, the top 20 upregulated and
downregulated genes were further examined in detail to assess their subcellular localisation

and specific biological roles.

Pathway analysis for the transcriptome data was conducted using Ingenuity Pathway
Analysis (IPA, QIAGEN Inc., https://digitalinsights.qiagen.com/IPA ) (Kramer et al. 2014) and

ClueGO, a Cytoscape plugin (Bindea et al. 2009). IPA was employed to identify over-
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represented canonical pathways, cellular functions, and upstream regulators. ClueGO
provided a network-based visualisation of gene ontology (GO) terms, which were used to
validate and cross-check the pathways identified by IPA. For each pathway selected for
further analysis, the associated genes were examined in detail, including their Log2FC values
and the adjusted p-value, to ensure the robustness and biological significance of the

findings.

After completing the transcriptome analysis, an integrated analysis of both the
transcriptome and proteome datasets was performed. The two datasets were combined to
identify common entries as well as those unique to either the transcriptome or proteome.
Differentially expressed genes and proteins were then compared to discern patterns of
regulation across both levels. Common entries were analysed to determine their
contributions to specific biological pathways, while unique entries were explored for their
involvement in distinct pathways not captured in the other dataset. This integrative
approach provided a comprehensive view of the molecular changes occurring during

infection.

Finally, PathVisio was employed to map the differentially expressed genes and proteins from
both the transcriptome and proteome data onto curated and custom biological pathways.
This allowed for a deeper exploration of the molecular interactions disrupted during C.
rodentium infection. The combination of manual curation, detailed transcriptome analysis,
integration of transcriptome and proteome data, and the use of advanced bioinformatics

tools provided a robust and nuanced understanding of the altered pathways.

2.4 Proteome.

The proteome data used in this study (PXD005004) was deposited in the ProteomeXchange
Consortium via the PRIDE database and was originally published Berger et al. (2017). This
dataset comprises the proteome of infected enterocytes, collected 8 days post-C. rodentium
infection. The proteome data was utilised to complement the transcriptomic analysis by
identifying and integrating protein-level changes during infection. This integration allowed
for a comprehensive exploration of the molecular pathways and biological processes

affected during C. rodentium infection.
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2.5 Lipocalin-2 ELISA assay.

Additional stool samples were collected for the ASA experiment for an ELISA assay to detect
Lipocalin-2 (Bio Techne, DY1857) concentration. These samples were placed in the -80 °C

freezer until analysis.

Samples of mice from all groups from 5 DPI and 8 DPI were analysed in duplicates. Frozen
stool pellets were resuspended in PBS-0.1% Tween 20 at a ratio of 0.1 g of stool per 1 mL
PBS. The samples were shaken for 20 min and then centrifuged at maximum speed for 10
min before freezing the supernatant. Supernatants were kept at the -80 °C freezer or

processed on the same day.

Faecal Lipocalin-2 was measured using Mouse Lipocalin-2/NGAL DuoSet ELISA according to

the manufacturer's instructions. The dilutions used for the different samples are shown in

Table 2.2:
Treatment Dilution
C. rodentium Aspirin 5 DPI 8 DPI
No aspirin 1:500 1:2000
Infected
Aspirin 1:500 1:2000
No aspirin 1:50 1:100
No infected o
Aspirin 1:50 1:100

Table 2.2. Dilutions used for Lipocalin-2 ELISA assay.

2.6 Molecular biology techniques.

2.6.1 Plasmids.

All plasmids used in this study are detailed in Table 2.3

Plasmids Antibiotic resistance Origin/Reference
pCMV-VSV-G-env Amp? Stewart et al. (2003)
pCMV-MMLV-gag-pol Amp? Buchschacher et al. (1999)
pMMLV-Puro-HA-Ago 1 Amp? — Puro® This study
PMMLV-Puro-HA-Ago 2 Amp? — Puro® This study

aAmpicillin, °Ppuromycin.

Table 2.3. Plasmids used in this study.
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2.6.2 Plasmid DNA extraction.

Plasmids expressed in E. coli were stored at -80 °C for long-term storage. For plasmid
extraction, bacteria were streaked in LB Agar plates supplemented with ampicillin (Amp)
(Melford, A0104-25G), 100 pg/mL, and incubated at 37 °C overnight. The next day, a single
colony was picked and placed in LB broth and incubated at 37 °C overnight, shaking 150
rpm. Finally, the plasmid was extracted following the instructions from the Monarch®
Plasmid Miniprep Kit (New England Biolabs (NEB), T1010S) and stored at -20 °C. DNA

concentration was measured using a Nanodrop spectrophotometer.

2.6.3 Expression vector - pMMLV-Puro-HA-Ago proteins.

The Gibson technique was selected to prepare the desired expression vector; however, after
unsuccessful attempts, the vectors were designed and purchased from Vector Builder. The
MMLYV Retrovirus Gene Expression Vector, derived from Moloney murine leukaemia virus,
was selected as it is an efficient vehicle for introducing genes permanently into mammalian

cells.
The following genes were introduced in the vector (Figure 2.1):

Puromycin resistance gene: allows cells to be resistant to puromycin and the selection of

cells expressing this gene by adding the antibiotic to the media.

Self-cleaving 2A peptide: causes co-translational cleavage of the encoded polypeptide.

HA/hAGO2[NM_012154.5]: HA refers to the hemagglutinin (HA) epitope tag, a small

protein tag added to the target protein to facilitate detection and purification; hAGO2 refers

to the human Argonaute 2 (Ago2).

HA/hAGO1[NM 012199.5]: HA refers to the HA epitope tag, and hAGO1 refers to the

human Argonaute 1 (Agol).
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MMLV 5 LTR

pUC ori

HA-Agol vector

8076 bp
MMLV 3 LTR

HA/hAGO1[NM_012199.5]*

MMLV 5’ LTR
Ampicillin

pUC ori

HA-Ago2 vector

8082 bp

MMLV 3'LTR

HA/hAGO2[NM_012154.5]*

Figure 2.1. pMMLV-Puro-HA-Ago vector structure.
Schematic representation of the parts of the pMMLV-Puro-HA-Ago vector. Image from Vector
Builder.
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2.7  Cell culture techniques.

2.7.1 Cell culture media.

The cell lines in this study were cultured in different media combinations (Table 2.4). Media
was purchased from Sigma or Fisher Scientific. Fetal Bovine Serum (FBS), Glutamax (L-alanyl-
L-glutamine), and non-essential amino acids (NEAA) were purchased from Fisher Scientific

(11550356, 11574466, and 11350912, respectively). Puromycin was purchased from VWR

(J67236.XF).
Cell Line Media type Glucose Supplements
yp concentration PP
0, o)
Hela DMEM 1000 mg/L FBS (10%), Glutamax (1%), NEAA

(1%)

Hela (HA-Agol or FBS (10%), Glutamax (1%), NEAA

HA-Ago2) DMEM 1000 me/L (1%), Puromycin (2 pug/mL)
0, 0,

HEK293E DMEM 4500 mg/L FBS (10%), Glutamax (1%), NEAA

(1%)

(o) o,

CMT93 DMEM-F12 4500 mg/L FBS (5%), Glutamax (1%), NEAA

(1%)
CMT93 (HA-Agol FBS (5%), Glutamax (1%), NEAA
or HA-Ago2) DMEM-F12 4500 mg/L (1%), Puromycin (2 pg/mL)

Table 2.4. Cell culture media.

2.7.2 Cell line subculturing.

Cell subculturing was performed every 2-4 days depending on the cell line, when cells
reached 70%-80% confluence. All reagents and media were pre-warmed to 37 °C (or room
temperature for trypsin-EDTA 0.05%) before use. The procedure began with the removal
and discarding of the cell culture medium, followed by a DPBS (Sigma, D8537-100ML) wash
to remove any residual media, which was then also discarded. Trypsin-EDTA 0.05% (Fisher
Scientific, 11580626) was added to the tissue culture flask to detach cells from the flask and
disaggregate cells and incubated at 37 °C for 5-15 minutes, depending on the cell line, after
which fresh media was added to inactivate the trypsin. The concentrated cell suspension
was then transferred to a new T25 tissue culture flask (Fisher Scientific, 10700052) with

fresh media according to the routine split ratio. Finally, the tissue culture flask was placed in
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an incubator at 37 °C with 5% CO; and monitored daily or every other day for standard cell

growth.

2.7.3 Cell line cryopreservation.

For long-term storage, all cell lines were cryopreserved in liquid nitrogen. The process began
with culturing cells in a T75 tissue culture flask (Falcon, 353136) until they reached 70%-80%
confluence. The cells were then washed with DPBS and incubated with trypsin-EDTA 0.05%
for 5-15 minutes. After incubation, fresh media was added, and the cell suspension was
transferred to a sterile Falcon tube and centrifuged at 1200 rpm for 4 minutes at 20 °C to
pellet the cells. The supernatant was aspirated, and the pelleted cells were resuspended in a
freezing medium (FBS with 10% DMSO as a cryoprotectant). The cell suspension was
aliquoted into 2 mL cryovials (Fisher Brand, 12-567-501), which were labelled with the cell
line name, passage number, date, and operator’s name. The vials were then placed in a Mr
Frosty® Freezing container (Nalgene, 5100-0001) filled with isopropanol to achieve a slow
cooling rate of approximately -1 °C per minute, and stored in a -80 °C freezer for at least 24
hours. Finally, the cryovials were transferred to liquid nitrogen for long-term storage

at-130°C.

2.7.4 Recovery of cryopreserved cells.

To recover cryopreserved cells, the cryovial was removed from liquid nitrogen and quickly
thawed in a 37 °C water bath. The thawed cells were then resuspended in fresh media and
gently centrifuged at 1200 rpm for 4 minutes at 20 °C. The supernatant was discarded, and
the pelleted cells were resuspended in complete growth media. Finally, the cells were

transferred to a new T25 tissue culture flask and incubated at 37 °C with 5% CO2.

2.8 Transfection assay.

The transfection assay was used to transfect CMT93 cells with HA-Ago1/Ago2 plasmids.
After confirming the expression of the proteins in the CMT93 cells, a more stable cell line

was generated.

CMT93 cells were seeded in a 24-well plate (Falcon, 10048760). After two days, when the
cells reached approximately 70% confluence, transfection was performed using Geneluice

transfection reagent (Sigma, 70967) according to the manufacturer’s instructions. The
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transfection mix was prepared by combining 20 pL of OPTIMEM (Fisher Scientific,
11524456) with 0.75 uL of Geneluice and at least 0.25 pg of plasmid DNA per well. This
mixture was then added to the cells, which were incubated for 24 hours before being
washed with DPBS. Following transfection, CMT93 cells were treated with puromycin

(2 pg/mL) to select cells that successfully incorporated the plasmids.

2.9 Transduction assay.

Permanent cell lines expressing HA-Agol and HA-Ago2 were generated following a viral
transduction protocol. This protocol allows the delivery of genes of interest into the genome

of a target cell in vitro by infecting them with a pseudo-virion (see Figure 2.2).

Three different plasmids were used to generate this pseudo-virion: pMMLV-HA-Protein (HA-
Agol or HA-Ago2), pCMV-VSV-G env, and pCMV-MMLV-gag-pol.

pMMLV HA-Protein (HA-Agol or HA-Ago2): this vector is based on the Moloney murine

leukaemia virus (MMLV). It contains the Long Terminal Repeats (LTRs) necessary for gene
expression and facilitating the integration of the viral genome into the host cell's DNA, the
gene of interest (either HA-Ago1 or HA-Ago2), a viral packaging signal essential for the
production of viral particles, and resistance marker for puromycin to select successfully

transduced cells.

pCMV-MMLV-gag-pol: this plasmid provides essential components for pseudo-virion

assembly, including gag proteins for the capsid and pol enzymes (reverse transcriptase and

integrase) for reverse transcription and integration of the viral genome.

pCMV-VSV-G env: this plasmid encodes the envelope (env) protein of the Vesicular

stomatitis virus (VSV-G), which facilitates the entry of the pseudovirus into target cells.
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Figure 2.2. Viral transduction.

To generate a permanent cell line expressing a protein of interest, HEK293 cells are co-transfected
with plasmids that encode the protein of interest, envelope proteins (env), and viral components
necessary for virion assembly (such as gag-pol). After transfection, the cells are incubated to produce
pseudovirions, which are then collected from the supernatant. This virion-containing supernatant is
used to infect target cells (for example HeLa or CMT93), leading to the integration of the gene of
interest into the host cell genome and resulting in stable expression of the target protein. Figure
created with BioRender.com.
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To produce the pseudo-virion that carries the gene of interest, these plasmids were co-
transfected into HEK293 cells, a cell line that supports high transfection efficiency. The

process involves:

1. Seeding and co-transfection:

HEK293 cells were seeded in a 6-well plate (Falcon, 10110151) at a density of 3x10° cells per
well and grown to 70% confluence. On the day of the reaching confluence, cells were co-
transfected with the plasmids using Lifopectamin® 3000 transfection reagent (Thermo
Fisher, L3000001), following the manufacturer’s instructions. A master mix of the plasmids
(1250 ng of pMMLV-HA-Protein; 1000 ng of pCMV-MMLV-gag-pol; and 250 ng of pCMV-
VSV-G env) was prepared and added to the HEK293 cells.

Additionally, HeLa and CMT93 cells were seeded in 24-well plates at a density of 5x10* cells

per well on the same day.

2. Pseudo-virion production:

After 24h, the transfected cells were washed with DPBS and incubated for an additional 24
hours to produce pseudo-virions. The supernatant containing the pseudo-virions was
collected, buffered with 20 mM HEPES (Fisher Scientific, BP299-100), and filtered using a
0.45 pm filter (MCE NON-PVDF membrane) (Sartorius, FC142).

3. Infection and selection:

The filtered supernatant was used to infect 70%-confluent HeLa or CMT93 cells. The viral
RNA was reverse-transcribed into DNA and integrated into the host cell genome by the viral
integrase enzyme. After 24 hours of infection, cells were washed with DPBS and treated
with puromycin (2 ug/mL) to select cells that have integrated the gene of interest.
Puromycin selection was carried out for at least 6 weeks to ensure stable integration and

expression of the transgene.

2.10 Infection of cells.

For immunostaining, CMT93 cells were seeded into 24-well plates with coverslips at a
density of 5x10* cells per well, while for Western Blot, CMT93, CMT93-HA-Ago1, or CMT93-

HA-Ago2 cells were seeded into 6-well plates at 3x10° cells per well. All cells were grown for
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48 hours until they reached approximately 70% confluency for immunostaining and 90%

confluency for Western Blot.

To prime the bacteria, C. rodentium was cultured in LB broth for 8 hours at 37 °C with
shaking at 150 rpm, then diluted 1/500 in pre-warmed DMEM (1g/L glucose, without FBS),
and incubated overnight at 37 °C in 5% CO> under static conditions. Following bacterial
priming, cells were washed with DPBS, and the media was replaced with fresh media

appropriate for each cell type before infection.

For Immunostaining, CMT93 cells were infected with 50-100 L of the primed C. rodentium,

centrifuged for 5 minutes at 500G, and incubated for 1 to 4 hours at 37 °Cin 5% CO,. After
infection, cells were washed with DPBS, treated with fresh media containing gentamicin
(100 pg/mL) (Gibco, 11530506) to remove non-adherent bacteria and incubated for an
additional 3 to 6 hours. As a positive control, a medium containing 25 uM CCCP (a
mitochondrial uncoupler) was added and incubated at 37 °C for 30 minutes. Post-infection,
all cells were washed three times with DPBS, fixed in 4% paraformaldehyde for 15 minutes,
washed three additional times, and stored at 4 °C wrapped in parafilm until processing for

immunostaining.

For Western Blot, CMT93 cells (including CMT93-HA-Agol and CMT93-HA-Ago2) were
treated similarly after seeding and media replacement. Cells were infected with 250 plL of
the primed C. rodentium and incubated for 3 hours at 37 °Cin 5% CO.. Post-infection, cells
were washed with DPBS, treated with gentamicin-containing media to eliminate non-
adherent bacteria and incubated for an additional 3 hours. After this final incubation, cells
were washed three times with DPBS, DPBS was aspirated, and the plates were stored

at -80 °C until further processing for Western Blot analysis.

2.11 Immunofluorescence.

Fixed coverslips were treated with 50 mM NH4CI/PBS for 10 minutes, permeabilised with
0.1% Triton-100 in PBS for 4 minutes, washed 2 times with PBS, and blocked with 0.2%
Bovine Serum Albumin (BSA)/PBS for 10 minutes. The primary antibody mix in 0.2% BSA/PBS
was added and incubated wet for 1 h, then washed twice with PBS, and the secondary

antibody mix was incubated for 45 min. Finally, stained coverslips were washed 3 times in
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PBS, dipped in H,0, and mounted in the microscopic slide (Fisher Scientific, 17224894) using
ProLong Gold Antifade reagent (Fisher Scientific, 11559306). The antibodies used are
detailed in Table 2.5.

Images were acquired using a ZEISS LSM880 Airyscan confocal microscope at Cardiff
University Bioimaging Hub Core Facility and processed using ZEN 3.6 (Blue Version) (Carl

Zeiss Microscopy GmbH).

Primary/ Produced -

Name Secondary/Stain i Target Dilution Company

Hoechst Stain - DNA 1:500 Sigma

Phalloidin Trit C Stain - Actin 1:500 Sigma

Recombinant Anti- ; .

TOMM20 Primary Rabbit Tomm20 1:500 Abcam

Alexa Fluor® 488- Jackson

conjugated AffiniPure Rabbit _

Donkey Anti-Rabbit Secondary Donkey antibodies 1:200 Immuno
Research

1gG (H+L)

Table 2.5. Antibodies and stains used for immunostaining.

2.12 Western Blot.

2.12.1 Cell sample preparation.

Cells stored at -80 °C were lysed using a lysis buffer prepared by diluting a 7X stock solution
to a 1X working concentration. The lysis buffer stock (7X) consisted of the following
components: Tris pH 7.4, 350 mM; NaCl, 1.05 M; EDTA, 14 mM; NP-40, 7%; H20. For lysis,
this stock solution was diluted to 1X, and protease inhibitor (Sigma Aldrich, P8340-5ML) was
added (25 pL per 7 mL of Lysis buffer 1X).

The lysis buffer was added to the well, and cells were scrapped and transferred toa 1.5
microfuge tube. The samples were homogenised using a 1 mL syringe and a 24G needle and
incubated at 4 °C for 30 minutes. Finally, samples were centrifuged at 15000 rpm for 15

minutes at 4 °C, and the supernatant was collected.

2.12.2 Protein BCA assay.

Protein concentrations were determined using the Pierce™ BCA Protein Assay Kit

(ThermoFischer Scientific, 23227) as recommended by the manufacturer.
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2.12.3 SDS-PAGE.

For an even result while running the SDS-polyacrylamide gel electrophoresis (SDS-PAGE), all
wells contained the same sample volume and the same protein amount (at least 10 ug).
Each gel contained the molecular weight control (Color Prestained Protein Standard, Broad
Range (10-250 kDa), NEB, P7719S), a sample containing protein of interest, and a blank
(containing lysis buffer 1X and loading buffer 1X).

Samples were prepared by adding loading buffer 4X (final concentration 1X) to a final
volume of 50 pL. The 4X loading buffer, also known as Laemmli buffer, consisted of the
following components: Tris pH 6.8, 250 mM; glycerol, 25%; 20% SDS, 6%; bromophenol

blue, 1%; B-mercaptoéthanol, 8%.

The colour protein standard was mixed with lysis buffer 1X, and blanks were prepared by

mixing lysis buffer with loading buffer (final concentration 1X).

