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Abstract

Urinary tract infections (UTIs) are a global problem and the major pathogen associated with
such infections is Uropathogenic Escherichia coli (UPEC). UTlIs are classified according to
the site of infection: cystitis describes a bladder infection and pyelonephritis a kidney
infection. If not treated symptomatic UTIs can lead to bacteraemia, sepsis and death. An
additional condition is asymptomatic bacteriuria (ASB), which mainly affects older and/or
immunocompromised populations. ASB is associated with UPEC colonising the lower
urinary tract (UT) without causing symptoms and often underlies symptomatic infections.

A panel of clinical uro-associated E. coli isolates recovered from cystitis, pyelonephritis,
ASB and bacteraemia patients were characterised for motility and their ability to induce an
innate response in urothelial cells, determined by the induction of NF-kB and/or IL-8
synthesis. Data suggested a mix of motile and non-motile strains, but the motility patterns and
abilities of the motile strains to induce an innate response were very variable. The aim of this
thesis was to understand the factors underpinning this variation.

Lower UT tissues defend themselves from bacterial assaults via innate mechanisms involving
urothelial receptors with the most important being Toll-like Receptor 5 (TLR5). TLR5
detects the bacterial flagellar subunit, flagellin and activation results in the synthesis of host
defence agents and bacterial killing. Hence, flagellar appear key in inducing the urothelial
host defences. Synthesising flagella is an energy-consuming process initiated only when
motility is advantageous. This led to the hypothesis that growth fitness is important in the
recognition of uro-associated E. coli by urothelial cells.

Chapter 3 describes experiments, measuring bacterial doubling times, and comparing the
growth fitness of motile and non-motile clinical isolates. The motile (M) strain mean
doubling time was 17.4+3.0 min versus 19.7£2,5 min for the non-motile (NM) strains
(P=0.011). However, the range of doubling times was similar (M: 13.9-26.9 min; NM: 14.7-
25.3min). These latter data argued against fitness being a primary driving factor in the
variation of host recognition. To examine if variation linked to flagellar abundance strains
were engineered, using pSE_fIhDC to hyperexpress flagellar. The mutant strains showed
increased motility and innate responses (2-fold) indicating that variability in the host
responses linked to fluctuations in bacterial flagellar numbers and subsequent motility.

Chapter 4 confirmed these data by constructing and using AflhDC and AclpP mutants, which
resulted in either a loss of flagellar or unregulated flagellar synthesis. Six strains were
analysed NCTC10418, CFT073, 3408, MG1655, 5469 and 5489. To quantify flagellar
numbers the FIgE of three strains NCTC10418, CFT073 and 3408 was replaced with
FIgEA240C and the mutated cells stained with Alexa Fluor 488 maleimide. These cells were
examined using fluorescence microscopy. Visualisation of the FIgEA240C foci of the AclpP
mutants supported increases in flagellar numbers as well as an increase in the bacterial
population carrying flagellar. These data further supported the concept that variability in the
bladder host response is linked to population heterogeneity and flagellar abundance of the
invading uropathogens.

Data presented in Chapters 3 and 4 related to bacteria cultured in enriched media, which
physiologically does not reflect the UT environment. Experiments were therefore performed
using three strains, 3408, 5469 and 5489 and their AfIhDC and AclpP mutants grown in
artificial urine media (AUM) at pH 5.5 (acid urine) and pH 6.5 (alkaline urine). Data showed
growth in AUM was associated with a reduced motility and bladder innate response, and that
pH did not impact these data.



In summary results have shown that uro-associated E. coli isolates, generally, regulate
flagellar synthesis to allow colonisation or infection, but appear to exploit population
heterogeneity to prevent recognition by urothelial cell TLR5 receptors and bacterial killing.
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Chapter 1. Introduction



1.1 Background to Project

Uropathogenic Escherichia coli (UPEC) are responsible for the majority of
uncomplicated and complicated urinary tract infections (UTIs) suffered by patients
worldwide (Flores-Mireles et al., 2015). Clinical treatments at present are limited to
antibiotics and current National Institute for Health and Care Excellence (NICE) and Scottish
Intercollegiate Guidelines Network (SIGN) treatment guidelines for UTIs recommend either
Nitrofurantoin or Trimethoprim as first-line antibiotics (NICE, 2021). A consequence of such
treatments is antimicrobial resistance (AMR) with resistance reported in 5 and >30% of uro-
associated E. coli isolates respectively (Carter et al., 2023; Vallee et al., 2023). This
resistance is driving global antibiotic stewardship programmes and the need for further
understanding of UPEC/urothelial interactions that will help underpin the development of

new UTI therapies.

A further concern is that over 25% of all UTI cases, particularly in females, are
associated with recurrent infections. The success of UPEC, particularly in females, links to its
motility and ability to ascend the urethra, which is shorter in females, into the bladder
(Hickling et al., 2015). While flagella underpin UPEC motility this property can be costly as
animal and bird tissues have evolved an innate defence mechanism to detect the flagellar
filament subunit, flagellin. In humans, the recognition mechanism involves a membrane
bound receptor known as Toll-like Receptor-5 (TLR5). TLR5 activation leads to the rapid
release of inflammatory cytokines such as interleukin-8 (IL-8) that recruit macrophages and
neutrophils to the site of infection, and host antimicrobial agents that directly kill bacteria. To
further our understanding of UPEC/urothelial interactions this thesis describes experiments
interrogating the interactions between UPEC flagella and the urothelial host responses (Ali et

al., 2017).



1.2 Urinary Tract infection (UTI) a global problem

UTlIs affect 150 million people around the world every year (O'Brien et al., 2016). UTlIs
are commonly associated with Escherichia coli, originating in the gut, contaminating the
lower urinary tract and represent one of the most frequent reasons for those suffering a
bacterial infection consulting their health care provider (Foxman, 2002). Women are
particularly affected with data suggesting that during their lifetime up to 50% of women will
experience at least one case of UTI (Foxman et al., 2003; Micali et al., 2014). While 11% of
women over the age of 18 will suffer a case of UTI annually (Foxman & Brown, 2003), UK
data suggests up to 57% of these experience three or more episodes, which clinically, is
referred to as suffering from recurrent UTIs (rUTIs) (Butler et al., 2015). Recurrent UTlIs are
defined as two UTI episodes in six months or more than three episodes in 12 months (Sihra et
al., 2018), with these repeated infections linking either to a relapse i.e., re-infection with the
same strain or reinfection with a different microbe or strain (Kodner & Thomas Gupton,
2010). While rUTIs are debilitating for the patient, these infections also carry significant
economic consequences, not only through lost productivity, due to absence from work, but
also through the healthcare costs associated with treating the infections. Such costs were
estimated at $3.5 billion in the USA, $1.5 billion in the European Union (Sihra et al., 2018),

and $26 million is the cost of only primary care in the UK in 1995 (Callan et al., 2014).

UTIs can be classed clinically as either symptomatic or asymptomatic. Symptomatic
episodes are characterized by urinary urgency, frequency, pain during urination (dysuria),
urine being contaminated by blood and the detection of > 10* CFU/mL microorganisms in a
single voided midstream urine. If not treated, symptomatic UTIs can, particularly in older
populations and the immunocompromised, lead to bacteraemia, sepsis, and death (Gonzalez
& Schaeffer, 1999). In contrast, asymptomatic bacteriuria (ASB) infections are defined as the
presence of bacteria in urine in the absence of clinical symptoms. Many individuals present
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with asymptomatic bacteriuria, but particularly older populations, where up to 15% have been

reported to be characterized by persistent bacteriuria (Ariathianto, 2011).