The Mini-PROTEAN® Tetra Cell Casting Module (Bio Rad, 1658021) was used to prepare the
10% SDS-PAGE gels (formulation in Table 2.6). Samples were denatured for 5 minutes at
100 °C before being loaded into the gel. Then, samples were separated by SDS-PAGE in the
Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio Rad, 1658004) at 120V for 5 minutes
and at 80V for 90-120 minutes in running buffer 1X (Running Buffer 10X: Tris pH 7.4, 0.25 M;
SDS, 1%; glycine, 14.4%; H,0). Acrylamide/Bis-acrylamide was obtained from Sigma (A3699-
5X100ML).

1 0, 1 0,
10% SDS-PAGE components Resolving gel 10%  Stacking gel 4%

(30 mL) (5 mL)

H.O 123 mL 3.075 mL
1.5 M Tris-HCl, pH 8.8 7.5 mL -

0.5 M Tris-HCI, pH 6.8 - 1.25mL
20% SDS 0.15 mL 0.025 mL
Acrylamide/Bis-acrylamide (30%/0.8%) 9.9 mL 0.67 mL
10% ammonium persulfate (APS) 0.15 mL 0.025 mL
TEMED 0.02 mL 0.005 mL

Table 2.6. 10% SDS-PAGE gel composition.
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2.12.4 Membrane transference.

Gels were transferred to Low Fluorescence-Polyvinylidene Fluoride (LF-PVDF) membrane
(from Trans-Blot Turbo RTA Midi 0.45 um LF PVDF Transfer Kit, BioRad, 1704275) using the
Trans-Blot Turbo Blotting System (Bio-Rad, 1704150) according to the manufacturer’s
instructions. The membrane was activated in methanol for 1 minute before transfer. After
the transfer, the membrane was washed once for 5 minutes with TBS 1X (10X stock, pH 7.5:
Tris, 0.5 M; NacCl, 1.5 M; H,0) and incubated with a blocking solution (Tris 10 mM pH 7.4;
NaCl, 0.15 M; EDTA, 1 mM; BSA, 3%,; gelatine, 0.5%; H,0) for 30 minutes at room

temperature with shaking.

The primary antibody, diluted in blocking solution, was incubated overnight at 4 °C with
shaking. The following day, the membrane was washed 3 times for 10 minutes each with
TBS-Tween (TBS 1X; Tween 20, 0.2%; H,0). The secondary antibody was then added and
incubated for 1 hour at room temperature, protected from light and shaking. The
membrane was washed 3 more times with TBS-Tween for 10 minutes each, followed by a
final wash with TBS (without Tween) for 10 minutes. Immunodetection was performed using
the LI-COR Odyssey-CLX system, and densitometry analysis was conducted using Imagel.

The antibodies used for Western Blot are detailed in Table 2.7.

Primary/  Produced

Name Secondary in Target Dilution Company
Purified anti-HA.11

Pri M HA t 1:1000 Biol d
Epitope Tag Antibody rimary ouse ag iolegen
Anti a-tubulin
antibody mouse Primary Mouse Tubulin 1:2000 Sigma
monoclonal
Alexa-Fluor anti- Mouse Jackson Immuno

1:1

mouse 680 SHIRMCE;  EeRL antibodies 100 Research

Table 2.7. Antibodies used for Western Blot.

2.13 Statistical analysis.
Statistical analyses and graphical representation of the data were performed using
GraphPad Prism version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts

USA, www.graphpad.com. Statistical significance was determined based on the chosen test

and significance thresholds, which are specified for each analysis as relevant.
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3 CHAPTER 3: Intestinal epithelial cells response to Citrobacter

rodentium infection at the RNA level.

3.1 Introduction.

C. rodentium is responsible for the induction of transmissible colonic crypt hyperplasia in
mice, which is characterised by hyperproliferation of enterocytes, colonic crypt elongation,
depletion of goblet cells and mucosal thickening (Collins et al. 2014b; Hopkins and Frankel
2021). Its infection progression is divided into four phases: the establishment phase,
occurring 1-3 days post-infection (DPI) when it colonises the caecal patch; the expansion
phase, between 4-8 DPI, C. rodentium attaches to the distal part of the colon and
proliferates; the steady-state phase, between 8-12 DPI, C. rodentium reaches the peak of
infection; and the clearance phase, from 12 DPI, bacteria rapidly decrease and the host

starts to clear the infection (Mullineaux-Sanders et al. 2019; Hopkins and Frankel 2021).

Most information available regarding C. rodentium-host interactions describes changes in
host metabolism, microbiota, and immune response (Collins et al. 2014b; Silberger et al.
2017; Mullineaux-Sanders et al. 2019; Hopkins and Frankel 2021; Stockinger 2021).
Recently, publications have shown significant changes in the abundance of proteins in
intestinal epithelial cells (IEC) during C. rodentium infection in vivo (Berger et al. 2017;
Berger et al. 2018), with upregulated pathways such as aerobic glycolysis and cholesterol
biosynthetic pathway, alongside the downregulation of mitochondrial proteins biogenesis.
These differences in protein abundance could be attributed to post-translational regulation

processes or variations in the RNA expression.

While proteomic and metabolomic methods have been typically employed to study the
effects of C. rodentium infection in the host, transcriptomics analysis offers additional
information by detecting early changes in gene expression. This approach can detect
regulatory pathways and networks that occur before protein synthesis and post-
translational modifications. In this study, we applied a transcriptomic approach to
investigate the in vivo effects of C. rodentium infection. By focusing on RNA changes,
transcriptomic analysis provides a complementary perspective to previous studies, helping

to understand how C. rodentium modifies cellular processes at the RNA level.
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3.2 Aims and Objectives.

This study aims to understand the mechanisms of infection and the induced changes in
intestinal epithelial cells during C. rodentium infection by characterising the RNA expression

profile. To achieve this goal, the specific objectives are:

- To characterise the transcriptomic profile of C. rodentium-infected intestinal

epithelial cells.

- To analyse the gene expression patterns to identify differentially expressed genes

and elucidate the altered pathways in the host during infection.
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3.3 Results.

3.3.1 Mice colonisation and crypt hyperplasia development.

Colonisation of mice and hyperplasia development were determined to control for
successful infection. Stools from seven infected mice were collected daily to calculate the
CFUMaculins et al. 2016 and assess colonisation. The results indicate that for all mice
colonisation reaches a plateau at day 6 post-infection (PI) and remains stable until the last

day of the experiment, day 8 PI (Figure 3.1).

Experiment 1 - Red Experiment 2 - Red
-# Green 1%x1010 -# Green
—— Blue -+ Black
1x10°
No tag
4 8 1x108
k7] w
(=) o 1x107
2 2
S G 1x108
1x105
1%x104+ T T T T T 1
2 3 4 5 6 7 8
Days post infection Days post infection

Figure 3.1. Citrobacter rodentium colonisation in infected mice.

The results show a consistent pattern across both experiments, with colonisation reaching a plateau
between days 5 and 8 post-infection. Each colour in the graph corresponds to a distinct animal
identification tag: blue, green, red, black, or untagged (represented as light orange). Graphs were
generated using GraphPad Prism.

H&E staining was performed on the distal colon of samples obtained 8 DPI to confirm the
presence of hyperplasia. Images from experiments 1 and 2 were analysed, and crypt length
was measured for each image. Comparing infected and non-infected enterocytes showed
that the former developed crypt hyperplasia during C. rodentium infection (Figure 3.2A). A
Mann-Whitney test revealed a significant difference (p-value < 0.05) in crypt length

between infected and non-infected colons (Figure 3.2B), confirming that infected mice

develop hyperplasia as a consequence of C. rodentium infection.
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Figure 3.2. Histological analysis and crypt length comparison of C. rodentium-infected and non-
infected colon tissue.

(A) Distal colon samples were taken at 8 days post-infection (Pl) and stained with Haematoxylin and
Eosin (H&E) to visualise tissue morphology. The infected colon shows crypt hyperplasia, while the
colon of non-infected mice exhibits normal crypt length. The black line on the images represents the
measured crypt length. (B) Crypt length analysis reveals a significant difference between infected and
non-infected mice. Each colour in the graph corresponds to the animal’s identification tag (blue,
green, red, black, or untagged, shown as orange). Statistical analysis: Mann-Whitney test. ***p
value < 0.05. The graph was generated using GraphPad Prism.

3.3.2 RNA sequencing analysis of C. rodentium-infected cells.

Following confirmation of mice colonisation, the subsequent step involved RNA extraction
from the IEC isolated from the colon. To prevent DNA contamination, samples were treated
with RQ1 DNase twice, and sample quality was assessed using TapeStation and Qubit

technologies.

The results for RNA concentration revealed variability across different experiments and
conditions (Table 3.1). Samples with an RNA concentration higher than 88.4 ng/uL and RNA
RIN higher than 2.7 were selected for RNA sequencing. The RIN measures the integrity of
RNA on a scale from 1 to 10, with higher numbers indicating better integrity and lower
numbers indicating RNA degradation. Three samples from each experiment and condition
were selected for RNAseq. Sequencing was conducted by the Genome Hub at the School of
Biosciences, Cardiff University. Single-end RNA sequencing was carried out, with 30 million

reads per sample.
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Experiment  Condition Sample Samples for Qubit RNA RNA
No RNAseq (ng/puL) RIN
1 11.1 95.6 3.1
Infected 2 11.2 88.4 33
3 11.3 99.2 3.3
Experiment 4 - 92.1 2.7
1 5 NI1.1 94.7 2.9
No 6 NI1.2 101 2.9
Infected
7 NI1.3 96.4 2.8
8 - 83.8 2.6
1 12.1 97.6 2.7
Infected 2 : 95.1 2.6
3 12.2 98.5 3.1
) 4 12.3 106 2.8
EXperz'me”t 5 - 98.7 3.1
6 NI2.1 109 2.8
No 7 NI2.2 107 3.1
Infected
8 - 97.3 2.5
9 NI2.3 101 2.8
Std 1 355.82

Std 2 7220.69

Table 3.1. RNA concentration of samples from experiments 1 and 2.

The RNAseq analysis was performed using the Linux operating system and R software,
utilising Bioconductor packages such as DESeq2 and the SARTools package, developed at
PF2 - Institut Pasteur. Normalisation and differential analysis were performed based on the
DESeq2 model and package. The Ensembl annotated genes resulting from this analysis were
compared against the UniProt Reference Proteomes, encompassing 17102 mice-reviewed

protein entries.

The experiment's variability was examined previous to conducting an in-depth analysis of
the RNA sequencing data. As seen in Figure 3.3, the dendrogram obtained from Variance
Stabilizing Transformation (VST) data effectively separates infected and non-infected
conditions, regardless of the experiment they originate from. The separation enabled the
joint analysis of the RNA sequencing results from experiments 1 and 2, considering three
samples from each experiment and condition, which allowed focus on discerning differences

between infected and non-infected mice.
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Figure 3.3. Cluster dendrogram showing separation of samples into groups.

The dendrogram illustrates the clustering of samples into distinct infected and non-infected groups.
Notably, both experiments 1 and 2 exhibit similar clustering patterns, with samples from each
experiment grouped into infected and non-infected groups.

3.3.3 Transcriptome analysis of C. rodentium-infected intestinal epithelial cells.

Following the assessment of the variability of the experiment, the next step was to examine
the number of transcripts identified in the samples and their differential regulation. After
revising and removing entries with no reads, the transcriptomic analysis identified 15116

transcripts, which were subsequently refined to yield 11836 unique mouse genes.

The differential regulation of genes was studied using specific parameters. To identify genes
that significantly changed in expression, the mean of each mouse was calculated, and a p-
value threshold of less than 0.05 was applied, corresponding to a -log 10 p-value > 1.30.
Additionally, a fold-change threshold was used to determine the magnitude of gene
expression changes. Specifically, genes with a log2 fold change (log2FC) greater than 0.58

were considered upregulated, indicating an increase in expression by at least 1.5 times.
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Conversely, genes with a log2FC less than -0.58 were considered downregulated, indicating

a decrease in expression by at least 1.5 times.

Based on these parameters, 1738 genes exhibited differential regulation, with 1021
upregulated and 717 downregulated (Figure 3.4A and B). Genes with a log2FC value
between -0.58 and 0.58 were considered unchanged, resulting in a total of 8272 genes.
Additionally, 1826 genes displayed changes but were not reproducible, having a p-value >
0.05 (Figure 3.4C). During infection, significant changes in gene expression were observed;
however, these changes may also reflect alterations in the cellular composition of the

infected tissue, which can influence the overall transcriptomic profile.

Figure 3.4. Differential regulation of intestinal epithelial cell genes during C. rodentium infection.
(A) Volcano plot illustrating gene expression changes: 1021 genes were upregulated (highlighted in
red), 717 genes were downregulated (green), and 10098 genes genes showed no significant change
(grey). (B) Heatmap of differentially expressed genes. Each column represents one mouse (six mice
per group in total). Data are from two separate experiments. (C) Differences in the distribution of the
genes. Graphs were generated using GraphPad Prism.

Figure on page 50.
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O Log2FC

The next step was to study the top 20 upregulated and downregulated genes (Figure 3.5).
Within the top 20 upregulated genes, there was a notable trend of pro-inflammatory genes.
Examples include $100a8 and S100a9, encoding calgranulin-A and B, which increased by 487
times (p= 5.6E32) and 384 (p= 4.2E1%), respectively. Additionally, Lcn2, encoding lipocalin 2,
increased 210 times (p= 8.2E°%), and Mmp9, encoding matrix metalloproteinase-9,
increased by 135 fold (p= 9.0E°3). These results confirm a strong inflammatory response in

the infected intestinal epithelial cells.

Conversely, the downregulated genes did not show a clear trend, as the different genes
belonged to different pathways. Some encoded transporters, such as S/c20al (encoding
sodium-dependent phosphate transporter 1) and membrane proteins like K/b (encoding a
beta-klotho protein), which decreased 14.6 times and 15.2 times, respectively (p=3.8E*” and
p=1.5E%4, respectively). Additionally, G6pc2, which encodes the Glucose-6-phosphatase 2, a
molecule involved in hydrolysing glucose-6-phosphate to produce glucose, decreased 65

times (p= 1.1E03).

Top 20 upregulated and downregulated genes
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Figure 3.5. Top 20 upregulated and downregulated genes during infection.

Bar chart illustrating the top 20 upregulated and top 20 downregulated genes, represented by log2
fold change (Log2FC) values and -log10 p-values. The dotted line represents the cutoff, Log2FC +
0.58. Graph generated using GraphPad Prism.

51

anjead gLbo- ®



CHAPTER 3 — Intestinal epithelial cells response to Citrobacter rodentium infection at the
RNA level.

These findings highlight significant alterations in the expression of key genes involved in ion

transport, inflammation, and metabolism during infection, setting the stage for further

exploration of their roles in disease progression.

3.3.4 Subcellular location of the products of differentially expressed genes.

After conducting a preliminary analysis of the transcriptomic results, the differentially
expressed genes were further studied for subcellular localisation using the UniProt

database, allowing the grouping of genes based on their primary location.

Interestingly, a significant number of proteins encoded by differentially expressed genes
were found to be expressed at the cell membrane (384 genes), followed by the nucleus
(243), the endoplasmic reticulum (134 genes), and genes encoding secreted molecules (125)
(see Figure 3.6). Conversely, the endosome had the lowest number of expressed genes (5),

followed by the peroxisome (7 genes) and cell junction (9) (Figure 3.6). Notably, except for
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Figure 3.6. Subcellular location of detected proteins.

Membrane proteins and nuclear proteins are the most abundant among the differentially expressed
genes, 384 and 243 genes in total, respectively, while endosome and peroxisome proteins are the
least abundant, 5 and 7 genes, respectively. The numbers indicate the count of genes associated with

each subcellular location. The dotted line represents the cutoff, Log2FC + 0.58. Graph was generated
using GraphPad Prism.
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lysosome and cell junction, most subcellular locations showed more upregulated genes than
downregulated genes. In the case of the endoplasmic reticulum and cytosol, the number of
upregulated genes was more than three times higher, and in the Golgi apparatus, it was
double. For the other locations, the number of upregulated and downregulated genes was
approximately equal. Surprisingly, 68 differentially expressed genes were associated with
the mitochondria. Given that C. rodentium is known to target and disrupt this organelle, we
expected these genes to be primarily downregulated, rather than showing both up- and

downregulation.

3.3.5 Pathway alterations during C. rodentium infection.

The next step was to investigate which pathways are associated with the differentially
expressed genes during C. rodentium infection. Cytoscape plug-in ClueGO and IPA were
used to identify altered pathways. Then, the genes within these altered pathways were

individually analysed to determine their expression changes during infection.

Alterations included pathways associated with the regulation of defence responses, such as
leukocyte migration, cytokine production and apoptosis, which are common in infectious
diseases (Figure 3.7). Pathways involved in actin cytoskeleton reorganization were altered,
reflecting changes in cell structure during C. rodentium infection, a known effect of
attaching and effacing pathogens. Protein alterations included proteolysis and protein
glycosylation, and, additionally, metabolic pathways, such as the pentose-phosphate shunt,
prostaglandin metabolic process, lipid metabolism and cholesterol biosynthetic process,
were also affected. While changes in lipid and cholesterol metabolism were expected during
infection (Berger et al. 2017), the alteration in the prostaglandin metabolic pathway was a

new finding. This pathway will be studied and discussed further in Chapter 5 of this thesis.

Most pathway changes corresponded with upregulated genes, with over 50% of the genes
identified exhibiting upregulation across all pathways (Figure 3.7). The pentose phosphate
shunt pathway had the highest representation, with 57% of its associated genes identified,
87% of which were upregulated. Similarly, the cholesterol biosynthetic and prostaglandin
metabolic pathways showed a high percentage of genes identified (30% and 33%,
respectively), with 94% of the genes in the cholesterol biosynthetic pathway being

upregulated.

53



CHAPTER 3 — Intestinal epithelial cells response to Citrobacter rodentium infection at the
RNA level.

60 — — 20
. s
50
. . —15

c 40 °
7] 1 <
O L
3 ] - &
m 30 . F10
Q ! —
o o
w «
< 5] S
© 20 L4 -
X i
O — 5

10+

E=m Upregulated
Em Downregulated

Figure 3.7. Percentage of associated genes per pathway affected during C. rodentium infection.
The graph shows the percentage of associated genes identified per pathway and the differential
regulation. The pentose-phosphate shunt is the pathway with a higher percentage of associated
genes (57%), followed by the prostaglandin metabolic process (33%), and the cholesterol biosynthetic
process (30%). -Log10 p value>1.30 was considered significant. The graph was generated with
GraphPad Prism.

Furthermore, Figure 3.8 illustrates how these pathways are connected, with the innate
immune response positioned centrally. It is connected to responses to bacterium,
granulocyte chemotaxis, cytokine production, and protein metabolic processes. This
suggests that the immune response triggered by C. rodentium infection plays a pivotal role

in regulating cellular responses during infection.
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Figure 3.8. Altered pathways during mice infection with Citrobacter rodentium.
Pathways altered during C. rodentium infection involves immune response, cytokine production, regulation of defence response, and fatty acid metabolism,
among others. The graph was generated with the Cytoscape plug-in ClueGO.
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The investigation of the pentose phosphate pathway (PPP) revealed a clear upregulation of
key enzymes (Figure 3.9). H6pd, which metabolises glucose-6-phosphate, exhibited a 4.4-
fold increase (p= 4.0E4). Enzymes Pgd, Rpia and Rpe, involved in regulating the production
of ribulose, ribose and xylulose 5 phosphate, respectively, were upregulated by 2.1
(p=2.8E1), 1.5 (p= 2.3E?), and 1.7 times (p= 4.7E°3). Additionally, Tkt, a transketolase
mediating the production of fructose-6-phosphate, a sugar that can be incorporated into
the glycolysis pathway to generate cellular energy, showed a 1.7-fold increase (p= 1.9E).
This suggests that during infection, the upregulation of the PPP provides an alternative

mechanism for cellular energy production.
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Figure 3.9. Upregulation of the pentose phosphate pathway during infection.
Enzymes involved in the pentose phosphate pathway (PPP) showed significant upregulation (log2FC >
0.58, indicated in red), including H6pd, Pgd, Rpia, Rpe, and Tkt. Diagram generated with PathVisio.
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Transcriptomic analysis revealed the upregulation of genes belonging to the proteasome
system (Figure 3.10, Figure 3.11A and B). The proteasome 26S is the main protein-degrading
machine in eukaryotic cells, responsible for breaking down proteins marked with ubiquitin
(Bard et al. 2018). This upregulation suggests an increase in the availability of proteasomes

for protein degradation during C. rodentium infection.
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Figure 3.10. Proteasome subunits structure and expression during infection.