UTIs are also classified according to the localization of the infection. Urethritis describes
an infection of the urethra, cystitis describes a bladder infection and pyelonephritis is the term

used when a patient’s kidneys are infected (Figure 1.1) (Stamm & Hooton, 1993).

Blood supply

Pyelonephritis

Kidney

Bladder

u%c
contanjinating
the urethra

Figure 1.1: Bacterial migration in UTIs. Escherichia coli from the gut contaminate the
urethra and ascend to the bladder causing Cystitis. In cases left untreated, UPEC may ascend
to the kidney causing pyelonephritis. Untreated pyelonephritis may lead to tissue damage and
bacteria contaminating the bloodstream causing urosepsis and bacteraemia. Adapted from
(Aldridge et al., 2003; Foxman et al., 2003; Kaper et al., 2004).



1.2.1 Complicated and uncomplicated UTI

UTIs can be further described as either uncomplicated or complicated. Uncomplicated
infections describe acute bladder infections or cystitis experienced by healthy individuals
with no structural or functional urinary tract abnormalities (Sabih & Leslie, 2021). Women
suffer more uncomplicated infections than males due to their anatomy i.e., the close
proximity of urethral and anal openings, which allows microbes from the gut to contaminate,
colonise and infect the urethral and bladder tissues (Heinz et al., 2020). On the other hand,
UTIs in immunocompromised individuals, pregnant women, and those associated with
fevers, stones, sepsis, urinary blockage, catheters, or involving the kidneys are classified as
complicated UTIs (Sabih & Leslie, 2023). These link to either structural and/or functional
abnormalities of the urinary tract and to individual cases where there are factors affecting the
neurological and/or immunological responses of the patient e.g., damaged spinal cord and/or
the use of immunosuppressive drugs (Sabih & Leslie, 2021; Zacche & Giarenis, 2016).
Complicated UTI (cUTI) cause more morbidity, have a higher chance of treatment failure,
and often necessitate longer antibiotic courses (Sabih & Leslie, 2023). CUTI are also
associated with a broad spectrum of causative agents i.e., bacterial species (Wagenlehner et

al., 2020).

Some of the most common infections acquired in health care are catheter acquired urinary
tract infections (Magill et al., 2014). In the US, up to 80% of catheter acquired UTI are
caused by the use of an indwelling urethral catheters (Nicolle, 2014). In long term care
facilities, over 50% of episodes of bacteraemia link to catheter associated urinary tract

infections (Hooton et al., 2010; Mylotte, 2005).



1.2.2 UTIs and mortality

In UTI paediatric patients, bacterial UTIs have been reported as a common cause of
morbidity (Ching et al., 2020). Additionally, UTIs associate with a mortality rate of
approximately 2.3% in hospitalized patients (Yang et al., 2022), while the mortality rates
linking to severe urosepsis are between 20-42% (Rosser et al., 1999). Globally, 236,790
deaths were associated with an UTI in 2019, which represented a 2.4-fold increase compared
to 1990 data (Yang et al., 2022). Such mortalities emphasise the significance of addressing

UTIs as a public health concern.

1.3 Host response to UTI

The lower urinary tract tissues defend themselves from infection via their innate host
defences. Such responses are rapid when compared to those of the adaptive immune response
(Ching et al., 2020). Clinical symptoms, including long-term inflammation and/or infection,
are evident when the innate immune system is either overwhelmed, for example by uro-
pathogens, or is compromised immunologically (Zasloff, 2007). The innate immune system is
generally composed of physical barriers, for example, the urothelium, pattern recognition
receptors (PRR), antimicrobial peptides (AMPs), plasma proteins such as cytokines and
phagocytes and molecules such as reactive oxygen species (ROS) (Spencer et al., 2014)
(Table 1.1). ROS and reactive nitrogen species (RNS) play critical roles in bacteria death,
both directly and indirectly. They are produced by a variety of cell types, including
phagocytes, and can directly harm bacterial components like DNA, lipids, and proteins. Upon
the ingestion of microorganisms, immune cells such as neutrophils and macrophages activate
NADPH oxidase, which catalyses the production of superoxide anions. This process is a key
component of the oxidative burst, which is essential for the microbicidal activity of these
cells (Morris et al., 2022; Tavassolifar et al., 2020). Superoxide and its derivatives, including
hydrogen peroxide and hypochlorous acid, exert direct toxic effects on microbial cells. These
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ROS can damage critical components of microbial cells, such as DNA, proteins, and lipids,
leading to cell death (Martinvalet & Walch, 2021; Tavassolifar et al., 2020). ROS can disrupt
iron-sulfur centers in microbial respiratory chains, impairing their energy production and
leading to cell dysfunction and death. Additionally, the increase in ionic strength within the
phagosome can facilitate the proteolytic digestion of engulfed microorganisms (Tavassolifar
et al., 2020; Wang et al., 2021). On the other hand, RNS can directly damage microbial cells.
For instance, NO can inhibit bacterial respiration by affecting the function of heme-
containing enzymes, leading to impaired energy production and eventual cell death.
Peroxynitrite can modify proteins, lipids, and DNA, causing significant cellular damage.
RNS also can inhibit key metabolic pathways in bacteria. For example, they can disrupt the
electron transport chain, which is vital for ATP production, thereby compromising the
bacterium's energy metabolism and leading to its death (Borisov & Forte, 2022; Martinvalet
& Walch, 2021). However, certain bacteria have evolved ways to deal with ROS and RNS,
such as antioxidant defence systems and iron sequestration. ROS generation can indirectly
improve proteolytic elimination of microbes by increasing the activity of proteolytic
enzymes. In rare situations, bacteria may benefit from ROS generation by using it as a
metabolic supplement or to liberate iron from ferritin (Li et al., 2020; Zhao & Drlica, 2014)

(Figure 1.2).

Table 1.1. List of innate immune system components functioning in the urinary tract

Component

Examples

Physical barriers

Urothelium & Uroplakins

Pattern Recognition Receptors (PRR)

Toll-like receptors (TLRs), and NOD-like receptors (NLRs)

Plasma Proteins

cytokines and phagocytes

Cellular Components

Natural killer cells, epithelial cells, dendritic cells, and bone
marrow-derived

Toxic Molecules

Reactive nitrogen and reactive oxygen intermediates

Antimicrobial Peptides (AMP)

Defensins
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Figure 1.2 ROS antimicrobial effect. These reactive molecules exert antimicrobial
effects by damaging bacterial proteins, lipids, and DNA, cell membrane, disrupting
essential cellular functions, and ultimately leading to bacterial killing.

1.3.1 Physical barriers

Protection of the bladder from infection by UPEC and/or other potential uropathogens
is mediated by physical barriers that include plaque uroplakins which are part of the epithelial
barrier (Figure 1.3). Additionally, bladder transitional cells secrete glycosaminoglycans
(GAG) (Wu et al., 2009), that create a surface coating of mucin, which works as an anti-
adherence factor. These GAGs trap microorganisms, preventing them from destroying the
epithelium and facilitate their removal during the urine voiding process (Mulvey et al., 1998).
Urothelial cells are also decorated by pattern recognition receptors (PRR), such as Toll-like
receptors (TLRs), that detect pathogen - associated molecular patterns (PAMPSs). Activation
of such receptors results in host defence agents being synthesised and secreted (Abraham &
Miao, 2015). Bacterial cells overcome these barriers by adhering to the uroplakins via FimH
in the type 1 fimbria also if these barriers got compromised due to other underling symptoms

or change in the pH of the bladder environment.
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Figure 1.3: Schematic of the urothelium. It shows the components of the urothelium and
the physical barrier including GAG layer and the uroplakins. It also shows an example of
the PRR, (TLR5), and AMP, (defensisns).