Proteasome subunits from the 19S and 20S components (A) showed upregulation during C.
rodentium infection (B). The dotted line represents the cutoff, Log2FC > 0.58. Graph was made using
GraphPad Prism. Diagram was made using BioRender.

Since the ubiquitin and proteasome systems are linked, we studied the ubiquitin enzymes,
including the ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin ligases (E3) (Figure 3.11A). Ubal, Ube2h, Ube2d2b, E1 and E2 enzymes, showed
clear upregulation during infection (by 1.6, 1.7 and 3.2 times) (Figure 3.11B). However, the
E3 enzymes exhibited a diverse pattern, with both upregulated and downregulated genes.
Notably, Trim27 and Rnf183, associated with pro-inflammatory responses in colitis (Zou et
al. 2021), were upregulated in the transcriptome (by 1.9 times and 4.4 times, respectively).

Conversely, Trim62 and Rnf8, linked to anti-inflammatory responses, were downregulated

(2.5 and 1.8 times, respectively).
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Figure 3.11. Ubiquitin-proteasome system and C. rodentium infection.

(A) Diagram showing how ubiquitin-proteasome enzymes add ubiquitin molecules to substrate
protein. (B) Ubiquitin system enzymes requlation. The dotted line represents the cutoff, Log2FC +
0.58. The graph was made using GraphPad Prism. The diagram was made with BioRender.com.

These findings suggest that while the activation and conjugation steps of the ubiquitin-
proteasome pathway are increased, the ligation of ubiquitin to substrate proteins might be
selectively regulated. This selective regulation could affect the overall protein degradation

process and contribute to the inflammatory response during infection.
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3.4  Discussion.

While proteomic and metabolomic methods have typically been employed to study the
effects of C. rodentium infection in the host, this study utilised a transcriptomic approach to
investigate the in vivo effects of C. rodentium infection. The objective was to explore the
dynamics of bacteria-host interactions by characterising the transcriptome profile of C.

rodentium-infected intestinal epithelial cells.

Our findings demonstrate the effectiveness of transcriptomics in elucidating changes within
host cells during bacterial infection. We discovered that the majority of pathways altered
during infection are associated with immune response, inflammation, or metabolism (Figure
3.7), which are well-known pathways affected during infection. Additionally, we identified
some novel pathways such as the prostaglandin metabolic process, proteolysis, and the

pentose phosphate shunt.

3.4.1 Transcriptome of C. rodentium-infected intestinal epithelial cells.

Analysis of the transcriptome of C. rodentium-infected intestinal epithelial cells began with
an assessment of RNA quality, which identified impurities and DNA contamination,
necessitating a secondary DNase treatment that resulted in RNA degradation and reduced
concentrations. Despite these challenges, sequencing proceeded with the best-quality RNA

samples available.

The RNA sequencing analysis identified 11836 unique mouse genes, representing
approximately 53.75% of the protein-coding genes in the mouse genome (Breschi et al.
2017). Of these, 1738 (14.7%) demonstrated differential regulation. The majority of the
remaining genes showed no significant change (69.9%) or presented inconsistent alterations

(15.4%), possibly due to variations in RNA expression patterns among the mice.

Considerable variations in gene expression profiles were observed within infected and non-
infected mice, with consistent changes observed in a majority of samples but reversed
trends in some individuals (NI1.1 and NI2.2 for the no-infected group, and 11.3 and 12.2 for
the infected group) (Figure 3.4B). These variations impacted the overall expression pattern
of some of these genes, leading to their classification as non-differentially expressed. These

differences could potentially be attributed to individual differences in immune responses or
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genetic backgrounds. However, considering the consistent genetic profile of the mice
provided by Charles River, the primary factor contributing to these variations likely stems
from the suboptimal RNA quality in the samples. Degraded RNA could complicate alignment
and mapping processes during sequencing, potentially resulting in the underrepresentation

or omission of RNA fragments.

Despite these variations, the transcriptome analysis successfully identified differentially
expressed genes during C. rodentium infection. This underlines the dynamic nature of the
host response and emphasises the importance of maintaining high RNA quality to ensure

accurate gene expression profiling.

3.4.2 Pathway analysis and novel findings during C. rodentium infection.

The transcriptome analysis focused on the distribution of differentially expressed genes,
revealing a complex network with diverse connections between multiple pathways (Figure
3.7). A total of 383 pathways were identified, with only 10 selected for further investigation,
leaving 373 pathways unstudied. This limitation highlights the need for further investigation,

as only a small fraction of the identified pathways were investigated.

Among these pathways are those known to undergo alterations during C. rodentium
infection, including cytokine production, cholesterol metabolism, and granulocyte
migration, as well as the prostaglandin metabolic process, the pentose phosphate shunt,
and proteolysis, novel identified pathways. These findings are consistent with previous
studies that have documented the activation of inflammation, immune response, and
alterations in lipid metabolism pathways during C. rodentium infection (Collins et al. 2014b;

Berger et al. 2017; Mullineaux-Sanders et al. 2019).

Our transcriptomic analysis reaffirms these established observations and identifies
additional pathways altered during C. rodentium infection that need further exploration.
These include the prostaglandin metabolic process (Chapter 5), the pentose phosphate

shunt, and proteolysis with a focus on the ubiquitin-proteasome system.

3.4.3 Identification of secreted proteins in response to infection.

In a comprehensive examination of the differentially regulated genes, it was observed that

125 genes encoded secreted proteins (Figure 3.6), which was noteworthy. Secreted proteins
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can be challenging to detect with other traditional proteomic techniques, highlighting the

advantage of using transcriptomic analysis in this case.

These secreted proteins are released into the lumen or the lamina propria of intestinal
epithelial cells and could play pivotal roles in intercellular communication, immune
responses, and various physiological processes. A deeper analysis revealed that most of the
upregulated secreted proteins during C. rodentium infection have antimicrobial functions.
Interestingly, these are also grouped into the top 20 upregulated genes of the
transcriptome, highlighting their critical role in the response to bacterial infection.
Antimicrobial proteins are known to be upregulated during infectious diseases, including
infection with C. rodentium (Rodrigues et al. 2012; Mullineaux-Sanders et al. 2019; Xiao et
al. 2019; Lee and Kim 2022; Melchior et al. 2024), so the detection of these genes in the

transcriptome of infected epithelial cells was expected.

Examples include the metal-sequestering antimicrobial proteins calgranulin A and B (5100a8
and S100a9), Lipocalin 2 (Lcn2), the lectins Reg3b and Reg3g (though not in the top 20), and
the matrix metalloprotease 9 (MMP9). MMP9 is a metalloprotease that digests extracellular
matrix and opens tight junctions, characteristic of colitis. Notably, our analysis revealed
changes in metalloprotease inhibitors, including an increase in Timp1 and reductions in
Timp3, Adamts18, and the probable metalloprotease inhibitors Gasp1 and Gasp2. This
regulation suggests a dynamic balance that may favour MMP9 activity during infection,
potentially contributing to tissue remodelling and inflammation, both hallmarks of colitis

pathology and C. rodentium infection (Rodrigues et al. 2012).

Remarkably, interleukin-15 (IL-15), is a secreted protein that was downregulated during
infection (4.8 times, p= 4.8E%4). This molecule is known for its protective immune response
to microbes and proinflammatory role, and its activation typically regulates the destruction
of infected cells by cytotoxic T lymphocytes (Jabri and Abadie 2015). Such findings
contradict previous research suggesting its upregulation during viral and bacterial infections
and inflammatory diseases (Jabri and Abadie 2015; Vitale et al. 2016). The downregulation
of IL-15 during C. rodentium infection could be interpreted as a bacterial strategy to evade
the host's immune response, which could potentially facilitate bacterial persistence within

the host.
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The simultaneous upregulation and downregulation of proinflammatory molecules indicate
that C. rodentium triggers an immune response in the host while maintaining a balance
between these molecules. This allows the bacterium to avoid being destroyed by an
uncontrolled immune response, enabling it to survive attached to the intestinal epithelial

cells and multiply, thereby maintaining and prolonging the infection.

3.4.4 C. rodentium induces metabolic changes in intestinal epithelial cells.

Pathway analysis revealed that the pentose phosphate pathway (PPP) is upregulated during
infection (Figure 3.9). The PPP, operating parallel to glycolysis, converts glucose-6-
phosphate (G-6-P) from glycolysis into ribose-5-phosphate (R-5-P) while generating NADPH
(nicotinamide adenine dinucleotide phosphate) (Teslaa et al. 2023). The upregulation of this
pathway during infection suggests increased production of R-5-P and NADPH, aligning with
observed metabolic shifts in the intestinal epithelial cells during C. rodentium infection, as

outlined by Berger et al. (2017).

The Warburg effect, which involves the transition from OXPHOS to glycolysis, is a hallmark
of proliferating cells, including cancer cells and those infected by AE pathogens (Vander
Heiden et al. 2009; Cho et al. 2018; Escoll and Buchrieser 2018). Despite glycolysis yielding
less energy compared to OXPHOS (2 ATP molecules versus 36 ATP molecules per glucose
molecule, respectively), it supports the rapid proliferation demands of these cells by
providing the building blocks for amino acids, fatty acids, and nucleotides necessary for cells

proliferation (Vander Heiden et al. 2009).

The PPP is closely associated with the Warburg effect, branching from glycolysis at the first
step of G-6-P conversion. The upregulation of the PPP further facilitates this metabolic shift
by supplying metabolic intermediates crucial for cell proliferation and adaptation to
proliferative states. The production of R-5-P is crucial for nucleotide synthesis, as
nucleotides serve as the building blocks of DNA and are essential for cell proliferation and
DNA repair. Given that C. rodentium infection causes the induction of cell proliferation and
crypt hyperplasia, it is expected that the intestinal epithelial cells adapt to infection by
undergoing metabolic changes to meet their altered demands. Upregulating the PPP to
increase R-5-P production during infection ensures that the cells have the necessary

nucleotides to support the synthesis of new cells.
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Additionally, PPP also produces NADPH, which is a biosynthetic precursor for
macromolecules such as fatty acids and cholesterol (Escoll and Buchrieser 2018). During
infection with C. rodentium, there is an increase in the cholesterol biosynthesis pathway, as
seen in Figure 3.7 and demonstrated by Berger et al. (2017). Cholesterol is crucial for
maintaining cell membrane integrity, so it could be hypothesised that the enterocytes need
the upregulation of the PPP to meet the cholesterol needs of proliferating cells during
infection. Moreover, fatty acids like arachidonic acid need NADPH for their synthesis.
Prostaglandins, derived from arachidonic acid, are pro-inflammatory molecules whose
biosynthesis pathway shows upregulation during infection (Figure 3.7). Since NADPH is
necessary for the synthesis of its precursor, the increased PPP activity and the NADPH

production could be linked to the upregulation of the prostaglandin biosynthesis pathway.

In summary, the upregulation of the PPP during C. rodentium infection highlights its critical
role in meeting the biosynthetic demands of host cells. Future research should focus on
elucidating the precise regulatory mechanisms governing PPP activity and its interaction

with other metabolic pathways during infection.

3.4.5 Ubiquitin-Proteasome system and C. rodentium.

C. rodentium infection promotes the induction of colonic crypt hyperplasia in the intestine.
Interestingly, this infection shares similarities with colorectal cancer (CRC), where there is
uncontrolled proliferation of cells. Notably, in CRC, the ubiquitin-proteasome system (UPS)
is often dysregulated (Liu et al. 2018; Zou et al. 2021; Sun et al. 2023), leading to the
stabilisation of oncogenic proteins and the degradation of tumour suppressor proteins.
Similarly, during C. rodentium infection, we observed alterations in the expression of UPS-
related genes, with both upregulated and downregulated enzymes and increased expression

of proteasome subunits (Figure 3.10 and Figure 3.11).

For instance, the E1 and E2 enzymes Ubal, Ube2h, Ube2d2b, and the E3 ligase Socs1 are all
upregulated in CRC (Tobelaim et al. 2015; Sobah et al. 2021; Huang et al. 2022) and showed
upregulation in the transcriptome of C. rodentium-infected cells. Conversely, the E3 ligase
Socs2, which is normally downregulated in CRC (Letellier et al. 2014), also showed

downregulation in the transcriptome. Additionally, the downregulation of the Cb/ gene in
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CRC promotes tumour growth (Lyle et al. 2019), and could explain why its expression is

reduced in C. rodentium-infected enterocytes.

Cblis an E3 ligase protein that can be classified into Cbl, Cbl-b and Cbl-c. Ryu et al. (2021)
demonstrated that Cbl-c ubiquitinates the EPEC and C. rodentium translocated protein Tir,
promoting its degradation by the proteasome. Tir is essential for the attachment of the
bacteria to the enterocyte, so its degradation induces the detachment of EPEC and
enhances host defence. They further showed that using a proteasome inhibitor in vivo
increases the C. rodentium load, highlighting the importance of this E3 ligase in host defence

against the bacterium.

In our study, we observed the downregulation of two of these ligases, Cbl and Cbl-b.
However, Cbl-c, which encodes the E3 ligase that targets Tir for degradation, showed no
alteration in expression. Simultaneously, the upregulation of proteasome subunits suggests
an increased availability of proteasomes for Tir degradation. This suggests a potential
compensatory mechanism where the increased availability of proteasomes, along with the
maintained expression of Cbl-c, ensures effective degradation of Tir and detachment of the

bacteria.

Taken together, these findings suggest that C. rodentium might target the UPS of the
enterocyte host to promote cell proliferation and support the pathogen. While the
expression of Cbl and Cbl-b is reduced, potentially promoting cell growth, the stability of
Cbl-c and enhanced proteasome presence are important for maintaining host defence
mechanisms against C. rodentium infection. This balance emphasises the complex
regulatory dynamics of the ubiquitin-proteasome system, where the up and downregulation
of certain ligases may facilitate cell proliferation, yet the unchanged expression of Cb/-c and
the increased proteasome expression might play a crucial role in effective pathogen

defence.

Moreover, some of the T3SS effector proteins of C. rodentium, EPEC and EHEC are also E3
ligases (Kim et al. 2014; ). For example, the NleL (non-LEE-encoded ligase) effector protein
has E3 ubiquitin ligase activity and modulates Tir-mediated pedestal formation in EHEC
infection and contributes to C. rodentium virulence (Piscatelli et al. 2011). Additionally, NleG

acts as an E3 ligase, and it is important in the virulence of C. rodentium infection. The
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deletion of NleG1, NleG7 and NleG8 reduced diarrhoeal symptoms, negatively impacted
colonisation, and increased the survival rate of infected mice, respectively (Popov et al.
2023). These bacterial E3 ligases can manipulate the host cell's UPS to facilitate infection,
highlighting a complex interplay between bacterial and host E3 ligases in regulating
infection dynamics. Future studies could explore the specific mechanisms by which these
bacterial E3 ligases modulate host pathways, potentially revealing novel therapeutic targets

to mitigate bacterial virulence and enhance host defence against enteric pathogens.
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3.5 Conclusions.

The main conclusions following the investigation of the transcriptome profile of C.

rodentium-infected enterocytes in mice were as follows:

- Transcriptome analysis allowed us to gather key information about the response of
the host to C. rodentium infection, providing significant insights into the genetic
response to infection through a transcriptomic approach. It offered a distinct
advantage over traditional proteomic techniques by identifying genes encoding

secreted proteins.

- The analysis allowed the identification of specific genes and pathways that undergo
differential regulation during infection, enhancing our understanding of the host’s

immune and metabolic responses to C. rodentium.

- C. rodentium infection induces metabolic changes in the host, particularly through
upregulation of the Pentose Phosphate Pathway, which likely enhances ribulose-5-
phosphate production. This metabolic shift supports nucleotide synthesis and

provides essential biosynthetic resources for proliferating cells.

- Infection also induces alterations in the ubiquitin-proteasome system of host cells,

potentially facilitating cell proliferation and contributing to inflammatory responses.

These findings emphasise the complex molecular mechanisms at play in the interaction
between host and pathogen during C. rodentium infection, highlighting the importance of
transcriptomic approaches in discovering these dynamics. Furthermore, they provide
potential targets for further research and could contribute to the development of

therapeutic interventions.
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4 CHAPTER 4: Comparative analysis - Understanding transcriptome

and proteome of C. rodentium-infected intestinal epithelial cells.

4.1 Introduction.

Understanding host-pathogen interactions at the molecular level is essential for determining
the complex dynamics of infection and the immune response. Two key techniques for such
analysis are proteomics and transcriptomics. Proteomic analysis focuses on identifying and
guantifying the entire set of proteins (proteome) expressed by a cell, tissue or organism
under specific conditions (Aslam et al. 2017; Dupree et al. 2020). This approach directly
identifies the functional molecules that perform cell processes, providing insights into

protein modifications, interactions, and cellular localisation.

Conversely, transcriptomics investigates the RNA transcripts (transcriptome) produced
under specific conditions. By analysing RNA levels, transcriptomics provides information
about gene expression, identifying which genes are upregulated or downregulated in
response to stimuli such as infection (Mutz et al. 2013; de Jong et al. 2019). This technique
provides valuable information on the regulatory mechanisms responsible for cellular

responses.

While these techniques are invaluable tools, each has its limitations. Common issues with
proteomics include protein extraction, detection sensitivity, and accurate quantification,
particularly for low-abundance proteins. Additionally, post-translational modifications
(PTMs), such as phosphorylation, glycosylation, and ubiquitination, require specialised
techniques for detailed analysis (Goshe and Smith 2003). Transcriptomics, on the other
hand, does not necessarily correlate directly with protein levels. The relationship between
mRNA and protein abundance is influenced by factors, including translation efficiency,

protein degradation, and PTMs (Vogel and Marcotte 2012).

Given these limitations, incorporating data from both proteomics and transcriptomics
provides a more comprehensive understanding of biological processes. While
transcriptomics reveals potential changes in gene expression, proteomics confirms whether
these changes lead to corresponding alterations at the protein level, validating and

extending transcriptomic findings. This integrative approach offers a more complete and
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dynamic view of the biological processes and regulatory mechanisms activated during

infection.

By integrating data from both approaches, critical molecules and pathways involved in the
host's response to infection can be identified more effectively. This chapter presents a
comparative analysis of transcriptomic and proteomic profiles of mice infected with C.
rodentium, highlighting the importance of multi-omics approaches in studying complex

biological processes and providing a deeper understanding of pathogenesis.

4.2 Aims and Objectives.

This chapter aimed to investigate the molecular responses of mice to C. rodentium infection
through comprehensive transcriptomic and proteomic analyses. To achieve this goal, the

specific objectives were:

- Analyse the gene expression and protein patterns in intestinal epithelial cells during

C. rodentium infection.

- Investigate the correlation between transcriptome and proteome of known altered

pathways during C. rodentium infection in mice.

- Examine the effects of C. rodentium infection on mitochondria.
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4.3 Results.