Several strategies have been developed by UPEC to ensure its survival and
pathogenicity in the bladder environment. To overcome the physical barriers, bacterial cells
adhere to the uroplakins via FimH in the type 1 fimbria also if these barriers got
compromised due to other underling symptoms or change in the pH of the bladder
environment (Mann et al., 2017). Besides fimbriae, UPEC employs non-fimbrial adhesins
that facilitate adhesion and stability on the epithelial surface, hence augmenting their capacity
to withstand urinary flushing (Whelan et al., 2023). Once adhered, UPEC can enter bladder
epithelial cells via endocytosis. This process is controlled by host cell signalling pathways
that reorganise the cytoskeleton, allowing UPEC to be absorbed into vesicles (Mediati et al.,

2024). Moreover, UPEC can form biofilms on the bladder epithelium, providing a barrier to



human defences and antibiotic therapy. Biofilms help bacteria survive by forming a barrier

against immune reactions and antimicrobial drugs (Whelan et al., 2023).

1.3.2 Pattern recognition receptors (PRRs)

The ability of the host to detect external microorganisms and elicit an appropriate
response is one of the most critical aspects of host-pathogen interactions. One of the host
mechanisms, which is mediated by PRRs, is the identification of PAMPs or damage-
associated molecular patterns (DAMPS) (Li & Wu, 2021). PRRs include TLRs, C-type lectin
receptors (CLRs), nucleotide oligomerization domain (NOD)-like receptors (NLRs), absent
in melanoma-2 (AIM2)-like receptors (ALRs), and Retinoic acid-inducible gene I (RIG-I)-

like receptors (RLRs) (Li & Wu, 2021).

PRR can be expressed by both immune and non-immune cells; the latter includes the

umbrella cells of the urothelium, which are decorated by TLRs (Takeuchi & Akira, 2010).

1.3.3 Toll like Receptors in the uroepithelium

Eleven receptors belonging to the TLR family have been described in mammals (Kawai &
Akira, 2010). They have been identified in many different tissues including bladder, lung,
kidney and gut (Uehara & Takada, 2007), and are typically found on cell surfaces (TLR1, 2,
4,5, 6, and 11), but they can also be found intracellularly, in the cytoplasm and/or endosomes
(TLR3, 7, 8, and 9) (Li & Wu, 2021) (Table 1.2). Interestingly while, TLR11 has been
identified in mice and has a potential role in defending the urinary tract from infection (Song
& Abraham, 2008) it is not synthesised in humans (Zhang et al., 2004). TLR receptors 1, 2, 4,
5 and 6 have been identified in tissues of the urinary tract (Behzadi & Behzadi, 2016). These
recognise the following microbial ligands: lipopeptides (TLR1, 2, 6), LPS (TLR4), and
bacterial flagellin (TLR5) (Uematsu & Akira, 2006). TLRs comprise an extracellular domain,

to which ligands bind, and an intracellular domain called the Toll/IL-1R(TIR), which is
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linked to signal transduction (Kawai & Akira, 2010). Following binding of ligands, TLRs

form dimers and this dimer formation activates the signalling pathway.

Table 1.2 Toll-Like receptors and their localization, ligands, and the origin of these
ligands.

TLR Localization Ligand Origin of the Ligand
1 | Plasma membrane | Triacyl lipoprotein Bacteria
2 | Plasma membrane | Lipoprotein Bacteria, viruses, parasites, self
3 | Endolysosome dsRNA Virus
4 | Plasma membrane | LPS Bacteria, viruses, self
5 | Plasma membrane | Flagellin Bacteria
6 | Plasma membrane | Diacyl lipoprotein Bacteria, viruses
7 | Endolysosome sSRNA Virus, bacteria, self
8 | Endolysosome SSRNA Virus, bacteria, self
9 | Endolysosome CpG-DNA Virus, bacteria, protozoa, self
10 | Endolysosome Several Bacteria, viruses, parasites, self
11 | Plasma membrane | Profilin-like molecule Protozoa

TLRA4 function has been well studied in the urinary tract of mice (Beutler, 2000;
Ching et al., 2020; Ragnarsdottir et al., 2010; Zhang et al., 2008). Studies have shown TLR4
activation following the binding of microbial lipopolysaccharide, but also following binding
of FimH, the adhesin portion of the Type 1 fimbriae that secures UPEC attachment to
urothelial cells (Song & Abraham, 2008).. The TLR4 receptors studied were located on the
surface of bladder umbrella cells and, interestingly, Type 1 fimbriae binding was associated
with exfoliation (Song & Abraham, 2008). While in vitro experiments suggest TLR4 plays a
minor role in human bladder defences (Ali et al., 2017; Smith et al., 2011), has been shown
using gene association studies that a TLR4 polymorphism, which leads to an LPS-
hyporesponsive TLR4 is associated with a lower incidence of rUTI in adult women (Hawn,
Scholes, Li, et al., 2009). TLR4 is also found expressed in the urethral cells lining the kidneys
(Behzadi & Behzadi, 2016) where it plays a significant role in defending against infection

(Zhang et al., 2008).

While TLR4 recognises multiple ligands, TLR5 proteins recognise only flagellin

(FlIC), the subunit forming the filament of the bacterial flagella, which is responsible for
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bacterial motility (Hayashi et al., 2001). Clinical observations and in vitro experiments
support TLR5 being the key PRR in protecting humans from lower UTIs (Ali et al., 2017)
and these observations are strengthened by experiments involving wild-type and TLR5
knockout mice (Andersen-Nissen, et al , 2007). Additionally, in adult humans, a TLR5 gene
polymorphism associated with the synthesis of a truncated receptor links to recurrent UTIs

(Ali et al., 2017; Hawn, Scholes, Wang, et al., 2009).

1.3.4 Innate response signalling pathways activated by TLRs

There are two key pathways, one being MyD88-dependant and the other MyD88-
independant (O'Neill & Bowie, 2007; Satoh & Akira, 2016) (Figure 1.4). MyD88 binding to
TLRs initiates a signalling cascade that activates NF-kB and other transcription factors
including CREB and API, resulting in the induction of genes involved in the inflammatory
response (Cohen & Strickson, 2017; Kawai et al., 2004). TIRAP is a sorting adaptor that
recruits MyD88 to cell surface TLRs including TLR5 (Figure 1.4) (O'Neill et al., 2013; von
Bernuth et al., 2008). MyD88 binds to the TIR domain of TLRs, and it recruits IL-1R-related
kinase 4 (IRAK4) and through autophosphorylation of its central domain it activates IRAK1
and IRAK2 (De Nardo et al., 2018). Then it recruits TNF receptor-associated factor 6
(TRAF6) forming a complex after combining with two TAK-binding proteins (TAB1 and
TAB4) and transforming growth factor (TGF)-B-activated kinase 1 (TAK1) (Hacker et al.,
2006; Verstak et al., 2009) (Figure 1.4). TRAF6 is degraded and the complex composed of
TAK1-TAB1-TAB4 activates the IkB kinase via phosphorylation (Kawai et al., 2004).
Activation of the signalling pathway results in the translocation of the transcription factor
Nuclear factor-kB (NF-kB), to the nucleus to regulate the transcription of genes encoding
proteins involved in the host inflammatory response (Cohen & Strickson, 2017; Kawai et al.,

2004).
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In some cases, following the initiation by ligand binding to receptors (specifically
TLR1,2,4,6), the TIR domains involve TIR domain-containing adaptor proteins (either TIR
domain-containing adaptor protein inducing IFN (TRIF) and TRIF-related adaptor molecule
(TRAM), or MYDB88-adaptor-like protein (MAL) and myeloid differentiation primary-

response protein 88 (MYD88).

The pro inflammatory response includes the release of cytokines such as Interleukins
8 and 6 (IL-8; IL-6) that attract neutrophils and macrophages to the infection site. Other
agents released include host defence peptides, e.g., defensins, that directly kill microbes and,
for example, host defence proteins such as Neutrophil gelatinase associated lipocalin (NGAL)

that chelate iron and impact microbial growth (Ali et al., 2017; Mowbray et al., 2018).

During an UTI, cytokine signalling is critical for the innate immune response
(Abraham & Miao, 2015). Cytokines are small proteins that are released to facilitate cell-to-
cell communication via autocrine, paracrine, and/or endocrine effects (Ching et al., 2020).
Interleukins (ILs) are cytokines that are often produced by inflammatory cells and have
action on immune cells, whereas chemokines are cytokines that have chemotactic features
(Ragnarsdottir & Svanborg, 2012). The cytokine IL-6 plays multiple roles in UTI prevention
(Ching et al., 2020; Khalil et al., 2000). To facilitate UPEC clearance, IL-6 not only stimulates AMP
expression (Ching et al., 2020), but inhibits intramacrophage UPEC growth by regulating monocyte
proliferation and altering iron homeostasis (Dixit et al., 2018; Owusu-Boaitey et al., 2016). Its role in
protecting mice from UTIs is clearly shown in IL-6 knock-out (AIL-6) mice,which, when infected,
with uropathogens are characterised by higher death rates and more severe renal histopathology,
compared to their wild-type siblings (Ching et al., 2020; Khalil et al., 2000). In mice, IL-6 deficiency
is also associated with the increased frequency of UPEC intracellular bacterial communities (IBC)
during early cystitis, allowing UPEC to evade the innate immune system and contributing to recurrent

UTlIs (Ching et al., 2018).
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Figure 1.4: Schematic of host signalling pathways triggered by TLRs. TLR1, 2, 4, 5, 6,
11 are exogenous TLRs while TLR3, 7, 8, 9, 13 are endocytosed. All TLRs signalling
pathways are MyD88 dependant except TLR3 and endocytosed TLR4, which are TRIF
dependant pathways. In case of flagellin, TLR5 utilizes MyD88 dependant signalling
pathway leads to the activation of IRAK4,1,2 then the recruiting of TRAF6 leads to the
combination of TAB1, TAB4 and TAK1which leads to the activation of the IkB kinase
leading to the translocation of NF-«xB to the nucleus. NF-«kB regulate the transcription of
genes encoding proteins involved in the host inflammatory response such as IL-8. IKK,
inhibitor of NF-kB kinase; MKK, MAP kinase kinase; RIP1, receptor-interacting protein
1; TAK, TGFp-activated kinase; TAB, TAK1-binding protein; TBK1, TANK-binding

kinase 1.
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Interestingly however, a study in our laboratory focussed on older populations of rUTI
patients did not identify IL-6 as a major cytokine in rUTI. Data showed that the pro-
inflammatory cytokines IL-1p and IL-8, and the anti-inflammatory cytokines IL-5 and IL-10,

were more clinically relevant (Drage et al., 2019).

IL-8 levels are elevated following UT infections with UPEC (Bien et al., 2012;
Hedges et al., 1994; Mowbray et al., 2022). IL-8 plays a vital role in clearing the urogenital
tract of UPEC by recruiting neutrophils (Agace, 1996; Bien et al., 2012; Hang et al., 1999).
This is achieved through interactions with the I1L-8 receptors CXCR1 and CXCR2 (Weichhart
et al., 2008). This has been clearly shown in mice deficient in the IL-8 receptor; these mice
were more susceptible to UTI with bacterial loads increased in the bladder and kidneys
compared to wild type mice. This observation was linked to the reduced migration of

neutrophils to the infection site (Frendeus et al., 2000).

1.3.5 Adaptive response signalling pathways in the bladder

In contrast to kidney infections, lower UT infections are not associated with antibody
production and the lack of an adaptive response is often used to explain why patients suffer
from lower rUTIs (Abraham & Miao, 2015). The absence of an adaptive response in the
bladder has been linked to IL-10 synthesis although these links relate to work in mice.
Essentially mice deficient in IL-10 are characterised by antibody responses to a bladder
infection (Chan et al., 2013). A source of IL-10 production in urothelial tissues following an
infection is mast cells. While mast cells are known to induce a pro-inflammatory response
early in a bladder infection this response is switched within 6 hours to an anti-inflammatory
response, which involves IL-10 production. This switch happens, presumably, to help
manage the inflammatory response to the infection. Moreover, IL-10 molecules are able to

inhibit the expression of co-stimulatory molecules on dendritic cells (DC), which not only
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prevents DC from functioning as antigen presenting cells, but additionally also conditions
DCs to form suppressive T cells. These observations suggest that IL-10 molecules attenuate
the innate and adaptive urothelial immune responses meaning the bladder cannot mount an
antibody response to bacterial infection. This response to bacterial infection has been
explained as a mechanism to prevent the occurrence of potentially harmful adaptive immune
responses when urinary molecules make contact with the urothelium (Ortega Martell, 2020;

Wiles et al., 2008).

1.4 Genetic Risk of Recurrent Urinary Tract Infections

As mentioned previously, clinical observations in females have suggested a genetic
link to UTI susceptibility (Ali et al., 2009; Hawn, Scholes, Li, et al., 2009; Stauffer et al.,
2004). As highlighted the polymorphism TLR4 A896G associates with protection from
rUTI, while the polymorphism TLR5_C1174T, links to an increased risk of rUTI. In vitro
and clinical studies within our laboratory further suggested that the TLR5 polymorphism,
associated with a truncated TLR5 receptor, links to reduced innate host defences i.e., defensin
and pro-inflammatory urinary responses, which helps explain patient susceptibility to rUTIs
(Ali et al. 2017). Interestingly, an increased risk of ASB is associated with the
TLR2_G2258A SNP although the mechanism(s) underpinning such risk is not known (Hawn,

Scholes, Wang, et al., 2009; Tabel et al., 2007).

1.5 UTI treatment

The National Institute for Health and Care Excellence (NICE) guidelines recommend
treating UTI cases with a course of antibiotics (NICE, 2018), but also advocate good patient
hydration and hygiene practices (NICE, 2021). NICE guidelines (October 2018) advise a
short, 3-day, course of antibiotics, specifically Nitrofurantoin or Trimethoprim for

symptomatic uncomplicated UTIs. Nitrofurantoin is reduced to generate reactive
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intermediates by flavoproteins and nitroreductases. These reactive intermediates interfere
with ribosomal proteins, enzymes involved in biosynthesis like citric acid cycle, DNA, RNA,
and protein synthesis. On the other hand, Trimethoprim blocks the metabolism of folate by
inhibiting the bacterial enzyme, dihydrofolate reductase (DHFR), Which is responsible of
catalysing the reduction of dihydrofolic acid (DHF) to tetrahydrofolic acid (THF). The later is
essential for the synthesis of bacterial DNA and RNA. However, despite being prescribed
antibiotics, up to 50% of women report further symptomatic infections within six months of
their initial treatment leading to diagnosis of recurrent rUTI (Butler et al., 2015). In these
cases, NICE guidelines suggest prophylactic antibiotic treatments (6-12 months) with the
choice of antibiotics directed by local antimicrobial resistance data. However, many of these
women suffer from a constant cycle of repeated infections and antibiotic therapies that select
for multidrug-resistant bacteria, which colonise their urinary and faecal microflora, and
worsen the problem. Essentially, antibiotic resistant urine infections compromise both patient
safety and long-term treatment options, and clinically become challenging and expensive to

manage (Lecky et al., 2020).