4.3.1 Transcriptome and proteome of C. rodentium-infected enterocytes.

The combined transcriptome and proteome analysis of infected enterocytes revealed
distinct and overlapping gene and protein identifications. The transcriptome identified
11836 unique mouse genes, which is 2839 more than the 8997 proteins identified in the
proteome. Notably, 3981 unique entries were unique to the transcriptome, while 1142 were
unique to the proteome. Among these, 632 genes were diferentially expressed in the
transcriptome, and 415 proteins were diferentially expressed in the proteome. Additionally,
7855 entries were common to both datasets, with 380 differentially expressed in both, 1219
differentially expressed only in the proteome, and 576 only in the transcriptome (Figure

4.1).

Proteome unchanged: 727 —— =

Proteome DE: 415 ——

Transcriptome — Proteome DE: 1219
unchanged: 3349

Transcriptome DE: 576

L DEinboth:380

Transcriptome DE: 632

Figure 4.1. Transcriptome and proteome of C. rodentium-infected enterocytes.

The pie charts illustrate the overlap and unique entries between the transcriptome and proteome
datasets. The left chart shows 11836 genes identified in the transcriptome and 8997 proteins in the
proteome, with 7855 entries common to both. Unique entries include 3981 exclusive to the
transcriptome and 1142 exclusive to the proteome, with 632 differentially expressed (DE) entries in
the transcriptome and 415 in the proteome. The right chart focuses on the common entries, showing
5680 unchanged, 1219 DE only in the proteome, 576 DE only in the transcriptome, and 380 DE in
both.

The 3981 genes exclusively identified in the transcriptome include several that play pivotal
roles in critical pathways. Notable examples include genes involved in prostaglandin
metabolism, such as mPGES-1 and Cox2, which are crucial for inflammatory responses, the

proliferation marker Ki67, and cyclins involved in the cell cycle. Additionally, key genes in
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the Wnt signalling pathway, which is pivotal in maintaining intestinal stem cell fate and

promoting progenitor cell proliferation, were identified.

In the proteome, the 1142 unique proteins included a notable presence of ribosomal
proteins, which, while also detected in the transcriptome, were more abundantly
represented in the proteome. Histones were also prominently identified in the proteome,

complementing those detected in the transcriptome.

Further analysis of the 7855 common entries revealed that only 380 were differentially
expressed across both datasets, indicating both upregulated and downregulated genes and
proteins (Figure 4.1). In addition, 7475 entries exhibited altered expression patterns across
either the transcriptome or proteome. Among these, 576 were differentially expressed in
the transcriptome, 1219 in the proteome, while 5680 showed fluctuations in expression

levels that did not meet the criteria for differential expression (Figure 4.1).

These findings suggest that while many genes and proteins displayed variability in their
expression, only a small fraction exhibited significant and consistent changes across both
datasets. This highlights the complexity of the regulatory mechanisms involved in response

to infection.

Next, we investigated whether the 380 genes and proteins exhibited similar alteration
patterns, such as uniform upregulation or downregulation, or if their changes differed
between the transcriptome and proteome. Furthermore, we explored which cellular

processes or pathways were affected by these alterations.

As shown in Figure 4.2, out of the 380 common entries, 345 exhibited consistent patterns:
187 were upregulated in both datasets, and 158 were downregulated in both. The
upregulated entries were predominantly involved in antimicrobial response, immune
response and cholesterol metabolism. In contrast, the downregulated entries were
predominantly involved in lipid and amino acid metabolism, as well as protein modification

processes.
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Figure 4.2. Comparison of gene expression and protein abundance changes in C. rodentium-
infected enterocytes.

The scatter plot displays differential gene expression and protein abundance. It shows 187
upregulated (red) and 158 downregulated (green) data points. Additionally, 27 entries are
upregulated in the transcriptome but downregulated in the proteome (orange), and 8 are
upregulated in the proteome but downregulated in the transcriptome (blue). Some proteins show
changes in one dataset but not the other. Values were plotted considering a p-value < 0.05. Figure

created with GraphPad Prism.

However, 35 entries displayed opposite changes between the transcriptome and proteome:
8 entries showed increased abundance in the proteome but decreased expression in the
transcriptome, while 27 entries showed decreased abundance in the proteome but
increased expression in the transcriptome. The entries with increased abundance in the
proteome but decreased expression in the transcriptome were primarily linked to immune

responses and interferon responses. Conversely, the entries with decreased abundance in
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the proteome but increased expression in the transcriptome were involved in pathways

related to epithelial cell differentiation and filament organisation.

Additionally, 1219 entries were altered in the proteome but remained unaltered in the
transcriptome. Of these, 433 entries showed increased abundance in the proteome,
involving pathways related to cell division, DNA replication, and ribosome biogenesis,
among others. In contrast, 786 entries showed decreased abundance, predominantly

associated with microvilli structure, miRNA processing complex, and mitochondria.

Furthermore, 576 entries showed changes in the transcriptome but not in the proteome.
Among these, 431 were upregulated in the transcriptome, involving pathways related to
lipid and carbohydrate metabolism, glycolysis, and proteasome. Conversely, 145 entries
were downregulated, affecting processes such as DNA catabolism and protein modification

pathways.

These discrepancies between transcriptome and proteome data highlight the complex
regulatory mechanisms during infection. RNA and protein stability can be influenced during
infection by miRNA activity, altered post-translational processes, and differential mRNA
stability, which could explain the difference observed between transcript and protein levels.
Understanding these mechanisms is crucial for interpreting how cellular processes adapt to
infection. Therefore, the next step focused on investigating the gene expression and protein

abundance of molecules involved in some of these regulatory processes.

4.3.2 Antimicrobial response of intestinal epithelial cells during C. rodentium infection.

The analysis showed that levels of proteins and genes involved in the antimicrobial response
were upregulated during infection. This alteration was expected, as C. rodentium infection
triggers an immune response in the host, stimulating immune cells to secrete interleukin 22
(IL-22), a cytokine involved in inflammation processes (Collins et al. 2014b; Silberger et al.
2017; Mullineaux-Sanders et al. 2019; Stockinger 2021). Since IL-22 is not expressed by
enterocytes, the impact of this cytokine on intestinal epithelial cells was investigated by

analysing the molecules that are regulated in response to IL-22.

The results showed strong correlations between gene expression and protein abundance

(Figure 4.3). This included molecules involved in nutritional immunity, such as lipocalin 2
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(encoded by Lcn2), lactotransferrin (encoded by Ltf), calgranulin A (encoded by S100a8) and
calgranulin B (encoded by $100a9), all of which showed similar upregulation in both the
transcriptome and proteome. Similarly, bactericidal proteins such as regenerating islet-
derived 3-beta and gamma (encoded by Reg3b and Reg3g) showed significant increases:
Reg3b was increased 200-fold (p-value 1.4E%7) and Reg3g by 69-fold (p-value 1.8E19) in the
transcriptome, compared to 2-fold and 12-fold increases in the proteome, respectively.
Other antimicrobial genes that showed increased expression were Hmox1 (encoding Heme
oxygenase 1), Hp (Haptoglobin), Ido1 (Indoleamine 2,3-dioxygenase 1), Mmp9 (Matrix

metalloproteinase 9), and Nos2 (Inducible nitric oxide synthase).
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Figure 4.3. Infection with C. rodentium triggers antimicrobial gene expression and antimicrobial
protein production.

Antimicrobial genes and protein abundance showed an upregulation in response to infection with C.
rodentium. The result shows that both gene expression and protein abundance are altered in the
same manner. The dotted line represents the cutoff, log2FC=0.58. Data from 6 mice were used for

the transcriptome, and data from 4 mice were used for the proteome. Figure created with GraphPad
Prism.

4.3.3 Cholesterol metabolism of intestinal epithelial cells during C. rodentium infection.

The cholesterol metabolism pathway was detected as one upregulated pathway in both
transcriptome and proteome (Figure 4.2). This change aligns with findings by Berger et al.
(2017), who demonstrated an elevated abundance of the cholesterol efflux and biosynthesis

pathway during C. rodentium infection.

74



CHAPTER 4 - Comparative analysis - Understanding transcriptome and proteome of C.
rodentium-infected intestinal epithelial cells

The diagram in Figure 4.4A summarises the cholesterol biosynthesis pathway, revealing
increased gene expression and elevated protein abundance during infection. This analysis
demonstrated a direct correlation between transcriptome and proteome levels, with only
three exceptions in the proteome showing no significant change in abundance (shown in

white).
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Figure 4.4. C. rodentium induces upregulation of cholesterol metabolism.

(A) Diagram showing the cholesterol synthesis pathway, with gene expression on the left and protein
abundance on the right. Both transcriptome and proteome show similar alterations. Diagram
generated with PathVisio. (B) The transcriptomic and proteomic results demonstrate upregulated
expression of genes involved in cholesterol metabolism and increased protein abundance. The dotted
line represents the cutoff, log2FC = 0.58. Data from 6 mice were used for the transcriptome, and data
from 4 mice were used for the proteome. Graph generated with GraphPad Prism.

The initial enzymes of the pathway, Hydroxymethylglutaryl-CoA synthase (encoded by
Hmgcs1) and HMG-CoA reductase (encoded by Hmgcr), showed significant upregulation in
both the transcriptome and proteome, with increases of 2.1-fold (p-value 5.4E%7) and 2.6-
fold (p-value 1.5E8) in the transcriptome, respectively, and 1.7 times and 2.3 times in the

proteome. Notably, Mevalonate kinase (encoded by Mvk), mevalonate-
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(diphospho)decarboxylase (encoded by Mvd), and Sterol-4-alpha-carboxylate 3-
dehydrogenase (encoded by Nsdhl) showed upregulation in the transcriptome, while their

protein abundance did not show significant changes (Figure 4.4A).

The ATP-binding cassette protein 1 (encoded by Abcal), essential in cholesterol transport,
showed significantly increased gene expression (by 110.7-fold, p-value 3.5E8) and
increased protein levels during infection (by 30.2-fold) (Figure 4.4B). Additionally, the LDL
receptor (encoded by LdIr) and the proprotein convertase 9 (encoded by Pcsk9), a protein
involved in cholesterol uptake and receptor recycling, demonstrated upregulation and
increased abundance. These results align with the findings showing increased RNA levels of
the transcription factor Srebf2 (by 1.6-fold, p-value 3.2E%), which regulates the expression
of genes involved in the cholesterol biosynthesis pathway, although its protein levels
remained just below the significance threshold for change. The findings confirm that C.

rodentium infection leads to an increase in cholesterol biosynthesis in IEC.

4.3.4 Impact of C. rodentium infection on microvilli of intestinal epithelial cells.

The intestinal epithelium is formed by enterocytes, which aid with digestion and nutrient
absorption. The apical surface of these cells is lined with microvilli, cellular projections that
significantly increase the surface area for absorption (Markovic and Brubaker 2019). AE
pathogens, such as C. rodentium, induce an intimate attachment to the host cell and the
effacement of the cell microvilli during infection. It has been demonstrated that C.
rodentium leads to the erasement of the host cell microvilli, resulting in reduced protein
abundance (Berger et al. 2018). In this study, we investigated whether disruption of

microvilli results from bacterial protein targeting or modulation of gene expression.

Microvilli are supported by an actin core and several structural proteins, including Espin,
Plastin, and Villin, which help maintain the structure (Markovic and Brubaker 2019). Figure
4.5 illustrates a discrepancy between transcriptome and proteome data, with most genes
showing unchanged expression while protein levels are reduced. Specifically, Espin and Villin
show no change at the RNA level but a decrease in protein abundance by 2.1-fold and 1.5-
fold, respectively. Importantly, Ezrin and Nherfl, which link membrane proteins to the actin
cytoskeleton (Donowitz et al. 2010; Delacour et al. 2016), showed unchanged gene levels

but decreased in abundance (1.8 and 1.9 times, respectively). Plastin-1 and Plastin-3
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decreased 1.6 and 2.1, respectively, while the gene expression was only reduced for Plastin-
3 (1.8 times, p-value 3.9E°%) and remained unchanged for Plastin-1. Moreover, Cobl
displayed reduced gene expression (2-fold, p-value 2.2E%%) and protein abundance (1.9-
fold). Notably, although Myo7b and Espin showed downregulated gene expression, the
results do not achieve statistical significance (p-value > 0.05). Similarly, Spectrin's gene
expression and protein levels are reduced during infection, but no significant changes are

observed in either transcriptome or proteome (shown in white in Figure 4.5).

As anticipated, the results showed that protein abundance of the microvilli structural
proteins was reduced during infection. RNA expression analysis indicated that the genes
encoding these proteins remain largely unchanged, suggesting that the destruction of the

microvilli is an active process occurring post-transcription rather than at the transcription

stage.
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Figure 4.5. Microvilli structure of intestinal epithelial cells during C. rodentium infection.

The diagram illustrates the microvilli structure of intestinal epithelial cells. It shows unchanged gene
expression (left side) alongside reduced protein abundance during infection (right side). Data from 6
mice were used for the transcriptome, and data from 4 mice were used for the proteome. Diagram
generated with PathVisio.
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4.3.5 Effects of C. rodentium on the mitochondria of intestinal epithelial cells.

Mitochondria play a crucial role in cellular health and energy production via the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation (OXPHOS) at the mitochondrial membrane

(Pfanner et al. 2019). During C. rodentium infection, host mitochondria are targeted, leading
to degradation and reduced protein abundance of components within the OXPHOS pathway

(Berger et al. 2017).

In this study, we investigated whether mitochondrial disruption results from bacterial
protein targeting or modulation of gene expression by examining the expression of genes
encoding mitochondrial proteins. The accompanying diagram of the mitochondria highlights

the location of these proteins (Figure 4.6).
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Figure 4.6. Key components of mitochondrial structure.

This figure illustrates the mitochondrial structure, highlighting key components involved in its
function. It features the TOM and SAM complexes for protein import, which are essential for protein
import, the MICOS complex for cristae organisation, and Opal for mitochondrial fusion and
dynamics. The figure also shows the respiratory chain complexes (I-1V) and ATP synthase (complex V),
alongside mt-DNA encoded genes, structural proteins, and solute carrier genes, all of which are
critical for maintaining mitochondrial function. Image adapted from Prof. Dr. Nikolaus Pfanner, CIBSS
- Centre for Integrative Biological Signalling Studies, University of Freiburg.

78



CHAPTER 4 - Comparative analysis - Understanding transcriptome and proteome of C.
rodentium-infected intestinal epithelial cells

Tomm20, a component of the Tom Complex (Translocase of the Outer Membrane) involved
in mitochondrial protein import (Pfanner et al. 2019), remains stable at both the transcript
and protein levels during infection (Figure 4.7), which suggests that mitochondrial protein

import is not directly affected by C. rodentium.

In contrast, Samm50, part of the SAM Complex (Sorting and Assembly Machinery), along
with Mic60 and Mic13 from the MICOS (Mitochondrial Contact Site and Cristae Organizing
System) complex, show a reduction in protein levels despite unchanged mRNA levels.
Similarly, Opal, involved in mitochondrial fusion and dynamics, exhibits decreased protein
levels while its transcript levels remain stable. This consistent pattern of reduced protein
levels with stable transcript levels suggests that the infection leads to post-transcriptional

modifications or protein degradation within these complexes.

Moreover, mitochondrial DNA-encoded genes such as Mtcol, Mt-CyB, Mtnd3, Mtnd4, and

Mtnd5 also demonstrate stable transcript levels but decreased protein abundance. This

Mitochondrial genes
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Bl Proteome

Figure 4.7. Mitochondrial gene expression and protein abundance.

The figure shows that Tomm20 remains unchanged at both the transcript and proteome levels.
Samm50 and proteins of the MICOS complex exhibit decreased abundance despite stable RNA levels.
Similarly, Opal, solute carriers Slc25a46 and Slc25a5, and mt-DNA encoded genes (Mtcol, Mt-Cyb,
Mtnd3, Mtnd4, Mtnd5), display reduced protein levels with stable RNA expression. Data from 6 mice
were used for the transcriptome, and data from 4 mice were used for the proteome. Figure
generated with GraphPad Prism.
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further reinforces the conclusion that the observed mitochondrial dysfunction is primarily

due to post-translational processes, rather than alterations in gene expression.

Following these results, we continued our analysis by studying the OXPHOS complex.
OXPHOS comprises five protein complexes integrated into the inner mitochondrial
membrane: complex |, II, I, IV and V (Nolfi-Donegan et al. 2020). Figure 4.8 illustrates that
all Complex Il proteins were identified; Complexes | and Il had the most proteins (36 and 8,

respectively), and Complexes IV and V had fewer (9 and 14, respectively).
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Figure 4.8. Effects of C. rodentium infection on mitochondrial OXPHOS proteins.

The figure illustrates the changes in mitochondrial protein levels associated with oxidative
phosphorylation complexes | to V during C. rodentium infection. A reduction in protein abundance is
represented by green, while white indicates proteins with no significant change. The proteomic
analysis reveals a notable decrease in protein levels, whereas the transcriptomic data show no
significant changes. Transcriptome data were obtained from 6 mice, and proteome data from 4 mice.
Diagram generated with PathVisio.
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Interestingly, gene expression for these proteins remained unchanged across all complexes
despite decreased protein abundance. The only exceptions were the cytochrome C oxidase
subunit 7A1 (encoded by Cox7a1), which showed reduced levels in both transcriptome (by
2.4 fold) and proteome (by 6.3 fold), and the ubiquinol-cytochrome C reductase complex IlI
subunit VII (encoded by Ugcrg), which showed increased gene expression (1.5 times, 4.8E70?)
and reduced levels at the proteome (1.8 times). Additionally, the transcriptome showed
better coverage than the proteome, as it identified three more entries than the proteome
alone: NADH-ubiquinone oxidoreductase subunit B2 (encoded by Ndufb2), cytochrome C
oxidase subunit 8A (encoded by Cox8a), and ATP synthase membrane subunit C locus 3

(encoded by Atp5g3).

The transcriptome and proteome data analysis reveals that while mitochondrial proteins
decrease during infection, RNA levels remain consistent, which suggests that C. rodentium

actively targets enterocyte mitochondria.

To further investigate the effects of infection on mitochondria, CMT93 cells (mouse colon
cells) were infected for 9 hours with C. rodentium, and the mitochondria were examined for
morphological changes. Since the mitochondrial protein Tomm20 remained unaltered at
both RNA and protein levels during infection (Figure 4.7), an antibody against this molecule
was used for immunostaining. Moreover, carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), an uncoupling agent of oxidative phosphorylation that inhibits mitochondrial

function, was used as a positive control.

The results show that mitochondria of non-infected cells have a long, structured shape. In
contrast, cells treated with CCCP and those infected with C. rodentium display disorganised,
fragmented and smaller mitochondria (Figure 4.9). This observation is consistent with the
study by Ma et al. (2006), which also reported smaller, distorted mitochondria in C.

rodentium-infected colonic epithelial cells.
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Mitochondria

Figure 4.9. Effects of Citrobacter rodentium infection on mitochondrial morphology.

Confocal microscopy images illustrating the impact of C. rodentium infection on mitochondrial
morphology. Non-infected cells exhibit long, structured mitochondria, whereas infected cells show
disorganised, fragmented, and smaller mitochondria. Arrows indicate pedestal formation by C.
rodentium attachment to host cells. Circles highlight the mitochondria in different conditions.

These observations suggest that C. rodentium actively targets and disrupts mitochondrial
integrity and function, inducing fragmentation of mitochondria. Furthermore, the
transcriptome and proteome data reveal decreased mitochondrial protein levels despite
unchanged RNA levels, suggesting that C. rodentium targets mitochondrial function and

structure through post-transcriptional mechanisms.
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4.4 Discussion.

4.4.1 Integrative analysis of transcriptome and proteome of C. rodentium-infected

enterocytes.