Urologists treating rUTI patients and needing to address antimicrobial resistance have

introduced antibiotic stewardship programmes www.nice.org.uk/guidance/ngl5 and

reassessed non-antibiotic management options. Present alternative strategies are wide-ranging
and primarily, but not always, preventative (Table 1.3). The clinical use of these treatments is
also limited, compromised by the lack of randomised control trials (RCTs) (Sihra et al.,
2018). However, NICE guidelines do allow medical practitioners discretion to recommend
some unlicensed treatment options, including vaginal oestrogen creams, cranberry and D-
mannose products. Of those products tested clinically via RCTs, some such as Methenamine
Hippurate have shown positive outcomes (Harding et al., 2022). Other outcomes have been

disappointing. For example, the use of oral probiotics, predicted to impact the gut microbiota
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and hence reduce UPEC contamination, were not found to be beneficial in reducing UTI
frequency in older populations residing in care homes (Butler et al., 2020). One more recent
approach is the use of the sublingual vaccination, MVV140. A recent report suggests this
treatment reduces the risk of rUTIs, although the outcomes were observational and

prospective (Nickel & Doiron, 2023), and need to be further verified by a RCT.

Nitrofurantoin

Antibiotics8 Trimethoprim

Lactobacillus

Probiotics Bifidobacterium

avirulent E. coli*

Cranberry products

Vaginal oestrogen

Hyaluronic acid cream

Others D-mannose

Synthetic mannosides (GSK38823470- Phasel)

Methenamine Hippurate

Vaccines

Table 1.3: Treatment strategies for UTI § NICE guidelines * for complicated UTIs. Adopted
from Barclay et al., (2017) and Saini et al., (2010).

A second line of antibiotics used in cases of first line failures include pivmecillinam
hydrochloride and amoxicillin (NICE, 2021). Amoxicillin, however, is only prescribed for
UTIs where sensitivity reports indicate resistance (NICE, 2021). Both of pivmecillinam and
amoxicillin are beta-lactams which inhibit cell wall biosynthesis by binding to penicillin
binding protein leading to disruption of cell wall and bacterial death(Dewar et al., 2014;

Graninger, 2003).

A course of ciprofloxacin or cefalexin is used also to manage upper UTIs (NICE,
2018). Ciprofloxacin is a member of fluoroquinolone antibiotic family that Kkills bacteria by
inhibiting their DNA gyrase and topoisomerase enzymes, which are essential for bacterial
DNA replication and repair. On the other hand, cefalexin is a cephalosporin antibiotic which

is a B-lactam antibiotic. The chemical structure of mentioned antibiotics is presented in
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(Figure 1.5). Patients suffering from upper UTI, but at high risk of developing sepsis are

usually treated with intravenous antibiotics (Poh et al., 2021).

Nitrofurantoin Trimethoprim Ciprofloxacin

)
o
Pivmecillinam % o Amoxicillin Cefalexin

Figure 1.5 Schematics presenting the chemical structure of some antibiotics that
commonly used to treat UTIs.

1.6 Uropathogens associated with UTIs

UTIs can be caused by either Gram negative or Gram-positive bacteria and more
rarely Candida species (Serretiello et al., 2021). In both complicated and uncomplicated
UTlIs, UPEC is the most common agent, recovered in up to 90% of infections (Serretiello et
al., 2021). However, other microbes including Staphylococcus saprophyticus (2-6% cases),

Proteus mirabilis (2%), Enterococcus faecalis (5-11%), Klebsiella pneumonia (6-8%),
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Pseudomonas aeruginosa (2%), and Staphylococcus aureus (1-3%) have also been identified

(Flores-Mireles et al., 2015).

1.6.1 Escherichia coli

E. coli is a flagellated, non-spore-forming, rod-shaped, facultative anaerobic, Gram-
negative bacteria, that ferments glucose (Berg, 1996). It is part of the intestinal commensal
flora of humans, as well as other mammals, reptiles and birds, but E. coli strains can also
cause diseases ranging from mild, self-limited gastroenteritis to renal failure and septic shock
(Kaper et al., 2004; Lukjancenko et al., 2010; Mueller & Tainter, 2023; Tenaillon et al.,
2010). E. coli has an established phylogenetic classification, and E. coli isolates are classified

into seven clades: A, B1, B2, C, D, E and F (Chaudhuri & Henderson, 2012).

1.6.2 E. coli pathovars

Pathogenic strains of E. coli are implicated in many human and animal diseases with
pathovars classified as intestinal E. coli (IPEC) or extraintestinal E. coli (EXPEC) (Russo &
Johnson, 2000). Enteroaggregative E. coli (EAEC), enterohaemorrhagic E. coli (EHEC),
enteroinvasive E. coli (EIEC), enteropathogenic E. coli (EPEC), enterotoxigenic E. coli
(ETEC), diffusely adherent E. coli (DAEC), and adherent invasive E. coli (AIEC) are the
subgroups of the IPEC, while UPEC, neonatal meningitis E. coli (NMEC), and avian
pathogenic E. coli (APEC) belong to the EXPEC (Crossman et al., 2010; Croxen & Finlay,
2010; Croxen et al., 2013). The E. coli strains, which belong to these pathovars, reside in
clades A, Bl, B2, C, D, and E respectively (Chaudhuri & Henderson, 2012; Hazen et al.,

2016; Meza-Segura et al., 2020).

1.6.3 Enteropathogenic E. coli (EPEC)
There are around 1.7 billion cases of diarrhoea among children worldwide every year,

with diarrhoea being the second leading cause of morbidity among children under 5 years of
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age (WHO, 2017). A common causative agent of severe diarrhoea in infants under three years

is EPEC (Lapointe et al., 2009; Nataro & Kaper, 1998).

EPEC is a member of the attaching and effacing (A/E) family of pathogens as
attachment to gut epithelia leads to loss (effacement) of absorptive microvilli i.e. A/E lesions
(Knutton et al., 1989). A/E lesions are produced in a three-stage process: initial non-intimate
attachment, via bundle forming pilis, to the microvillus surface followed by the pathogens
sinking into microvilli linked actin-rich pedestal structures forming beneath the adherent
bacteria and finally the loss of absorptive microvilli (Knutton et al., 1989). A/E family
members share a homologous region on their genome called the locus of enterocyte
effacement (LEE) which encodes a type Ill secretion system (T3SS). This T3SS transfers
‘effector’ proteins from the bacterial cytoplasm to the host cytosol where their subversion of

cellular processes leads to disease (Donnenberg et al., 1997; Jarvis & Kaper, 1996).

T3SSs are found in many Gram-negative bacterial pathogens (Buttner, 2012). The
T3SS can be divided into three main parts: basal body, needle and translocon (Abrusci et al.,
2014). The basal body is formed by protein forming rings, which span the inner and outer
membranes, like a socket, with a central rod (Kubori et al., 1998) (Figure 1.6). Extending
from the basal body is the needle component with a hollow core wide enough to
accommodate unfolded proteins (Deane et al., 2006; Kubori et al., 1998). The needle is, in
AJ/E pathogens, also extended by polymerization of a EPEC secreted/signalling protein
(EspA). This filament is tipped by other translocon proteins, EspB and EspD, that insert into
host membrane to complete an effector-delivery conduit (Hakansson et al., 1996; Holmstrom

etal., 2001).
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Figure 1.6 A schematic of T3SS. It shows cytoplasmic complex, Export apparatus, basal
body, needle, and translocon. The T3SS cytoplasmic-associated proteins play control the
timely secretion of rod proteins, then needle, then translocators. Taken from (Hotinger et
al., 2021).

1.6.4 Enterohaemorrhagic E. coli (EHEC)

EHEC is also a member of the attaching and effacing (A/E) family (Knutton et al.,
1989). EHEC produce Shiga-like toxins (Stx), which facilitate adhesion of the bacteria to
ileal and large intestinal cells, as well as inactivation of NF-kB leading to a repressed
inflammatory response (Gobert et al., 2007). This results in severe gastroenteritis and bloody
diarrhoea, which if not treated can lead to haemolytic uraemic syndrome (Kaper et al., 2004).
Stx are also associated with haemolytic uremic syndrome and acute renal failure (Eaton et al.,

2008).

1.6.5 Enterotoxigenic E. coli (ETEC)
ETEC pathovar is mostly responsible for travellers’ diarrhoea and deadly diarrhoea in

piglets (Nataro & Kaper, 1998). ETEC attaches to host small intestinal cells through
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synthesis of colonization factors called coli surface antigens, which include CFA/Il and
CFA/IV. These are expressed via virulence plasmids (Qadri et al., 2005). Two types of toxins
are secreted by this pathovar: a heat-labile enterotoxin (LT), and a heat-stable enterotoxin
(ST), which are involved in different virulence pathways (Croxen & Finlay, 2010). Another
toxin secreted by ETEC is CylA, which is a cytotoxin that forms pores in target host cells

(Turner et al., 2006).

1.6.6 Enteroinvasive E. coli (EIEC)

EIEC display the same pathogenicity mechanisms as Shigella, and infection with
EIEC results in dysentery, invasive inflammatory colitis and watery diarrhoea (Kaper et al.,
2004). A T3SS carried on a 220 Kbp plasmid facilitates infection of host gut cells (Schroeder
& Hilbi, 2008). Additionally, this pathovar can cause the apoptosis of macrophages through
invading them (Schroeder & Hilbi, 2008). Shigella enterotoxin 2 (ShET-2) is produced by

EIEC and the genes encoding this toxin are chromosomally encoded (Farfan & Torres, 2012).

1.6.7 Enteroaggregative E. coli (EAEC)

The mucosa of both the large and small intestine are the infection sites of EAEC and
infection is associated with mucoid, watery and bloody diarrhoea (Nataro & Kaper, 1998). A
100 Kbp plasmid encodes aggregative adherence fimbriae (AAFs) that are part of the Dr
family of adhesions (Croxen & Finlay, 2010). A Incll plasmid also encodes type IV pili
(Dudley et al., 2006). A toxin termed plasmid encoded toxin (Pet), one of multiple types of
toxins produced by EAEC, causes exfoliation of host cells linked to the breakdown of the
cytoskeleton protein, a-fodrin (Navarro-Garcia & Elias, 2011). EAEC also produces ShET-1

and the heat stable toxin EAST-1 (Croxen & Finlay, 2010).
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1.6.8 Diffusely adherent E. coli (DAEC)

DAEC causes diarrhoea in children by infecting the small intestine and has been
reported in adult rUTI cases (Nowicki et al., 2001) and pyelonepthritis (Selvarangan et al.,
2004). The bacterial cells attach to host cells using fimbrial and afimbrial adhesins (Servin,
2005) via carcinoembryonic antigen-related cell adhesion molecule (CEACAM) and decay
accelerating factors (DAF) receptors (Le Bouguenec & Servin, 2006). Studies have shown
that bacterial binding to such receptors is associated with IL-8 production. This attracts
neutrophils to the infection site, which in turn leads to the expression of more DAF (CD55)

receptors that enhance bacterial binding (Betis et al., 2003).

1.6.9 Adherent invasive E. coli (AIEC)

AIEC are able to adhere and invade intestinal epithelial cells via CEACAMG6 receptors
(Barnich et al., 2007). Interestingly, the ileal tissues of patients with Crohn’s Disease (CD), a
disease of the gastrointestinal tract, have been found to be colonized by AIEC. In such
patients the first inflammatory lesions are often seen as microscopic erosions of the
epithelium lining the Peyer's patches (PPs). Studies using mice and human tissues have
shown that AIEC bacteria interact with the PPs via long polar fimbriae (LPF). Moreover,
when analysed the number of AIEC strains carrying the Ipf operon was markedly higher in
CD patients compared to controls, which supports a role for AIEC in the pathogenesis of CD

(Chassaing et al., 2011).

1.6.10 Uropathogenic E. coli (UPEC)
The majority of host commensal strains are found in the A and Bl phylogroups
(Chakraborty et al., 2016). In contrast UPEC strains, based on their genetic diversity, can be

sorted into phylogroups B2, D and less commonly, E (Chaudhuri & Henderson, 2012), with
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laboratory UPEC isolates, including UTI89, CFT073 and NU14 characterised as members of
the B2 family. In Europe and the United States most UPEC clinical strains affiliate to the B2

clade (Wiles et al., 2008).

1.7 Virulence factors of UPEC

UPEC are characterized by specific virulence factors which facilitate their infection of the
urinary tract and these factors include, siderophores, toxins, pili and flagella.

Siderophores enable UPEC to acquire free or protein-bound iron from either urine, the
uroepithelium, or haem proteins (Robinson et al., 2018). Aerobactin, enterobactin and its
glucosylated derivative salmochelin, and yersiniabactin are examples of functioning
siderophores (Garcia et al., 2011). When compared to commensal E. coli strains isolated from
faeces, the salmochelin and yersiniabactin siderophores are more frequently found among
UPEC isolates (Henderson et al., 2009).

Another UPEC virulence factor facilitating infection of the urinary tract is the secretion of
toxins; toxins include a-hemolysin, secreted autotransporter toxin (sat), and cytotoxic
necrotising factor 1 and 2. a- Haemolysin (HIyA) is a key toxin that creates pores in host
cells and causes their lysis, which releases iron and allows the infecting bacteria access to
essential nutrients (Wang et al., 2020). Action of these toxins supports siderophore activities
allowing these scavenging molecules better access to iron (Laestadius et al., 2002; Wang et
al., 2020).

Pili or fimbriae are adherence proteins (Johnson, 1991) which are involved in attaching
UPEC to the uroepithelium (Johnson, 1991). P-fimbriae and Type 1 fimbriae are the two
major pili studied in UPEC isolates (Connell et al., 1996; Lane & Maobley, 2007). It has been
observed that Type P fimbriae facilitate UPEC adhesion to the renal epithelium rather than
the bladder epithelium (Wullt et al., 2000). P-fimbriae attach to renal cells through a PapG
adherence molecule which recognises-D-galactopyranosyl-(1-4)-D-galactopyranoside, a
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prominent glycolipid found in the renal epithelium. Interestingly, one study reported that only
one-third of clinical isolates recovered from cystitis patients carried genes involved in P-
fimbriae production (Tiba et al., 2008). Type 1 fimbriae facilitate bacterial attachment to
urothelial tissues (Gunther et al., 2001). These fimbriae are helical rods of repeated FimA
subunits with a FimH subunit at the distal tip. They attached to specific mannosylated
receptors on the urothelial cell surface, which results in an inflammatory response and
exfoliation of the urothelial cells (Bouckaert et al., 2006; Schilling et al., 2001; Thumbikat et

al., 2009) (Figure 1.7 A &B).