Transcriptomics and proteomics are widely used for studying biological processes and
diseases (Breschi et al. 2017; Casamassimi et al. 2017; Greco and Cristea 2017; Al-Amrani et
al. 2021; Kolobkov et al. 2022). While it is generally assumed that mRNA levels correspond
to protein abundance, studies have shown that the correlation between mRNA and protein
can be low under both normal physiological conditions and disease (Ghazalpour et al. 2011;

Schwanhdausser et al. 2011; Haider and Pal 2013).

Our study of the transcriptome and proteome of C. rodentium-infected enterocytes
revealed some unexpected findings. We found a notably low correlation between the two in
infected enterocytes: our combined analysis revealed that only 380 entries were
differentially expressed in both datasets (Figure 4.2). Additionally, most entries showed
changes in the transcriptome without corresponding alterations in the proteome and vice
versa. Gene expression is regulated by transcription, translation, mRNA degradation, and
protein degradation, so modifications in these processes could explain the different

regulation between gene expression and protein abundance observed in this study.

Our study also shed light on the role of post-translational regulation in response to C.
rodentium infection. Notably, molecules related to the proteasome complex and associated
with protein modification processes showed changes in the transcriptome but remained
unchanged in the proteome (Figure 4.2). The proteasome, a key player in protein
degradation and post-translational regulation in eukaryotic cells demonstrated increased
gene expression without corresponding changes in protein abundance. This suggests that
increased expression of genes associated with the proteasome complex may not necessarily
correlate with increased proteasome numbers. Furthermore, protein modification
processes, such as ubiquitination, were not exclusive to the upregulated transcriptome with
unchanged proteome. These processes displayed multiple patterns, indicating the
significant role of post-translational regulation in regulating protein degradation in the host

in response to C. rodentium infection.
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Additionally, molecules belonging to the miRNA processing complex were identified within
those showing proteome changes (decreased protein) but no transcriptome alteration.
miRNA are small non-coding RNA essential in regulating gene expression. Since they
regulate gene expression by inducing mRNA degradation and translational repression, this
could explain the poor correlation between the transcriptome and proteome of C.
rodentium-infected enterocytes. Notably, Wen et al. (2019) demonstrated that the
miRNome of C. rodentium-infected enterocytes in mice is altered during infection, with
various miRNAs being either upregulated or downregulated, highlighting the importance of
this pathway in regulating host-pathogen interactions. This pathway will be studied further
in Chapter 6.

Moreover, our findings indicate that a transcriptomic approach identifies a greater number
of molecules compared to proteomics (Figure 4.1). This observation is significant because
relying solely on proteomics would result in missing crucial information about molecular
changes during infection. It emphasises the importance of incorporating transcriptomics in
such studies. Nevertheless, unique proteins identified in the proteome also highlight the
necessity of integrating both omics approaches for a comprehensive understanding.
Notably, the prostaglandin metabolism pathway was predominantly identified through
transcriptomic analysis. Prostaglandins are molecules involved in inflammation, immune
response, and cell proliferation (Ricciotti and Fitzgerald 2011; Aoki and Narumiya 2012; Allaj
et al. 2013), all processes induced by C. rodentium infection. To elucidate its specific role in

the infection process, this pathway will be studied further in Chapter 5.

Integrating transcriptomic and proteomic data provides a comprehensive understanding of
the molecular responses during C. rodentium infection. This highlights the complexity of
gene regulation and the importance of considering multiple levels of gene expression

analysis in infectious disease research.

4.4.2 C. rodentium infection induces changes in the host enterocyte.

C. rodentium infection induced various well-documented changes in host enterocytes,
including alterations in cholesterol metabolism, antimicrobial peptide production, microvilli

structure, and mitochondrial function.
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Among the pathways with a strong correlation between transcriptome and proteome were
cholesterol metabolism and antimicrobial peptide production, both showing increased gene
expression and protein abundance (Figure 4.3 and Figure 4.4). These pathways are well-
documented to be stimulated during C. rodentium infection in enterocytes (Berger et al.
2017; Hopkins et al. 2019; Mullineaux-Sanders et al. 2019; Carson et al. 2020; Melchior et al.
2024). Therefore, increased gene expression and protein levels were expected and
unsurprising. Transcriptomics allowed us to corroborate and validate these findings,

reinforcing the proposal of using transcriptomics and proteomics together.

Furthermore, we observed changes in the proteome (reduced protein abundance) of
microvilli and mitochondria without corresponding alterations at the gene expression level
(unchanged gene expression) (Figure 4.5, Figure 4.7 and Figure 4.8). It is known that C.
rodentium targets the microvilli of enterocytes and host mitochondria, resulting in a
decrease in protein abundance during infection (Ma et al. 2006; Papatheodorou et al. 2006;
Berger et al. 2018; Ramachandran et al. 2020). Our findings confirm that the reduced
protein levels in microvilli and mitochondria are a result of the bacteria's direct disruption of

these structures, rather than changes in RNA expression.

Several studies have shown that T3SS effector proteins target various structures and
organelles in the host cell during infection. C. rodentium induces the effacement of the
enterocyte microvilli upon infection, and T3SS effectors play a crucial role in this process.
For example, the T3SS effector protein EspB, which forms part of the translocated pore and
is secreted into the host cell, binds to myosin, inhibiting its interaction with actin filaments
and thus inducing microvilli effacement (lizumi et al. 2007). Tir (the translocated intimin
receptor) also coordinates with EspF, intimin and Map to cause microvilli effacement (Dean
et al. 2006). This complex interaction between effectors leads to the destruction of the
microvilli, which matches our results showing reduced microvilli proteins during infection

(Figure 4.5).

Mitochondria, which play a crucial role in cellular health and energy production, are also
targeted by an array of T3SS effectors during C. rodentium infection. These include Map
(mitochondrial-associated protein), EspZ, and EspF, all localising to the host mitochondria

upon infection (Nougayrede and Donnenberg 2004; Nagai et al. 2005; Ma et al. 2006;
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Shames et al. 2011; Hua et al. 2018). While Map impairs mitochondrial function and induces
disruption of the morphology (Ma et al. 2006), EspZ reduces mitochondrial membrane
potential and causes cell death (Nagai et al. 2005). These match our findings, which show
reduced mitochondrial proteins involved in OXPHQOS, TOM, SAM, and MICOS complexes, and
structural changes in the mitochondria of infected CMT93 cells (Figure 4.7, Figure 4.8 and
Figure 4.9).

By examining the gene expression of microvilli and mitochondria, we demonstrate that the
bacteria-induced changes are due to physical disruption rather than alterations in gene
expression. Literature indicates that T3SS effectors such as EspB, Tir, Map, EspF and EspZ
target the enterocyte microvilli and mitochondria. Our results suggest that these effectors

cause damage not by altering RNA expression but likely by promoting protein degradation.

These findings highlight the complex mechanisms used by C. rodentium to disrupt host
cellular structures and emphasise the importance of integrating both transcriptomic and

proteomic data to fully understand the pathogen's impact.

4.4.3 Cell proliferation and DNA replication molecules are enhanced during C. rodentium

infection.
During infection with C. rodentium, there is an increase in cell proliferation, leading to
colonic crypt hyperplasia (CCH), primarily driven by increased stimulation of transit-
amplifying (TA) intestinal cells (Collins et al. 2014b). TA cells are intermediate cells that
originate from the proliferation and partial differentiation of stem cells in the lower half of
the crypt. There, they rapidly divide multiple times before differentiating into mature
intestinal cell types (Barker et al. 2008). The proliferation of these cells increases during C.

rodentium infection, resulting in CCH.

Our integrated transcriptome and proteome data analysis identified key molecules involved
in cell cycle regulation and DNA replication. These showed increased protein abundance
without changes in the gene expression (Figure 4.2). Haus2, a subunit of the HAUS augmin-
like complex crucial for microtubule-dependent amplification during cell division (Lawo et al.
2009), showed a significant 21.2-fold increase in the proteome. Although Haus6 was not

detected in the transcriptome or proteome of infected enterocytes in our study, its
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documented role in enhancing cell proliferation in colorectal cancer suggests a potential
role for Haus proteins in modulating cellular responses during C. rodentium infection (Shen

et al. 2022).

Furthermore, the proliferating cell nuclear antigen (Pcna), important for cell cycle regulation
and DNA replication (Strzalka and Ziemienowicz 2011), showed a 2-fold increase in the
proteome during infection, indicating heightened DNA replication activity. Similarly, Orc1, a
component of the Origin Recognition Complex (ORC) crucial for DNA replication initiation,
and Mcm3, a component of the MCM2-7 complex essential for DNA replication elongation,
both exhibited a 2.3-fold increase in the proteome. These complexes are essential for
ensuring accurate DNA replication initiation and elongation (Li and Stillman 2012), reflecting

the increased replicative demand induced by C. rodentium infection.

Interestingly, despite the significant increase in protein levels, we did not observe
corresponding changes in the RNA levels of Pcna, Orc1 and Mcm3. This discrepancy
supports the idea that C. rodentium may influence post-translational processes, such as
protein stabilisation or reduced degradation, rather than altering gene expression directly.
These post-translational modifications could lead to increased protein levels and support
enhanced cell proliferation during infection. Previous reports indicated increased cell cycle
and DNA replication at the protein level during C. rodentium infection (Hopkins et al. 2019;
Carson et al. 2020), aligning with our findings and reinforcing the need to integrate both
transcriptomic and proteomic analyses for a comprehensive understanding of the

pathogen's impact.
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4.5 Conclusions.

The main conclusions following a comparative analysis of the transcriptome and proteome

of C. rodentium-infected enterocytes were as follows:

- The transcriptome and proteome of C. rodentium-infected enterocytes showed no
strong correlation between gene expression and protein level changes, suggesting
that post-transcriptional and post-translational processes are at play during

infection.

- Transcriptome analysis identified more genes than proteomics alone, demonstrating

better coverage and highlighting the importance of using both approaches together.

- Transcriptome analysis identified unique altered pathways, such as the upregulation

of the prostaglandin metabolism pathway, which proteomics could not confirm.

- The investigation of well-documented pathways altered during C. rodentium
infection indicated that mitochondrial and microvilli disruption is likely due to the

active degradation of proteins rather than a modulation of gene expression.

- The joint analysis revealed a poor correlation between the gene expression and
protein level of molecules involved in DNA replication and cell cycle, suggesting that
post-translational processes modulate these to promote cell proliferation during

infection.

These findings highlight the complexity of host-pathogen interactions and emphasise the
need for integrated multi-omics approaches to understand the molecular mechanisms

underlying C. rodentium infection.
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5 CHAPTER 5: Prostaglandin biosynthesis regulation during

Citrobacter rodentium infection.

5.1 Introduction.

My previous pathway analysis suggested that the prostaglandin biosynthesis could be
altered during C. rodentium infection. As a result, the connection between infection and

prostaglandin regulation will be explored further.

Prostaglandins are lipid molecules derived from arachidonic acid, playing crucial roles in
various physiological processes such as reproduction, gastrointestinal fluid secretion, cell
proliferation, immune response, and inflammation. Under normal conditions, prostaglandin
levels are relatively low. However, their levels significantly increase in response to
inflammation, bacterial or viral infections, and other pathological conditions, such as cancer
(Eckmann et al. 1997; Na et al. 2011; Agard et al. 2013; Mccarthy et al. 2013; Dennis and
Norris 2015; Sander et al. 2017; Wang et al. 2021).

Prostaglandins are synthesised from membrane phospholipids and, although some have a
dual role, can be broadly categorised into pro-inflammatory (e.g., PGE,, PGF.,) and anti-
inflammatory (e.g., PGD3, PGl,) prostaglandins (Dorris and Peebles 2012; Murata and
Maehara 2016; Sander et al. 2017; Wautier and Wautier 2023). Of particular interest is
PGE,, a pro-inflammatory molecule synthesised by various cell types, including immune
cells, that is known to mediate cell proliferation (Agard et al. 2013; Fan et al. 2015; Mo et al.
2015). Similarly, PGF2q, another pro-inflammatory prostaglandin, modulates cell growth

(Horsley and Pavlath 2003).

PGE; is critical in regulating immune responses during viral and bacterial pathogenesis
caused by Gram-negative and Gram-positive bacteria, including Salmonella, E. coli, and
Mycobacterium tuberculosis. PGE;'s effects on these infections vary, with studies showing
that it can have inhibitory, stimulatory, or dual roles in viral replication cycles and can also
inhibit pro-inflammatory immune responses during bacterial infections (Agard et al. 2013;

Sander et al. 2017).
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Based on the evidence, we hypothesise that C. rodentium infection also alters the

prostaglandin metabolism pathway of infected enterocytes.

5.2  Aims and Objectives.

This chapter aimed to examine the effects of prostaglandin metabolism on C. rodentium

infection in mice. To accomplish this aim, the following specific objectives were outlined:

- Analyse the gene expression and protein patterns of key enzymes implicated in

prostaglandin metabolism.

- Investigate the function of prostaglandins in infected mice.
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5.3  Results.

5.3.1 The prostaglandin biosynthesis pathway is altered during Citrobacter rodentium

infection.
Pathway analysis revealed significant alterations in prostaglandin metabolism during
infection with C. rodentium (p-value 1.3E?), identifying 18 molecules involved in this
pathway. Molecules identified in the analysis and related ones were individually examined

to determine changes in gene expression.

37 genes involved in prostaglandin metabolism were identified, including those for
prostaglandin biosynthesis, modulators, and degradation. Among these genes, 46% were
upregulated (17 genes), 38% were either unchanged or not reproducible (14 genes), and
16% were downregulated (6 genes) (Figure 5.1).

Prostaglandin metabolism
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Figure 5.1. Prostaglandin metabolism regulation in C. rodentium infection.

The heat map illustrates the regulation of genes associated with prostaglandin metabolism during C.
rodentium infection, presented as the Log2FC (Log2 fold change) of individual genes. Each column
represents one mouse. The pie chart illustrates the gene distribution. *, pValue < 0.05; ns, no-
significative. Graphs created with GraphPad Prism.
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To determine if the changes in gene expression correlate with protein abundance, proteome
data from previous experiences (Berger et al. 2017) were compared. Interestingly, 8 of the
genes identified in the prostaglandin biosynthesis in the transcriptome were not found in
the proteome, and, in some cases, there was no correlation between gene expression and
protein levels (Figure 5.2). This highlights the complexity of gene-protein relationships and

the importance of dual “omic” analysis.

Membrane phospholipids are directly metabolised by phospholipase A; (PLA2) into
arachidonic acid (Burke and Dennis 2009; Khan and llies 2023). Whereas secretory
phospholipase (Group IIF, Il and Group VII) were generally downregulated (Pla2g2f
increased 2.5 times, and Pla2g3 and Pla2g7 decreased 2.2 times and 2.3 times,
respectively), cytoplasmic PLA2 (Group IVC, IVD) and proteins with phospholipase activity
(Plaat3 and Abhd3) were upregulated significantly (5.1, 50, 2.7 and 2.1 fold change
respectively), suggesting increased arachidonic acid production (Figure 5.2A and Figure 5.3).
Plaat3 was also increased in the proteome (2.8-fold). Interestingly, the regulator
Phospholipase A2 Activating Protein (Plaa), which positively regulates cytosolic PLA2, is
upregulated (2.1 fold), and Anxal, which negatively regulates cytosolic PLA2, also showed
increased expression (2.4 fold) (Figure 5.2A, Figure 5.2C, and Figure 5.3). These changes

indicate a shift towards increased arachidonic acid availability during infection.

Arachidonic acid is then further metabolised by Cyclooxygenase 1 (encoded by Ptgs1 or
Cox1) and Cyclooxygenase 2 (encoded by Ptgs2 or Cox2) to produce prostaglandin H,. While
the gene expression of Cox1 showed downregulation, the results were not reproducible (p-
value > 0.05); hence, they are shown in white in Figure 5.3. Whereas Cox1 is constitutively
expressed, Cox2 expression is upregulated during inflammation (O'Neill and Ford-
Hutchinson 1993). Accordingly, Cox2 expression increased 5.7-fold during infection with C.
rodentium (p-value 2.9E®) (Figure 5.2A and Figure 5.3), suggesting a predominant role of

Cox2 in the inflammatory response during infection.
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Figure 5.2. Modulation of prostaglandin biosynthesis in C. rodentium infection: integration of
transcriptome and proteome data.

(A) General upregulation of genes involved in the prostaglandin biosynthesis, contrasting with
proteomic data that shows most proteins are undetected, unchanged, or decreased during C.
rodentium infection. (B) Downregulation of genes involved in prostaglandin metabolism during
infection. (C) Changes in prostaglandin modulators during infection. Transcriptome data were

obtained from 6 mice, and proteome data from 4 mice. Graphs were generated using GraphPad
Prism.
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Figure 5.3. Regulation of prostaglandins biosynthesis in C. rodentium infection.

Schematic representation of the prostaglandin biosynthesis pathway showing the regulation of genes
involved in producing pro-inflammatory prostaglandins (PGE; and PGF2,) and anti-inflammatory
prostaglandins (PGD; and PGl,). The diagram highlights the effect of some modulators on the
pathway and the metabolism of prostaglandins. Transcriptome data were obtained from 6 mice, and
proteome data from 4 mice. Image was generated using PathVisio.

Figure on page 95.

Following the production of prostaglandin Hy, it is converted by prostaglandin synthases to
PGE>, PGF24, PGD> and PGly. Microsomal prostaglandin E synthase-1 (encoded by mPGES1),
which is typically induced in inflamed tissues (Jiang et al. 2021), showed significant
upregulation during infection (4.5 times), similar to its positive regulator Fabp5 (Fatty
acid-binding protein 5) (increased 1.8-fold) (Bogdan et al. 2018) (Figure 5.2A and C, and
Figure 5.3).

The prostaglandin F,q synthases Akr1c18 and Akrlb7 showed opposite changes; while the
former was increased 15.2 times, the latter was reduced 3.6-fold (Figure 5.2A and Figure
5.3). The prostaglandin D, synthase (encoded by H-PGDS) showed a good correlation
between transcriptome and proteome, as gene expression decreased 5.7 times and protein
abundance 2 times. These results highlight the dynamic regulation of prostaglandin

synthases in response to infection.

Different enzymes mediate the metabolism of prostaglandins. 15-hydroxyprostaglandin
dehydrogenase (encoded by 15-PGDH) showed decreased gene expression and protein
abundance during infection (2.7 times and 2.8 times, respectively) (Figure 5.2B and Figure
5.3). Similarly, prostaglandin reductases Ptgr2 and Ptgr3, which metabolise prostaglandins
to inactive compounds, showed decreased protein abundance (2 times each) and
unchanged gene expression. Additionally, the Cytochrome P450 2S1 (encoded by Cyp2s1),
which inactivates prostaglandins by metabolising prostaglandin H; to 12-HHT and MDA,
showed decreased gene expression and protein abundance during infection (2.2 times and
2.9 times, respectively). These results indicate a reduced capacity for prostaglandin

metabolism during infection.

An additional reaction by Cox2 is the metabolism of 2-Acylglycerol (2-AG) to PGE»-glycerol

ester (PGE;-G), an inflammatory metabolite that can be further metabolised to PGE, (Hu et
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al. 2008; Bruser et al. 2017; Kingsley et al. 2019). The enzyme diacylglycerol lipase beta
(DAGLb), which produces 2-AG (Hsu et al. 2012), was upregulated in the transcriptome (2.2-
fold) and the proteome (2-fold). Notably, the gene expression of Sphk1, which activates
Cox2 (Pettus et al. 2003), was upregulated 6.3 times (Figure 5.2C and Figure 5.3). These
findings suggest a pathway shift favouring the production of PGE; and its derivatives during

infection.

Cortisol is another Cox2 modulator. While there were no changes in the transcriptome, the
enzyme Hsd11b1, involved in cortisol production, was increased in the proteome (4.1-fold),
and the enzyme involved in its metabolism, Hsd11b2, was decreased (2.6 times). Moreover,
cortisol negatively regulates 15-PGDH, which is responsible for the metabolism of
prostaglandins. Thus, the regulation of Cox2 and prostaglandin metabolism may be

significantly influenced by cortisol dynamics during infection.

5.3.2 Effect of prostaglandin metabolism pathway on C. rodentium infection.

To study the impact of the prostaglandin biosynthesis pathway on C. rodentium infection,
mice were treated with acetylsalicylic acid (Aspirin or ASA), an anti-inflammatory drug which
inhibits Cox production, and infected with C. rodentium. Over the course of the infection (8
days), water consumption was measured, mice were weighed, and stool samples were
collected. At the peak of infection (day 8), mice were humanly sacrificed, and colonic tissue

was collected for histology.

Aspirin was incorporated into the drinking water, and a fresh solution was provided every
other day. The results show that mice consumed between 26 mg/kg and 29.9 mg/kg aspirin

daily, which was expected, as the recommended aspirin dosage was 25 mg/kg mouse (Table

5.1).
Daily Water consumption Daily ASA consumption
Volume (mL)/mouse ASA (mg/kg)/mouse
Aspirin + C. rodentium 4.8 29.9
Aspirin + No infected 4.2 26

Table 5.1. Daily water and aspirin consumption across experimental groups.
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Stool samples were used to asses C. rodentium colonisation in mice. The results reveal no
difference in CFU/g stool between mice treated with aspirin and those without treatment,
demonstrating no distinctive colonisation at day 7 post-infection (see Figure 5.4A). These
findings demonstrate that using a Cox inhibitor does not impact the ability of the bacteria to
colonise the host, indicating that any observed changes are unlikely to be attributed to

variations in the bacterial counts.

Individual weight loss was tracked as an indicator of animal health. The results revealed that
mice treated with aspirin experienced weight loss on day 8 post-infection compared to

infected mice without aspirin treatment (Figure 5.4B).

C. rodentium infection induces the enlargement of the intestinal crypt, leading to colonic
CCH. Since prostaglandins play a role in inducing cell proliferation, treating C. rodentium-

infected mice with aspirin could potentially reverse the effects of C. rodentium on the
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Figure 5.4. C. rodentium colonisation and mice weight at day 7 and day 8 post-infection.

(A) Stool samples cultured on agar plates at day 7 post-infection showed no significant change in
CFU/qg stool between aspirin-treated and non-treated mice. Each dot represents the median for
individual mice; each sample was prepared in triplicates. (B) Weight fluctuations monitored over time
showed mice under aspirin treatment and C. rodentium infection decreased weight at 8 days post-
infection compared to the non-treated group. Graphs and statistical analysis were performed using
GraphPad Prism; Mann-Whitney test, two-tailed p-Value. ns: non-significant; *: pValue<0.05.
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intestinal crypt. The next step was to determine if the induction of colonic crypt hyperplasia
was changed with aspirin treatment. Histology samples from all groups were collected, and

crypt length was measured. The results show the development of colonic crypt hyperplasia

in both C. rodentium-infected groups, either non-treated or treated with aspirin, suggesting
that the effects of aspirin treatment do not influence the progression of colonic crypt

hyperplasia (Figure 5.5).

Mice stools were collected over the length of the experiment to determine lipocalin 2

(Lcn 2) levels. Len 2 is an acute-phase molecule that rapidly increases expression during
inflammation and is used as an inflammatory marker. Since aspirin is a non-steroidal anti-
inflammatory drug that inhibits Cox enzymes, it is expected that the use of aspirin reduces
Len 2 production. The collected stools were weighed, dissolved in PBS, and analysed for Lcn

2 production by ELISA.
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Figure 5.5. Impact of aspirin treatment on colonic crypt hyperplasia development.

Colonic crypt hyperplasia development in both C. rodentium-infected groups. Aspirin treatment does
not influence hyperplasia development. Crypt length was measured (arrows) with Image J for all
animals and all conditions. Each point represents the median from an individual mouse. Graph and
statistical analysis were performed using GraphPad Prism. Two-way ANOVA was performed. Ns: no
significant; **: pValue<0.05.

99



CHAPTER 5 — Prostaglandin biosynthesis regulation during Citrobacter rodentium infection

The results showed that Lcn 2 production is stimulated during C. rodentium infection at days
5 and 8 post-infection (Figure 5.6). However, there is no distinction in Lcn 2 production
between aspirin-treated and non-aspirin-treated mice, suggesting that the aspirin dose was

insufficient to reduce inflammation during C. rodentium infection.
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Figure 5.6. Lipocalin-2 levels during C. rodentium infection at 5 and 8 days post-infection.

ELISA results indicate increased Lcn 2 production at 5 and 8 DPI for both groups during C. rodentium
infection. Importantly, aspirin treatment does not modify Lcn 2 production for any of the groups on
both days post-infection. Each point represents the mean from an individual mouse; samples were
measured in duplicate. Graphs and statistical analysis were performed using Graph Prism. Two-way
ANOVA was performed. Ns: no significant; * or **: pValue<0.05.

The results presented in this section demonstrate that aspirin does not alter the Lcn 2
production or the crypt length of infected enterocytes, as they were similar in infected mice
treated with aspirin to those infected mice non-treated with aspirin. The only difference
between treatment groups was that aspirin-treated mice experienced weight loss during
infection. These results suggest that this experiment's selected aspirin dose does not

significantly impact the effects of C. rodentium infection in mice colon.
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5.4  Discussion.

In this chapter, we investigated the prostaglandin metabolism pathway during C. rodentium
infection. Our approach combined transcriptomic and proteomic analyses of infected IECs
and evaluated the impact of aspirin treatment on infected mice, aiming to elucidate the role

of prostaglandins during infection.

5.4.1 Prostaglandin profile of C. rodentium-infected enterocytes.

Prostaglandins play pivotal roles in maintaining physiological homeostasis and are
dynamically regulated during inflammatory responses (Ricciotti and Fitzgerald 2011). Our
study demonstrates an increase in the induction of Prostaglandin E, (PGE>), a potent pro-
inflammatory mediator, during C. rodentium infection (Figure 5.2A and Figure 5.3). This
increase is accompanied by changes in gene expression that illustrate the induction of the

prostaglandin biosynthesis pathway during infection.

The increased expression of genes encoding phospholipases and Cyclooxygenase-2 (Cox2),
crucial for arachidonic acid and Prostaglandin H; synthesis, further supports the activation
of prostaglandin biosynthesis pathways in response to infection. Cox2 is notably
overexpressed during bacterial infections and it is implicated in various cancers, including
colorectal cancer, highlighting its role in infection-associated inflammation (Agard et al.
2013; Allaj et al. 2013; Sander et al. 2017; Oyesola and Tait Wojno 2021). Additionally,
Raymond et al. (2011) showed that the T3SS effector protein EspT triggers Cox2 expression
and PGE; secretion in a human macrophage model. These findings highlight the importance
of the T3SS effectors in pathogen-host interactions and suggest that the T3SS may play an
important role in regulating pro-inflammatory prostaglandin production observed during

infection with C. rodentium.

In addition to the increased expression of Cox2, we observed further modulation of
prostaglandin pathways during C. rodentium infection, with a significant upregulation of
microsomal Prostaglandin E synthase-1 (mPGES-1) in infected cells, and increased
expression of Fabp5, a regulator of mPGES-1. This supports the idea that PGE; production is
increased during C. rodentium infection. Interestingly, mPGES-1 was not detected at the

proteomic level, and Fabp5 showed no corresponding changes in protein abundance. This
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discrepancy suggests that the upregulation of mPGES-1 may be a direct consequence of the

infection, and is not dependent on the levels of its regulator Fabp5.

Given PGE>'s role in promoting tumorigenesis and cell proliferation in conditions such as
colorectal cancer (Wang and Dubois 2010; Iwanaga et al. 2014; Dennis and Norris 2015), its
increased biosynthesis during C. rodentium infection aligns with pathological changes
observed in infected mice. Moreover, our results suggest that the synthesis of the
inflammatory PGE,-glycerol ester (PGE2-G) is also upregulated during C. rodentium infection,

further implicating enhanced pro-inflammatory responses during infection (Figure 5.3).

Furthermore, the downregulation of H-PGDS, responsible for synthesising the anti-
inflammatory PGD;, suggests a decrease in the production of the anti-inflammatory
prostaglandin during C. rodentium infection. Given that PGD; protects against uncontrolled
cell growth and its deficiency exacerbates colitis and tumour formation in colitis-associated
cancer (lwanaga et al. 2014), this shift potentially contributes to enhanced colonic crypt

hyperplasia observed during C. rodentium infection.

Overall, the results from this study demonstrate that there is a shift towards a pro-
inflammatory prostaglandin profile during infection, evidenced by the upregulation of genes
involved in the synthesis of prostaglandin precursors and PGE;, alongside a reduction in the

expression of genes involved in PGD; synthesis.

5.4.2 Annexin Al effects on C. rodentium infection.

Phospholipase A2 initiates the release of arachidonic acid from cell membranes, a crucial
step in prostaglandin biosynthesis. Our study revealed a general upregulation of PLA2 genes
during C. rodentium infection, although specific downregulation was observed in Pla2g3 and

Pla2g7 (Figure 5.2A).

Annexin Al (Anxal) exerts anti-inflammatory effects by inhibiting PLA2 and subsequent
eicosanoid synthesis, including prostaglandins. Despite an increase in Anxal gene
expression during infection, protein levels remained unchanged (Figure 5.3). This
discrepancy suggests that while the host may initiate protective responses via Anxal, C.
rodentium might counteract these effects by degrading the protein, potentially undermining

host defences. Interestingly, Wen et al. (2019) observed that during C. rodentium infection,
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the mouse miRNA mmu-miR-7a-2-3p, predicted to target Anxal, was upregulated, further

supporting this hypothesis.

Anxal exerts its protective effect by binding to N-Formyl peptide receptor 2 (Fpr2),
triggering anti-inflammatory cascades (Yang et al. 2013). Fpr2-deficient mice display
increased susceptibility to C. rodentium colonisation and severe colitis, with decreased
mucus production in the colon, highlighting Anxal's significance in mucosal immunity
(Sharba et al. 2019). Additionally, Anxal has therapeutic potential in colitis treatment,
promoting gastric wound healing and tissue recovery in inflammatory bowel diseases
(Babbin et al. 2008; Leoni et al. 2013). Recent studies by Broering et al. (2022) further
highlight Anxal’s efficacy in reducing colitis symptoms and improving tissue recovery,

emphasising Anxal as a potential therapeutic agent against C. rodentium infection.

5.4.3 Prostaglandin metabolism is reduced during C. rodentium infection.

In addition to increased prostaglandin production, our results indicate reduced metabolism
during C. rodentium infection (Figure 5.2A and Figure 5.3), reflecting an alteration in the

balance of prostaglandin synthesis and degradation during infection.

Prostaglandin metabolism occurs via the action of 15-hydroxyprostaglandin dehydrogenase
(15-PGDH), which inactivates prostaglandins and antagonises Cox2 activity (Yan et al. 2004;
Na et al. 2011). We observed downregulation of 15-PGDH expression and reduced protein
abundance (2.7 and 2.8 times) in C. rodentium-infected enterocytes of mice. This
downregulation suggests that C. rodentium may activate mechanisms to stabilise

prostaglandins in infected tissues, enhancing inflammation and cell growth.

Emerging evidence highlights the critical role of 15-PGDH in regulating inflammatory
processes and carcinogenesis. Downregulation of 15-PGDH is implicated in colorectal cancer
and other malignancies, facilitating PGE, accumulation and supporting tumour progression
(Yan et al. 2004; Backlund et al. 2005; Myung et al. 2006; Vainio et al. 2011). Thus, the
downregulation of 15-PGDH during C. rodentium infection likely contributes to the

inflammatory and proliferative environment observed.

Furthermore, cortisol induction during C. rodentium infection (Figure 5.3) links stress

responses to prostaglandin dysregulation. Cortisol enhances PGE; and PGF,4 production
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while inhibiting 15-PGDH activity, potentially exacerbating the observed reduction in
prostaglandin metabolism (Patel and Challis 2002; Wang et al. 2020). The cortisol induction
might be responsible for the reduced prostaglandin metabolism observed in this study,
indicating that C. rodentium may be using this strategy to modulate the host's inflammatory
response. Importantly, using the proteomic approach allowed us to detect this regulation,
as protein abundance significantly changed during infection (Figure 5.2C). Transcriptomic
analysis alone would not have identified this process, as there were no changes at the gene

expression level, highlighting the importance of using both approaches together.

Our study highlights the complex interplay between prostaglandin metabolism, immune
responses, and pathogen virulence during C. rodentium infection. The downregulation of 15-
PGDH and the altered prostaglandin profile contribute to an inflammatory and proliferative
environment. These findings underscore the therapeutic potential of targeting the
prostaglandin pathway in managing infectious and inflammatory diseases, highlighting 15-
PGDH and Anxal as promising candidates for future research and therapeutic development.
Furthermore, the combined use of transcriptomic and proteomic approaches proved
essential in discovering these regulatory mechanisms, emphasising the importance of

comprehensive analysis for a thorough understanding of host-pathogen interactions.

5.4.4 Aspirin effects on C. rodentium infection.

To study the impact of the prostaglandin biosynthesis pathway on C. rodentium infection,
mice were treated with aspirin, an anti-inflammatory drug which inhibits Cox1 and Cox2
production, and infected with C. rodentium. Since prostaglandins are linked with cell
proliferation in malignant processes such as cancers, the hypothesis was that these
molecules were responsible for inducing inflammation and colonic crypt hyperplasia during
C. rodentium infection in mice. Therefore, aspirin was expected to inhibit prostaglandin

synthesis, potentially repressing colitis associated with C. rodentium.

Interestingly, our results showed no beneficial effects of treating C. rodentium-infected mice
with aspirin. There were no significant differences in the colonisation of mice, colonic crypt
hyperplasia development, or lipocalin-2 production: CFU/g of stool, crypt length, and
lipocalin-2 levels were similar in infected mice treated with aspirin than in those non-treated

with aspirin (Figure 5.4A, Figure 5.5, Figure 5.6). The only difference between the groups
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was that mice infected with C. rodentium and receiving an oral dose of aspirin experienced

weight loss by day 8 post-infection (Figure 5.4B).

Multiple factors could explain weight loss during treatment with aspirin. Aspirin-associated
side effects, such as gastrointestinal irritation and pain (Li et al. 2020), can decrease appetite
and food intake tolerance. Additionally, treatment with NSAIDs (Non-Steroidal Anti-
Inflammatory Drugs) like aspirin can disrupt the microbiota, which is important for nutrient

absorption and gut health, potentially leading to malabsorption of nutrients and weight loss.

Maseda et al. (2019) studied the effects of co-treatment with indomethacin, a Cox inhibitor,
and Clostridium difficile (C. diff) infection, a bacterium that is the leading cause of antibiotic-
associated colitis. While it promoted a change in the microbiota, disrupted the tight
junctions, increased tissue damage, and induced severe colitis, it did not significantly change
the weight loss associated with C. diff infection. This discrepancy could be due to differences
in the pathogenic mechanisms of C. diff and C. rodentium and the specific effects of the
NSAIDs used. While it can be speculated that similar changes in the microbiota could occur
during aspirin treatment and C. rodentium infection, promoting loss of appetite and weight
loss, the combined effects of aspirin and C. rodentium might lead to more pronounced

gastrointestinal symptoms and subsequent weight loss than observed with C. diff.

Interestingly, Dejani et al. (2018) reported that mice infected with C. rodentium and treated
intraperitoneally with indometacin did not experience weight loss, contrary to our
experiment with aspirin. This difference could be attributed to the route of administration,
as using an intraperitoneal route could reduce the gastrointestinal side effects of aspirin and

reduce weight loss.

Dejani et al. (2018) also studied the effects of indomethacin on prostaglandin production
and found that PGE, was reduced in infected mice treated with the Cox inhibitor.
Unfortunately, the colonic tissue we collected for ex vivo explants and PGE; ELISA detection
did not work, so these results cannot be compared to our experiment. Nevertheless, their
study lacked infection controls: they did not evaluate the colonisation of mice in the
different treatment groups or check for colonic crypt hyperplasia. If indomethacin

treatment reduces C. rodentium colonisation and the infection is less virulent, this could
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explain the decreased PGE; levels. Therefore, attributing the reduction in PGE; solely to

indomethacin treatment could be biased.

Our study focused on day 8 post-infection based on our previous transcriptome data
showing changes at that time. Although we did not see any changes in the pathogenicity at
8 days post-infection, extending the study to 21 days, when mice infected with C. rodentium
clear the bacteria, might reveal prolonged infection clearance kinetics typical for C.
rodentium. Observing the mice beyond 8 days post-infection could provide insights into the

long-term effects of aspirin treatment on weight and infection clearance.

The absence of alterations in pathogenicity observed during aspirin treatment implies that
the administered dose might not effectively inhibit Cox2 or that prostaglandins may not
contribute significantly to crypt hyperplasia or Lcn 2 production in C. rodentium infection.
Further investigation through an extended study and higher dose is required to establish the
link between prostaglandin biosynthesis and C. rodentium infection. Moreover, an
alternative approach to increasing aspirin dosage could involve early intervention by

inhibiting the prostaglandin biosynthesis pathway through phospholipase inhibition.
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5.5 Conclusions.

The main conclusions following the investigation of the prostaglandin metabolism effects on

C. rodentium infection in mice were as follows:

- The majority of the genes involved in prostaglandin metabolism identified by
transcriptomics showed upregulation during C. rodentium infection. We observed an
increase in the pro-inflammatory PGE; synthesis and a decrease in the anti-
inflammatory PGD; synthesis, suggesting a shift towards a pro-inflammatory

environment that may contribute to the observed colonic crypt hyperplasia.

- There was a lack of correlation between the proteome and transcriptomic of
infected enterocytes, highlighting the importance of using more than one technique

to investigate the effects of these molecules on C. rodentium infection in mice.

- Cortisol synthesis is induced during C. rodentium infection, potentially promoting the
synthesis of prostaglandin precursors by increasing Cox2 expression and inhibiting

the prostaglandin metabolism by inhibiting the expression of 15-PGDH.

- Treatment of mice with a low dose of aspirin and infecting them with C. rodentium
does not change the pathogenicity of the infection, suggesting that the dose was
insufficient to inhibit the pathway or that prostaglandins are not responsible for C.

rodentium inflammation pathogenesis.

- Aspirin treatment combined with C. rodentium infection promotes weight loss in
mice by 8 days post-infection, likely due to gastrointestinal irritation and microbiota

disruption, both potential side effects of aspirin.

Future work should include metabolomic analysis of C. rodentium-infected enterocytes and
alternative prostaglandin inhibitors to further elucidate the connection between the

prostaglandin biosynthesis pathway and C. rodentium infection. This will help decipher the
link between the prostaglandin biosynthesis pathway and C. rodentium infection, providing

a clearer understanding of the molecular mechanisms and potential therapeutic targets.
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6 CHAPTER 6: Establish how the RNA-induced Silencing Complex

(RISC) is regulated during C. rodentium infection.

6.1 Introduction.

Analysis of the transcriptome and proteome of IEC from mice infected with C. rodentium
revealed a lack of correlation between gene expression and protein abundance. This
discrepancy suggests that bacteria may modulate protein stability or degradation through
post-transcriptional and post-translational processes (Figure 6.1). Post-transcriptional
processes are often regulated by microRNAs (miRNAs), which are non-coding RNA that
regulate protein expression by inhibiting translation, targeting ribosomes, or targeting
mRNA for degradation (Eulalio et al. 2008; Huntzinger and Izaurralde 2011; Saliminejad et al.
2019). miRNAs exert their regulatory effects by incorporating into a protein complex known
as the RNA-induced silencing complex (RISC), which includes Argonaute (Ago) proteins 1

and 2.