A

FimH

=)
Pili —— ?

® PP w
Adhes

@igh @§§§ T T

S o
! = Umbrella cells ,i_ o Sm——

Urothelial cells

Uroplakins

| Pfimbriae

+— a-d-galactopyranosyl-(1-4)-g-d-
galactopyranoside receptor

Renal epithelial cell

Figure 1.7 UPEC adhesion to epithelia. A) FimH adhesins found on pili bind to
mannosylated proteins called uroplakins that coat the urothelial surface in the bladder. B)
Pyelonephritis-associated (P) pili (P fimbriae) interacts with glycolipid receptors
(globosides) located on renal cell membranes in the kidney (Davis et al., 2010).
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Uncomplicated UTlIs are ascending infections. Ascension of the urinary tract by E. coli
involves bacterial motility, which is driven by flagella (Kaper et al., 2004). Interestingly,
UPEC motility and adherence to the urothelium appear interconnected (Lane et al., 2007,
Simms & Mobley, 2008). This supported by studies in vitro, using the UPEC strain CFT073,
which have shown that constitutive expression of type 1 fimbriae is linked to reduced
flagellin expression and bacterial motility (Lane et al., 2007). However, studies also suggest
this relationship to be unidirectional as flagellar mutants did not upregulate type 1 fimbriae

expression.

1.8 Flagellar components and their synthesis

The flagellum spans the bacterial membrane; assembly starts at the base embedded
within the inner membrane and distal components are secreted by a type 111 secretion system
through the base of the structure (Macnab, 1999). For a bacterial flagellum to be assembled
and functional, over 50 genes are required to produce structural subunits, the chemosensory
machinery, the motor force generators and regulatory proteins (Chilcott & Hughes, 2000).
The flagellum is divided into two substructures: a hook-basal-body (HBB) that spans the

bacterial membranes and an external filament (Figure 1.8).

The structure is assembled in a step-by-step procedure that begins with the insertion of
the MS-ring into the inner membrane. After the assembly of an associated type 1l secretion
system (T3SS), the individual extra cytoplasmic flagellar subunits are secreted through the
MS-ring. The motor force generators, serve as stators against the C-ring, which is composed
of three structural proteins connected with the cytoplasmic face of the MS-ring. The motor
force generators act as proton pumps and the movement of protons generates the necessary

energy to rotate the HBB structure (Lloyd et al., 1996).
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Figure 1.8: Schematic of the bacterial flagella. Schematic shows the basal body, the
hook, and the filament. The filament is formed by subunits of FIiC and capped by FliD
while the junction between the filament and the hook comprises FIgK and FIgL. The hook
is formed by FIgE subunits; MotA and MotB are part of the motor force generator, while
FIiG is part of the C-ring. Adopted from (Aldridge et al., 2003).

The link between the filament and the basal body is a cylindrical structure called the
hook, formed by FIgE (Macnab, 2003). During assembly the growing extra cytoplasmic
structure is always capped. For example, the rod that spans the periplasmic space in E. coli is
capped by FlgJ, that facilitates the localised degradation of peptidoglycan to let the
assembling flagellum pass through (Nambu et al., 1999). On rod completion FlgJ will be
replaced by the hook cap, FIgD. On completion of the hook, FIgD is replaced by the filament
cap, FIiD. Once FIiD is in place, the hook-filament junction is formed by FlgK and FlgL

which allows filament formation to begin (Homma et al., 1984; Macnab, 2003).
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1.8.1 The filament

The filament is a helical structure with a central lumen running all the way along its
length, synthesized from an approximately 20000 subunits of flagellin (FIiC) (Macnab,
2003). The amino acid sequence of flagellin is remarkably conserved across different
bacterial species, as is the quaternary structure of the filament (Maki-Yonekura et al., 2010).
Significant sequence conservation is seen among fliC genes from closely related
Enterobacteriaceae species. For example, E. coli FIiC can show high degrees of similarity
amongst different strains, often ranging from 92% to 100% within E. coli itself (Beutin et al.,
2005). Studies have indicated that FIiC of E. coli and Salmonella have a significant degree of
sequence similarity. For example, precise comparisons of fliC alleles between E. coli and
Salmonella spp. have revealed identity levels ranging from around 92.6% to 97.4% among

closely related strains (Liu et al., 2017; Yamaguchi et al., 2020).

When the filament starts to grow, the hook-filament junction proteins FIgK and FlgL
act as structural adapters between the hook and filament. Unlike the majority of flagellar
subunits that are incorporated into the growing structure FIiD (the filament cap) moves up,
remaining at the tip of the filament, as flagellin subunits are added underneath it. The
filament cap supports the polymerization of flagellin units by facilitating the insertion of one
flagellin unit into a gap generated by contacts between FliD and the growing filament

(Yonekura et al., 2000).

There are very few solved structures of FIiC proteins from the bacterial kingdom. For
many years the only structure available was from Salmonella enterica defined by Samatey et
al., (2001). The structural organisation of S. enterica FIiC, is however conserved across
motile bacterial species. S. enterica FIiC folds into an upside-down L-shaped protein with
four defined domains D0-D1-D2-D3 (Figure 1.9). The domains DO and D1 are conserved
across all FIiC homologues and are generated from both the N- and C-terminal portions of the
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protein (NDO, ND1, CDO, and CD1 are conserved across all FIiC). They form the downward
facing arm of the ‘L-shape’. These domains generate the required contacts that create the
central hollow lumen within the filament by which TLR5 recognise flagellin. The domains
D2-D3 do not exhibit conservation across the bacterial kingdom. In fact, the D2-D3 domains
fold from the central region of the FIiC protein and reflect the high level of antigenic
variation associated with FIiC homologues from different species and within a species like E.

coli (Figure 1.9).
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Figure 1.9: Schematic of FIliC structure. A) Characterization of FIiC from
Salmonella Typhimurium highlighting the Domains in the N- and C-termini, and the mid
region of the polypeptide. B) The gene fliC showing regions encoding each of the
domains. Domains in (A) colour correlate to (B).

As mentioned in section 1.3.3 FliC is the ligand that activates TLR5 receptors in

immune and non-immune cells (Gewirtz et al., 2001). In fact, TLR5 is proposed to have
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evolved to provide mammals with the capability of detecting flagellated bacteria (Hayashi et
al., 2001). A variety of cells carry TLR5 including epithelial cells, dendritic cells (DC),
lymph node stromal cells, NK cells, lymphocytes, neutrophils, macrophages, monocytes
(Gewirtz et al., 2001; Tsujimoto et al., 2005; Vicente-Suarez et al., 2009). Moreover, flagellin
possesses adjuvant activity associated with TLR5 presenting cells of the adaptive immune
system: i.e. T and B cells (Hajam et al., 2017). Dendritic Cells are activated by TLR5 directly
or indirectly through T cell interactions (Salazar-Gonzalez et al., 2007). Within the TLR5
amino acid sequence, 228 amino acids were identified to be crucial for the recognition of

flagellin (Andersen-Nissen et al., 2007).