During bacterial infections, it is well-established that pathogens can manipulate host miRNA
to their advantage. Examples of these include the intestinal pathogens Helicobacter pylori,
Salmonella, and Listeria (Das et al. 2016; Zhou et al. 2018; Tong et al. 2023). For example,

H. pylori can induce changes in miRNA expression in the host to promote intracellular

. EPEC
Transcnptlon: Translation N EHEC
C. rodenfium
DMA RMA \ Protein
miRMNA
.
ﬂd"\fﬂ

Figure 6.1. Post-transcriptional regulation: impact of microRNAs and pathogenic bacteria.

The figure illustrates the processes of transcription (DNA to RNA) and translation (RNA to protein),
highlighting the regulatory effects of microRNAs (miRNAs) in RNA stability and translation.
Additionally, it illustrates the potential regulatory effects exerted by pathogenic bacteria, such as
C. rodentium, EHEC and EPEC, on these processes. Figure created with BioRender.com.
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survival (Tang et al. 2012). Salmonella infection has been shown to alter miRNA profiles to
contribute to disease pathogenesis (Zhou et al. 2018). Similarly, it has been proposed that
Listeria can hijack the host's miRNA machinery to evade immune detection (Maudet et al.
2014). Interestingly, C. rodentium infection also leads to changes in the expression of host
miRNAs (Wen et al. 2019). However, little is known about how the bacteria manipulate the

miRNAs.

To understand the host-pathogen interaction and the role of miRNA regulation during C.
rodentium infection, this chapter focuses on investigating the RNA-induced silencing

complex and its components.

6.2 Aims and Objectives.

This chapter aimed to examine the effects of C. rodentium infection on post-transcriptional
regulation mediated by miRNAs. To accomplish this aim, the following objectives were

established:
- Investigate the RNA and protein levels of miRNA targets during infection.
- Examine the effects of C. rodentium on the RNA-induced silencing complex.

- Analyse the impact of C. rodentium's type three secretion system on argonaute

proteins.
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6.3 Results.

6.3.1 Changes in miRNA during C. rodentium infection.

To investigate how the miRNAs alter protein expression during C. rodentium infection, we
analysed the miRNome published by Wen et al. (2019). We selected two miRNAs from this
dataset for further investigation: the upregulated mmu-miR-92a and the downregulated

mmu-miR-361 (Figure 6.2).

mmu-mR-2137
mmu-miR-19a
mmu-miR-20a+mmu-miR-20b

mmu-miR-106a+mmu-miR-17

mmu-miR-93
mmu-let-7i
mmu-miR-132
mmu-miR-7a
mmu-mR-652
mmu-miR-196a
mmu-miR-15a
mumu-nmiR-25
mmu-miR-223
mmu-miR-30b
mumu-mR-26b
mmu-miR-30e
mmu-miR-200a
mmu-mR-29¢
mmu-miR-30a
mmu-mR-451
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Figure 6.2. miRNAs and C. rodentium infection.

The heat map illustrates alterations in miRNA expression within intestinal epithelial cells during
infection. Arrows highlight the miRNAs selected for analysis in this study, mmu-miR-92a and mmu-
miR-361. Figure adapted from Wen et al (2018).

The selection process involved several steps. Initially, we studied the comprehensive
miRNome provided by Wen et al. (2019) and reviewed studies that demonstrated the
effects of these miRNAs on specific targets. Research indicated that mmu-miR-92a could
downregulate Foxol (encoding Forkhead box protein O1) (Fujiwara et al. 2022), involved in
the regulation of immune responses, apoptosis, cell proliferation, and mucus secretion
(Chen et al. 2021). Additionally, mmu-miR-361 was shown to downregulate Sh2b1 (encoding
SH2B adapter protein 1) (Chen et al. 2016), involved in insulin signalling, inflammation, and

cell proliferation (Chen et al. 2016; Cheng et al. 2020). Then, we examined the

transcriptome and proteome data for these targets.
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Since miRNAs are molecules that regulate gene expression by repressing translation or

degrading mRNA (Figure 6.3A), it is expected that for upregulated miRNA, its targets

decrease (Figure 6.3B), and for downregulated miRNA, its targets increase (Figure 6.3C).

A. Normal miRNA expression

o

mRNA Target

miRNA / N

\_

Translation repression

Protein l

>

3 A

mRNA degradation "Q(errrrr%) mRNA l

AT ¥ A5 /
B. Upregulated miRNA expression
Translation repression Protein 1
mRNA Target
t miRNAZ" N
3

mRNA degradation v 5 % mRNA l

> /

N

C. Downregulated miRNA expression

”

mRNA Target

T

l miRNA /
-

SNTINT /N

Translation repression

mRNA degradation

o

»

mRNA

s

Figure 6.3. Diagram showing the effect of miRNAs on mRNA and protein abundance.

Normal miRNA levels (A) lead to decreased mRNA and protein, by translation repression and mRNA
degradation. The upregulation of miRNAs (B) (red arrow) leads to increased translation repression
and mRNA degradation, and, consequently, decreased protein abundance and mRNA levels (green
arrows). The downregulation of miRNAs (C) (green arrows) leads to reduced translation repression
and mRNA degradation, and, consequently, increased protein and mRNA levels (red arrows). Figure

created with BioRender.com.
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C. rodentium induces an upregulation of mmu-miR-92a and a downregulation of mmu-miR-
361. However, the effects of infection on these miRNA targets, Foxol and Sh2b1,
respectively, are unknown (Figure 6.4A). For the upregulated mmu-miR-92a-2-5p, we
observed no change in the gene expression of Foxo1 (Figure 6.4B). Interestingly, the protein
abundance increased, which is opposite to what was expected. Similarly, the expression of
Sh2b1 was unaltered during infection. However, the protein level decreased despite the
miRNA being downregulated (Figure 6.4B), suggesting that the expression of mMRNA, miRNA

targets, and protein abundance do not correlate.
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Figure 6.4. C. rodentium and miRNA targets.

(A) C. rodentium induces an upregulation (red arrow) of mmu-miR-92a and a downregulation of
mmu-miR-361 (green arrow). However, the effects on these miRNA targets, Foxol and Sh2b1,
respectively, are unknown. Created with BioRender.com. (B) RNA levels for both targets remain
unchanged during infection. Interestingly, Foxol abundance is increased, and Sh2b1 abundance is
decreased during infection. *pvalue < 0.05. Graph created with GraphPad Prism.

Next, we examined the predicted targets of these miRNAs using the bioinformatics tool
miRDB (Chen and Wang 2020), identifying a range of potential target genes for both mmu-
miR-92a-5p and mmu-miR-361-3p. A target score >80 was used to select the miRNA targets.
For mmu-miR-92a-2-5p, we identified 211 predicted targets, with 143 present in the
transcriptome and 88 in the proteome (Table 6.1). Interestingly, while 12 targets showed
upregulation in the transcriptome, only 8 were upregulated in the proteome. Similarly, 9
targets showed decreased RNA levels, whereas 17 showed downregulation in the proteome.

For mmu-miR-361-3p, 72 predicted targets were identified, with 45 present in the
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transcriptome and 29 in the proteome (Table 6.1). Although 5 were upregulated in the
transcriptome, only 1 showed upregulation at the proteome. Equally, 2 targets

demonstrated downregulated RNA, while 3 showed downregulation in the proteome.

mmu-miR-92a-2-5p mmu-miR-361-3p

Total predicted targets 211 72
Targets in transcriptome 143 45
Targets in proteome 88 29

Up 12

Transcriptome Down 9
Unchanged 122 38

Up 8
Proteome Down 17 3
Unchanged 63 25

Table 6.1. Number of predicted targets for mmu-miR-92a-2-5p and mmu-miR-361-3p in
transcriptome and proteome.

These disparities between the transcriptome and proteome highlight the complexity of
miRNA-mediated regulation and emphasise the need for a comprehensive analysis of the

expression patterns in both datasets.

For the upregulated miRNA mmu-miR-92a-2-5p, the anticipated results were decreased RNA
and protein levels. However, among the differentially expressed genes identified in the
transcriptome, 5 showed increased expression, opposite to what was expected, and their
encoded proteins remained unchanged (Ptgfrn, Mlec, Mknk2, Hgf and Spry4) (Figure 6.5A).
Similarly, 7 proteins showed increased abundance despite unchanged RNA levels (Spry4 was

upregulated in both the transcriptome and proteome) (Figure 6.5A).

Regarding mmu-miR-361-3p, downregulated miRNA, the expected results were increased
RNA and protein levels. Nevertheless, one differentially expressed gene identified in the
transcriptome (Scamp1) exhibited reduced expression with unaltered protein abundance,
contradicting expectations (Figure 6.5B). Conversely, out of the differentially expressed
proteins also present in the transcriptome, 3 showed decreased abundance despite

unchanged RNA levels (Vipr, Rbbp9 and Bcl1113).
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Figure 6.5. Integrated transcriptome and proteome heatmaps of predicted targets of mmu-miR-

92a-2-5p and mmu-miR-361-3p.

J4¢3o

(A) Heatmap shows that, despite increased miRNA levels, some target genes exhibit unchanged RNA
levels with increased protein abundance (dashed boxes), while others show upregulated expression
and unaltered protein abundance. (B) Conversely, despite decreased miRNA levels, certain target
genes display downregulation expression with unaltered protein levels, while others show unchanged
RNA levels despite decreased protein abundance (dashed boxes). Genes/proteins with a log2FC cutoff
of #0.58 are considered changing. Heat maps generated with GraphPad Prism.

Our study revealed a disconnection between miRNA expression, gene expression and

protein abundance during C. rodentium infection, emphasising the importance of

integrating transcriptomic and proteomic data to understand gene regulation mechanisms.

We next focus on studying the RISC, essential for miRNA-mediated gene silencing, during C.

rodentium infection.

6.3.2 C. rodentium and the RNA-induced Silencing Complex (RISC).

We investigated the gene expression and protein abundance of key components involved in

miRNA synthesis and the RNA-induced silencing complex (RISC) (Figure 6.6). The RISC is

crucial for miRNA function, as it incorporates mature miRNAs and guides them to their

target mRNAs, resulting in mRNA degradation or translational repression.
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Figure 6.6. Overview of miRNA synthesis process.

miRNA synthesis begins in the nucleus with the transcription of pri-miRNA, which is processed into
pre-miRNA by Drosha and Dgcr8 enzymes, and exported to the cytoplasm via exportin Xpo5. Once
here, it is processed by Dicer and Trbp enzymes to the mature miRNA. The mature miRNA comprises
two strains, the targeting strain, responsible for recognising the target mRNA and promoting protein
repression, and the passenger strain. For its action, mature miRNA must be loaded into the RISC,
composed of Argonaute proteins (Ago) 1 and 2. Once formed, the RISC binds to the target mRNA,
leading to mRNA degradation or translation repression. Figure was created using BioRender.com.

Our analysis revealed that the RISC proteins Agol and Ago2 were significantly decreased in
abundance (1.8 and 1.6, respectively) despite RNA levels remaining unchanged (Figure 6.7).
Interestingly, the RNA expression and protein abundance of the proteins involved in miRNA
synthesis (Drosha, Dgcr8, Xpo5, Tarbp2, Dicerl) did not vary during infection. These results
suggest that the bacteria might target the RISC complex to modulate miRNA effects,

potentially disrupting gene regulation and aiding in its pathogenicity.
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Figure 6.7. Gene expression and protein abundance of miRNA system proteins.

The graph shows the gene expression and the protein abundance of key proteins involved in the
miRNA synthesis and RNA-induced silencing complex (RISC). The results show a decrease in the
abundance of Agol and Ago2 proteins during infection, while the RNA level remains unaltered. The
dotted lines represent the log2FC cutoff, #0.58. *p-value < 0.05. Graph generated with GraphPad
Prism.

6.3.3 C. rodentium and the Agol and Ago2 proteins.

The following section investigated the modulation of Agol and Ago2 by C. rodentium in vitro
using two cell lines: Hela cells (derived from human cervical tissue) and CMT93 cells
(derived from mouse colon tissue). Western Blot analysis aimed to detect Agol and Ago2
expression in these cells. However, specific antibodies did not show conclusive results.
Subsequently, permanent cell lines expressing Ago proteins with an HA tag (a tag added to

the target protein to facilitate detection and purification) were developed.

To achieve this, plasmids expressing HA-Ago proteins (HA-Agol and HA-Ago2) were
designed and expressed in Hela cells and CMT93 cells. First, to confirm that protein
expression and detection were successful, plasmids were transfected into the cells. Then, a
viral transduction protocol, which allows for the integration of genes of interest into the
genome of a target cell through a pseudoviral infection, was used to generate the
permanent cell lines. Given the conservation of Agol and Ago2 sequences between humans

and mice, the same plasmids were employed for both cell lines.
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Western Blot analysis utilising antibodies against the HA tag confirmed the successful
expression of these proteins in both cell types (Figure 6.8A and B). Results demonstrated
the detection of Agol and Ago2 proteins at their expected molecular weight (approximately
97 kDa). Notably, a higher molecular weight band was observed for CMT93-HA-Ago1 (Figure
6.8B), approximately 120 kDa. This discrepancy could be attributed to the plasmid design,
which includes an expressed puromycin-auto slice protein-HA-Ago1 construct. The delayed
processing by the auto-slice protein may lead to the detection of HA linked to both

puromycin and argonaute proteins, thereby increasing the band size by approximately

25 kDa.
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Figure 6.8. Western Blot result shows HA-Ago 1 and HA-Ago2 expression in HeLa and CMT93 cells.
Hela cells and CMT93 cells were cultured, lysed, and analysed by Western Blot. Results show that
HA-Agol and HA-Ago2 are expressed in (A) HelLa cells and (B) CMT93 cells.

Since the bands detected in Hela cells appeared less clear and lighter than those expressed
in the CMT93 cells, we focused our investigation only on the latter. The next steps involved
infecting cells with C. rodentium to investigate any changes in the abundance of the HA-Ago
proteins. To determine the optimal infection time, preliminary tests were conducted where
CMTI3 cells were infected with C. rodentium for various durations: 1 hour and at 1-hour
intervals up to 9 hours (i.e., 1 hour, 2 hours, 3 hours, etcetera). The samples were processed
by immunostaining against actin to detect pedestal formation, which helped identify the
optimal infection duration. Cells that demonstrated pedestal formation indicate that they
have been successfully infected by C. rodentium. Based on these preliminary tests, a 6-hour

infection period was chosen for subsequent experiments.
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The following steps involved infecting cells with C. rodentium for 6 hours with two strains: C.
rodentium wild type (CR WT) and a mutant lacking the EspA filament protein (CR AEspA).
Without the filament, the bacteria's T3SS becomes non-functional, preventing the injection
of effector proteins into the host cell. The rationale behind using this bacterial strain is to
investigate whether the T3SS effector proteins are responsible for the observed changes in

Agol and Ago2 abundance in vivo.

The results indicate that HA-Agol abundance decreases during infection with C. rodentium
WT and returns to normal levels when cells are infected with C. rodentium AEspA (Figure

6.9A and B). In contrast, the results show no significant change in the abundance of
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Figure 6.9. Western Blot analysis of HA-Ago1/Ago2 levels in CMT93 cells after 6h infection.

(A-B) HA-Ago1 levels decrease during CR WT infection and return to baseline with CR AEspA infection.
(C-D) HA-Ago?2 levels remain unchanged during CR WT and CR AEspA infections. Representative
images are shown. Data represent mean * SD from 4-5 independent experiments. *p < 0.05; ns =
non-significant (Mann-Whitney test, unpaired, non-parametric, two-tailed p Value). Graphs
generated with GraphPad Prism.

119



CHAPTER 6 — Establish how the RNA-induced Silencing Complex (RISC) is regulated during C.
rodentium infection

HA-Ago2 during infection with either bacterial strain (Figure 6.9C and D). This observation
suggests that when there is a functional T3SS, the effector proteins might target the Agol

protein but not Ago2.

Immunostaining of infected cells was also conducted by a colleague to determine the
cellular localisation of Ago proteins and to assess any potential changes in their localisation
during infection. However, the results were inconclusive and did not confirm the expected

localisation patterns.

In conclusion, these findings suggest that the T3SS of C. rodentium may play a role in
modulating the abundance of Ago1 protein, but not Ago2, during infection. Further
investigation into the specific mechanisms underlying this mechanism is needed to elucidate

the precise interaction between C. rodentium and host cell regulatory pathways.
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6.4  Discussion.

This chapter investigated the effects of C. rodentium infection on the host miRNA system,
particularly focusing on how the infection impacts miRNA targets and the overall regulatory
system by analysing both transcriptome and proteome data. Our study revealed a
disconnect between miRNA expression, gene expression and protein abundance of miRNA
targets during C. rodentium infection (see Figure 6.4 and Figure 6.5). This highlights the
complexity of gene regulation and emphasises the importance of integrating transcriptomic

and proteomic data to understand gene regulation mechanisms.

6.4.1 miRNA system and C. rodentium.

Our study revealed that changes in miRNA levels do not always correlate with alterations in
their target mRNA or protein levels. For instance, as illustrated in Figure 6.4, despite the
upregulation of mmu-miR-92a-2-5p, the expected downregulation of its target Foxo1 did
not occur. Instead, Foxol protein levels increased during infection, despite unchanged RNA
levels. Foxol regulates mucus secretion by goblet cells in the intestinal epithelium, and its
loss can compromise intestinal barrier integrity by reducing the mucus layer, enhancing
susceptibility to gut inflammation and infection (Bergstrom et al. 2010; Chen et al. 2021).
During C. rodentium infection, goblet cells decrease and the mucus layer is adversely
affected (Chan et al. 2013; Silberger et al. 2017). The increased abundance of Foxo1 protein
observed could reflect a compensatory response by colonic cells to counteract this effect
and restore mucus production as a defensive measure to maintain intestinal barrier integrity

and combat the infection.

Additionally, the role of miR-155 is notable, as miR-155 deficient mice are more susceptible
to C. rodentium infection (Clare et al. 2013). This miRNA is crucial for regulating immune
responses, and its deficiency highlights the importance of miRNAs in host defences against
the pathogen. C. rodentium might exploit these miRNA disruptions to manipulate host
immune responses and enhance its survival. By modulating the expression and activity of
host miRNAs, C. rodentium might create a more beneficial environment, potentially by

affecting key immune pathways and cellular processes crucial for its pathogenicity.

Furthermore, the upregulation of the miR-17-92 cluster, which is linked to colorectal cancer,

is observed during C. rodentium infection (Figure 6.2). This cluster includes miR-17, miR-18a,
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miR-19a, miR-19b, miR-20a, and miR-92a (Al-Nakhle 2024). Specifically, miR-19 enhances
cell proliferation by stimulating EGFR (epidermal growth factor receptor) (Michas et al.
2023; Al-Nakhle 2024), which shows a 2-fold increase at the transcript level and a 1.5-fold
increase at the protein level during infection. This suggests that EGFR may contribute to cell
proliferation and crypt hyperplasia during infection. Additionally, miR-92a targets BIM, a
pro-apoptotic protein. The upregulation of miR-92a typically leads to BIM downregulation
and reduced apoptosis. Although the decrease in BIM was not statistically significant in our
results, this pattern of reduced apoptosis is consistent with observations in infections with
uropathogenic E. coli (Zhang et al. 2016), indicating a potentially similar mechanism in C.

rodentium infection.

In summary, the upregulation of the miR-17-92 cluster appears to play a crucial role in C.
rodentium pathogenesis, promoting cell proliferation and suppressing apoptosis, which
contributes to the development of hyperplasia. The modulation of miRNA expression by C.
rodentium likely enhances its ability to induce cellular changes and evade host defences,

highlighting the complex interactions between the pathogen and host.

6.4.2 Argonaute proteins and C. rodentium.

Our findings also revealed a reduction in the abundance of the RISC proteins Agol and Ago2
during in vivo infection, observed at the proteome level but not at the transcriptome level
(Figure 6.7). In vitro experiments with infected CMT93 cells revealed that HA-Ago1 levels
decreased during infection with the WT but not with the T3SS-deficient mutant. This
suggests that T3SS effector proteins are essential for this regulation, highlighting the role of

T3SS in modulating host miRNA by targeting Ago1.

Similar mechanisms are seen in other pathogens, such as H. pylori, which utilises a type 4
secretion system (T4SS) to interfere with host signalling pathways. Belair et al. (2011)
demonstrated that H. pylori infection represses miR-371-372-373 expression in human cell
lines by translocating its virulence factor CagA. Other bacteria like Legionella pneumophila
and Salmonella also manipulate host miRNA systems through various mechanisms. L.
pneumophila releases extracellular vesicles containing RNA that target specific mRNAs,
mimicking eukaryotic miRNAs (Sahr et al. 2022). Similarly, Salmonella produces miRNA-like

functional RNA to facilitate intracellular survival (Gu et al. 2017). These examples suggest
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that C. rodentium might use a similar strategy, potentially injecting effector proteins or

miRNA-like RNA into host cells to modulate Argonaute proteins and miRNA regulation.

To explore this further, future investigations could involve studying CMT93 cells expressing
HA-Ago1 along with mutants lacking individual T3SS genes. This approach could help
identify the specific effector proteins responsible for the reduced abundance of Ago1 and
elucidate the mechanisms by which C. rodentium modulates host miRNA and Argonaute

proteins during infection.

Interestingly, HA-Ago2 levels remained unchanged in infected CMT93 cells despite its
reduced abundance in vivo. This discrepancy suggests that different regulatory mechanisms
may be at play in regulating Ago2 during in vivo infection. The in vivo environment includes
various cell types and complex interactions not fully replicated in vitro with CMT93 cells.
Factors such as immune responses, cytokine signalling, and interactions with other cell types
and microbiota might influence protein stability and abundance differently than in vitro
conditions. Additionally, Ago2 undergoes various post-translational modifications, such as
phosphorylation, ubiquitination, and degradation by the proteasome (Adams et al. 2009;
Smibert et al. 2013; Miiller et al. 2020), which can affect protein stability and localisation. In
vivo infection might enhance these modifications, leading to decreased Ago2 levels,
whereas the in vitro conditions might not induce the same level of post-translational

modifications, resulting in stable Ago2 levels.

Interestingly, RNA levels of EGFR, a transmembrane glycoprotein stimulated by mmu-miR-
92a (upregulated during C. rodentium infection), are increased during infection. This protein
targets Ago2 in cancer, promoting its phosphorylation (Lin and Gregory 2015), which may
change its localisation within the cell, increasing the difficulty of its detection with
proteomic analysis, and explaining the reduced abundance detected in vivo. Moreover,
ZSWIMS, an E3 ubiquitin ligase that targets Ago proteins (Shi et al. 2020), could also play a
role in Ago protein degradation during infection. While its levels do not change in the
transcriptome and proteome of infected enterocytes, it could mediate Ago degradation

during C. rodentium infection.

Our study underscores the significant role of T3SS in regulating Agol during C. rodentium

infection and highlights the potential involvement of post-translational modifications and
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other cellular factors in modulating Ago2 levels. Further research is needed to identify the
specific mechanisms and effector proteins involved in modulating Ago proteins during C.

rodentium infection.
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6.5 Conclusions.

The main conclusions following the investigation of miRNA modulation during infection

were as follows:

- There is a notable disconnect between miRNA expression, gene expression and

protein abundance of targets during C. rodentium infection.

- The abundance of Argonaute proteins 1 and 2 decreases during infection in vivo
despite RNA levels being unaltered, suggesting post-translational processes are

enhanced during infection.

- The type three secretion system plays an important role in inducing a reduction of
Agol during in vitro infection. However, this effect was not observed for Ago2,
indicating that the in vitro conditions may not fully replicate the in vivo post-

translational modifications, thereby maintaining stable Ago2 levels.

- These results emphasise the importance of integrating transcriptomic and proteomic

analysis to understand gene regulation mechanisms during infection.

These findings highlight the complex interplay between C. rodentium and the host miRNA
system, revealing potential strategies employed by the pathogen to manipulate host gene
regulation. The observed disconnect between miRNA levels and their target mRNA/protein
abundance highlights the need for comprehensive multi-omics approaches to fully decipher

the regulatory networks during infection.
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7 CHAPTER 7: General conclusions and future directions.

7.1  General conclusions.

This PhD aimed to elucidate the molecular responses of IECs to C. rodentium infection. The
infection induces significant changes in the host IECs, including antimicrobial response,
alterations in the colonic microbiome, changes in cellular metabolism, and modifications in
the miRNome profile. Through transcriptomic and proteomic analyses, complex regulatory
mechanisms and pathways activated during infection were revealed, highlighting the
interplay between RNA, protein, post-transcriptional processes and post-translational

modifications (PTM).
The key conclusions from this PhD study are summarised as follows:

1) Characterisation of the transcriptome profile of infected cells (Chapter 3): The
transcriptome analysis elucidated the dynamics of bacteria-host interactions, confirming
the involvement of well-known pathways related to immune response, inflammation,
and metabolism. Additionally, it identified previously unknown altered pathways during
infection, such as the Pentose Phosphate Pathway (PPP) and the ubiquitin-proteasome
system (UPS). These findings confirm that C. rodentium targets multiple host pathways
for its pathogenicity. Some UPS genes with increased expression during infection
promote tumour growth, potentially contributing to colonic crypt hyperplasia, while
other genes with unchanged expression play an important role in host defence. The dual
function of the UPS emphasises its complex role in balancing pathogen support while
ensuring host protection. The PPP is a metabolic pathway that converts glucose-6-
phosphate into ribose-5-phosphate and generates NADPH, both of which are crucial for
nucleotide synthesis and cellular proliferation. Its increased activity supports the rapid
cell division and DNA repair needed during C. rodentium infection, providing the
necessary resources for IECs to adapt to the infection-induced proliferation and crypt

hyperplasia.

Additionally, the use of transcriptome analysis offered the advantage of identifying

secreted proteins which could have been challenging to detect with other traditional
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2)

3)

proteomic techniques, underscoring the importance of using multiple analytical

methods.

Comparative analysis of transcriptome and proteome of infected epithelial cells
(Chapter 4): The comparative analysis revealed a poor correlation between gene
expression and protein levels, highlighting the significant role of post-transcriptional and
post-translational regulation in response to C. rodentium infection. While transcriptomic
analysis indicated changes in molecules associated with the proteasome complex, these
changes did not correspond with alterations in the proteome. This disconnection
highlights the complexity of post-transcriptional and post-translational control, where
increased gene expression does not necessarily lead to a proportional increase in
protein abundance. It remains unclear whether this lack of correlation reflects a host
strategy to modulate proteasome activity differently or a bacterial strategy to influence

host protein degradation processes.

The integration of transcriptomics and proteomics approaches not only confirmed
known pathways altered by C. rodentium infection but also demonstrated that the
bacteria actively degraded microvilli and mitochondria in infected IECs. Additionally,
transcriptomics detected a broader range of genes and unique pathways, such as
prostaglandin metabolism, that proteomics alone could miss. This reinforces the value of
employing both omics approaches to achieve a thorough understanding of the

molecular changes and their implications during infection.

Prostaglandin biosynthesis regulation (Chapter 5): Transcriptome pathway analysis
showed that prostaglandin biosynthesis was affected during infection, suggesting a shift
towards a pro-inflammatory environment and the stabilisation of pro-inflammatory
prostaglandins. While the transcriptomic data showed clear alterations in prostaglandin
biosynthesis, the proteomic profile did not reflect significant changes and failed to
detect relevant enzymes. This discrepancy highlights the limitations of relying solely on
proteomics to understand the full range of metabolic changes and underscores the
importance of using multiple analytical techniques. The integration of transcriptomics

and proteomics provided a comprehensive overview of the infection, revealing
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4)

pathways that may not have been identified with a single technique, ensuring a fuller

understanding of the underlying molecular dynamics.

Furthermore, the results did not support the hypothesis that reducing prostaglandin
synthesis with aspirin would mitigate inflammation and colonic crypt hyperplasia. The
lack of significant changes in infection pathogenicity with low-dose aspirin treatment
suggested that prostaglandins may not be central to the inflammation pathogenesis of
C. rodentium, or that the inhibition was insufficient to impact these processes. While
aspirin did not affect colonisation, colonic crypt hyperplasia, or lipocalin-2 production, it
did promote weight loss in infected mice, likely due to potential side effects like
gastrointestinal irritation or microbiota disruption. These findings suggest that the
relationship between prostaglandin biosynthesis and C. rodentium infection is more

complex than initially thought and may involve alternative pathways and mechanisms.

Regulation of RNA-induced silencing complex (RISC) (Chapter 6): The investigation of
RISC regulation during infection revealed a significant discrepancy between miRNA
expression, target gene expression, and the corresponding protein levels. The findings
demonstrate that the relationship between miRNA levels and their target mRNAs or
proteins is complex and not necessarily linear. Alterations in miRNA expression during
infection do not always result in the anticipated changes in the expression of their target

MRNAs or proteins, highlighting the intricate regulatory mechanisms at play.

A key finding is that the levels of Argonaute proteins, which are essential for miRNA
function, decrease during C. rodentium infection, even though the corresponding RNA
levels remain the same. This suggests that the pathogen might be using post-
translational modifications to affect these proteins, potentially disrupting miRNA
regulation and influencing host cell functions. Additionally, the T3SS of C. rodentium
plays a crucial role in reducing the levels of one of these Argonaute proteins, Agol, in
vitro. The T3SS seems to help the pathogen interfere with miRNA pathways by injecting
proteins that affect Argonaute levels, potentially manipulating host gene regulation to

its advantage.
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7.2 Overall discussion.

This PhD study has provided significant insights into the molecular responses of IECs to C.
rodentium infection, revealing how this pathogen manipulates critical cellular pathways to
its advantage. Among the mechanisms discovered are the UPS, PPP, prostaglandin
biosynthesis, and the miRNA system. These findings reflect larger strategies employed by
various pathogens, illustrating the complexity and interconnection of host-pathogen

interactions.

7.2.1 Manipulation of the Ubiquitin-Proteasome System

C. rodentium manipulates the UPS likely to promote its survival and contribute to colonic
crypt hyperplasia, a tactic mirrored by other pathogens. The UPS, essential for protein
degradation and regulation, is a common target for pathogens which frequently exploit
PTMs to subvert host defences. For instance, Human Papillomavirus (HPV) exploits the UPS
to degrade the tumour suppressor protein p53, facilitating viral persistence and oncogenesis
(Scheffner et al. 1990). Similarly, Salmonella enterica manipulates the UPS via the delivery of
several bacterial effectors to aid in immune evasion (Wang et al. 2018). In addition to
ubiquitination, other PTMs, such as phosphorylation and acetylation, are also targeted by
pathogens to control host cell functions. Human Cytomegalovirus (HCMV) and Human
Immunodeficiency Virus (HIV) manipulate host phosphorylation pathways to evade immune
detection and enhance viral replication (Vossen et al. 2002; Johnson et al. 2022), while

L. monocytogenes modulate host histone acetylation to alter gene expression and facilitate

bacterial survival within cells (Hamon et al. 2007).

These examples emphasise the complexity with which pathogens subvert PTMs to hijack
host cellular machinery, promoting their survival, replication, and pathogenesis. This
suggests that the UPS manipulation by C. rodentium is likely to evade immune defences and
promote cell proliferation, mirroring a broader strategy seen across pathogens to promote

pathogen survival and pathogenesis.

7.2.2 Exploitation of the Pentose Phosphate Pathway.

The upregulation of the PPP in IEC of mice during C. rodentium infection is also a strategy
observed across various pathogens, including intracellular bacteria such as Mycobacterium

tuberculosis and Chlamydia trachomatis. While M. tuberculosis enhances PPP activity in
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infected macrophages likely to induce the antimycobacterial metabolite itaconate (Chandra
et al. 2022), in C. trachomatis-infected cells glucose is directed through the PPP to generate
sufficient NADPH, which is essential for the increased lipid biosynthesis required for the

bacterium's growth and development within the host cell (Eisenreich et al. 2013).

Although the effects of altering the PPP of hosts vary across infections, these similarities
suggest that the PPP is a crucial metabolic pathway commonly exploited by bacterial
pathogens to meet their energy and biosynthetic needs in the infected cell. In C. rodentium
infection, the upregulation of the PPP likely has a similar purpose, supporting survival in

proliferating cells by meeting the metabolic demands of the infection.

7.2.3 Prostaglandins in pathogen-mediated immune modulation.

Prostaglandin biosynthesis is a pathway significantly altered during C. rodentium infection
and similar modulation of prostaglandin profiles is observed in infections by other
pathogens. For example, the Influenza virus upregulates PGE; to suppress immune
responses, thereby facilitating viral persistence (Coulombe et al. 2014). Similarly, H. pylori
modulates PGE; levels in the context of gastric cancer by upregulating Cox2, which increases
PGE; synthesis, and downregulating 15-PGDH, which reduces PGE; degradation. This
mechanism is comparable to our findings with C. rodentium. In H. pylori infection, the
resulting elevation of PGE; contributes to the development of gastric cancer by promoting
inflammation and aiding in bacterial survival (Zhao et al. 2017). While C. rodentium infection
does not induce cancer, it induces cell proliferation. Thereby, it can be speculated that the
increased PGE; biosynthesis observed during infection helps in bacterial persistence by

promoting inflammation, similar to the observed effects during H. pylori infection.

The ability of diverse pathogens to manipulate prostaglandin pathways highlights the role of
PGE; in immune regulation and pathogenesis. While these studies suggest that
prostaglandins may be critical for inflammation and cell proliferation during C. rodentium
infection, the limited efficacy of Cox inhibitors in altering C. rodentium outcomes suggests
that these molecules are not the unique modulators of the immune response, suggesting

the involvement of multiple alternative immune pathways.
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7.2.4  miRNA system in host-pathogen interactions.

The miRNA system, which plays a crucial role in gene regulation, is another target for C.
rodentium and other diverse pathogens. For instance, HIV interacts with a wide range of
host miRNAs, modulating their activity to either suppress or maintain viral replication and
contributing to viral latency (Rashid et al. 2023). Notably, miR-34a targets three host
proteins essential for HIV-1 pathogenesis, highlighting its potential for therapeutic
intervention (Rashid et al. 2023). Similarly, H. pylori manipulates host miRNA expression by
upregulating pro-inflammatory miRNAs, such as miR-155, while downregulating tumour-
suppressive miRNAs, which promotes inflammation and contributes to the progression of

chronic gastritis and gastric cancer (Xu et al. 2024).

Additionally, the parasite Trypanosoma cruzi, the causative agent of Chagas disease,
upregulates inflammatory miRNA such as miR-21, miR-146a, and miR-155 in both acutely
and chronically infected mice. This upregulation contributes to the progression of the
disease by promoting inflammation and immune system dysregulation (Ballinas-Verdugo et

al. 2021; Rego et al. 2023).

These examples highlight that the manipulation of host miRNA expression is a strategy that
many pathogens use to modulate immune responses and promote inflammation. In C.
rodentium’s case, targeting the miRNA system potentially has a similar role, contributing to
altering the immune signalling pathways, sustaining infection and improving bacterial

survival.

7.3 Future directions.

This study provides a comprehensive analysis of molecular dynamics involved in C.
rodentium infection. Given the complexity of host-pathogen interactions disclosed, future
research should build on these findings to deepen our understanding of these interactions.
The intricate interplay between transcriptomic and proteomic changes highlights the need
for a multifaceted approach to investigating infection dynamics. Integrating additional omics
techniques is crucial in advancing our knowledge of host-pathogen interactions and

developing targeted therapeutic strategies.
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To achieve these goals, future research should focus on the following areas:

1)

2)

3)

4)

Investigate post-transcriptional and post-translational regulation: Chapters 4 and 6
revealed discrepancies between gene expression and protein levels, as well as complex
interactions between miRNAs, their target RNAs, and corresponding proteins. Future
research should focus on understanding the precise mechanisms behind these post-
transcriptional and post-translational processes. Investigating how C. rodentium
manipulates these pathways, including miRNAs, phosphorylation, ubiquitination, and
acetylation processes, could provide critical insights into protein dynamics and
regulation during infection, explaining the observed discrepancies between
transcriptome and proteome data. Understanding how C. rodentium manipulates these
processes will be crucial for understanding their roles in protein stability and function,
and will be critical in deciphering their role in pathogenesis, immune evasion and host

cell manipulation.

Integrate metabolomics approaches to complement transcriptomics and proteomics:
The use of transcriptomics and proteomics in this research has helped understand the
molecular responses and metabolic changes of IEC to C. rodentium infection, however,
certain gaps remain. The addition of metabolomics could fill these gaps by analysing
metabolites and metabolic pathways that are altered during infection. For example,
exploring the PPP and prostaglandin biosynthesis could reveal how changes in cellular
metabolism contribute to host-pathogen interactions and how these changes influence

disease pathology.

Conduct long-term studies on aspirin: Given the minimal impact of low-dose aspirin on
C. rodentium infection outcomes, long-term studies with different administration routes
and varying dosages could provide a more complete understanding of their impact.
Those studies should investigate the prolonged effects of aspirin on inflammation,

infection dynamics, and host recovery.

Evaluate different therapeutic strategies and dosages: In addition to the Cox inhibitor
aspirin, future studies should investigate the efficacy of higher doses or alternative
administration routes of different Cox inhibitors to better understand their therapeutic

potential and limitations. Evaluating different delivery methods or formulations could
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5)

6)

reveal more effective ways to modulate prostaglandin levels and improve therapeutic

outcomes.

Explore alternative pathways: The role of prostaglandins in C. rodentium pathogenesis
may not be as central as initially hypothesised. Investigating alternative immune-
modulating pathways that contribute to inflammation and hyperplasia during infection
could provide new insights into how the pathogen manipulates the host environment.
Discovering these non-prostaglandin-related pathways could lead to new therapeutic
targets and strategies to manage infections caused by C. rodentium and other similar

pathogens.

Mutant studies to understand the role of T3SS effectors in miRNA regulation: The role
of the T3SS in modulating Argonaute proteins, highlighted in Chapter 6, questions about
the specific bacterial effectors responsible for these interactions. Conducting mutant
studies with C. rodentium strains lacking specific T3SS effectors could help identify which
bacterial effectors are responsible for manipulating the host miRNA machinery.
Comparing infection outcomes and Argonaute protein status in wild type versus mutant

strains should reveal key effectors involved in miRNA regulation.

These comprehensive approaches will be crucial in deciphering the complex mechanisms

underlying host-pathogen interactions. This could help identify new targets for therapeutic

intervention, ultimately improving treatment outcomes not only for C. rodentium infections

but also for managing other bacterial pathogens that exploit similar infection strategies,

such as EPEC and EHEC.
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7.4 Final summary.

In summary, this study has significantly advanced our understanding of the molecular
responses of intestinal epithelial cells to C. rodentium infection. By integrating
transcriptomic and proteomic analyses, we have uncovered complex regulatory mechanisms
and pathways involved in infection dynamics. The findings highlight the importance of post-
transcriptional and post-translational regulation, particularly the role of miRNAs and
Argonaute proteins. The study also underscores the value of using a multi-omics approach
to fully understand the complexities of host-pathogen interactions. Future research building
on these insights will be essential for developing more effective therapeutic strategies to

combat infections caused by AE pathogens.
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