Earlier studies reported by Smith et al (2003), and Murthy et al (2004) showed that
regions within the N and C-terminal regions of FIiC were essential for TLR5 recognition. In
their work they only perform N- and C- terminal deletions leading to them only being able to
suggest that the recognition sequence was in D1 but where exactly they could not say. Further
much more refined analysis located the recognition sequence to be between amino acids 95-
108 and 441-449 respectively, as when any of these amino acids were deleted or altered, it
abolished TLR5 recognition. They used alanine scanning to aid their search for the motif
Furthermore, TLR5 recognition was stronger for monomeric flagellin rather than polymerised
filaments (Smith et al., 2003). The previous work had been done by deletion of parts of the
genes leading to the reduction of binding or loss of binding and the difference in sizes
between the fragments is about 10 bp. Further work by Anderson-Nissen et al (2007), then
narrowed the recognition motif to be a stretch of amino acids between 89-96 in FIiC.
Moreover, as they suggested, this work independently verifies the position of the TLR5
recognition site on flagellin. Flagellin's TLR5-stimulatory action is mostly in the N-terminal

D1 domain, centred around amino acids 89-96, but requires additional contribution from the
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D2-D3 and C-terminal D1 domains. The deletions of DNA fragments need to be

compensated to allow the appropriate amino acids to be in the optimum position.

In these experiments they used single point mutants identifying the most important
amino acids required for affinity. Interestingly, many gut residing commensal motile species
such as Campylobacter jejuni, Helicobacter pylori, and Bartonella bacilliformis have
naturally mutated this motif to evade TLR5 recognition (Andersen-Nissen et al., 2005).
Importantly to maintain a motility phenotype when engineering such changes in FliC 89-96

compensatory mutations at residue 411 were required (Table 1.4).

Table 1.4 List of the conserved amino acids affecting the TLR5 recognition of flagellin.
Those in red are the most important ones for binding flagellin (Andersen-Nissen et al., 2007).

Aminoacid | L I E TIV|]Q| E I L T L
Site 88189190 |91]92[93|94]95[96 |97 114|411 | 415|420 | 425

Flagellin is a major antigen recognised by the adaptive immune system while also
boosting adaptive immunity to other antigens. When mice models are infected with
Salmonella species, flagellin is a prominent antigen promoting CD4" and CD8" T cell
activation and humoral immunity (Bergman et al., 2005; McSorley et al., 2000; McSorley &
Jenkins, 2000). In fact, the central region of the FIliC protein (D2-D3) is known to activate the
adaptive immune response. This area is hypervariable and contains motifs that contribute to
serotype specificity and influence immunological recognition of distinct FIiC variants.
Furthermore, investigations have demonstrated that the central region of FIiC is implicated in
the release of inflammatory cytokines such as TNF-a, IFN-y, and IL-4, which are critical for
increasing both innate and specific adaptive immune responses. As a result, the FIiC protein's
core region is critical in activating and modifying the adaptive immune response, ultimately

contributing to the host's defence against infection (Koosakulnirand et al., 2018).
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1.9 Requlation of flagellar synthesis

The fIhDC operon, which encodes the transcriptional regulator FInD4C, is one of the
most important regulators of flagellar synthesis because it serves as the master regulator of
the flagellar system (Liu & Matsumura, 1994; Wang et al., 2006), and is essential for the
transcription of flagellar genes (Chilcott & Hughes, 2000). Flagellar gene expression follows
a rigid hierarchy, resulting in the grouping of flagellar operons into three classes based on the
promoters that drive their transcription: Pciasst, Pelass2, and Perasss (Figure 1.7) (Chilcott &
Hughes, 2000). Transcription of genes flhD and fIhC is driven by the Pciass1 promoter and the
encoded proteins FIhD and FIhC combine to produce the hetero-hexameric complex FIhD4C>
(Wang et al., 2006). Global regulators are known to influence FIhD4C, expression and
activity in E. coli. Essentially, flagellar gene expression is coordinated via cellular and
external regulatory signals including nutrition source, temperature, osmolarity, and envelope
stress (Anderson et al., 2010). Furthermore, flnDC expression is known to fluctuate during
cell growth, with the highest levels observed during the mid-log phase (Pruss & Matsumura,
1996). FIhD4C stimulates transcription by interacting directly with the RNA polymerase
alpha subunit, allowing ¢° to activate transcription from FIhD4C: specific promoters (Liu &
Matsumura, 1995). FIhD4C> has been shown to bind DNA through a direct interaction with
FIhC while FIhD has a stability effect (Claret & Hughes, 2000; Wang et al., 2006). In S.
enterica and E. coli, there are eight Pciass2 promoters under the direct influence of FIhD4Co.
One of them is responsible for the transcription of the gene fliA, which encodes the flagellar-
specific sigma factor 6?8, which is required for transcription involving Pcasss promoters
(Ohnishi et al., 1990). The transcription of fliA is essential for the flagellar filament synthesis
as fliC transcription is driven from a Pclass3 promoter (Ohnishi et al., 1994).

Another regulator of flagellar transcription, transcribed from both a Pclass2 and Pelass3

promoter, is FIgM. FIgM is an anti-sigma factor that prevents the transcription of genes from
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Pclasss promoters by binding to ¢?® until the HBB assembly is completed (Gillen & Hughes,
1991). On HBB completion, FIgM is secreted releasing ¢?® leading to the activation of
transcription from Pcass3 promoters (Hughes et al., 1993) (Figure 1.10).

There are two proteins, FIiT and FliZ, which also play roles in regulating flagellar gene
transcription (Kutsukake et al., 1999). FIiT functions as an anti-FIhD4C, factor, which
regulates the activity of FIhD4C> negatively by inhibiting the binding of FIhD4C, to DNA
(Yamamoto & Kutsukake, 2006). Interestingly, FInD4Co: DNA complexes are insensitive to
FIIT regulation (Aldridge et al., 2010). FIiT also interacts directly with FliD, and the
flagellar-specific T3SS subunits Flil and FliJ (Evans et al., 2006; Fraser et al., 1999; Imada et
al., 2010). The interaction between FliD and FIiT inhibits FIiT regulation of FIhD4C; defining
FIiD as an anti-anti-FIhD4C; factor (Yamamoto & Kutsukake, 2006). Upon the completion of
HBB, FIiD is secreted, which requires FIiT and its interactions with the T3S apparatus, the

outcome is that this frees FIiT to inhibit FInD4C: activity (Yamamoto & Kutsukake, 2006).

Class 1 Class 2 Class 3

Late Genes

flhnDC
670 HBB Genes 528

* Lo > 9 Operons \: 16 Operons
Transcriptional 38 Genes 30 Genes

activator fliA fliC
T o l Cap
ClpP \\

Hook-Filament

(proteolysis) Junction \

Filament
Hook

Outer Membrane »
Peptidoglycan Layer Basal
Inner Membrane Body Motor

orce
Actlve
28 o

Generators

Figure 1.10: Schematic of the transcription hierarchy of flagellar synthesis promoter
classes. The class 1 promoter regulates transcription of flhC and flhD following internal
and external signals to form FIhD4C,, the master regulator of flagellar synthesis. FIhD4C>
alongside with ¢’ activate Pciass2 promoters leading to structural units such as hook-basal
body (HBB) to be synthesized. FIgM is secreted out of the cell after the completion of
HBB freeing 6?8 to activate the Pciasss promoters. The Peiasss promoters with the help of 628
activate the expression of the late genes to synthesize other structural units such as FliC.
Figure taken and modified from Chevance et al., (2006).
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1.10 Proteolytic control of the flagellar system

To limit the availability of regulatory proteins and clear the cell of abnormal and/or
misfolded proteins proteolysis is an essential cellular pathway. In E. coli, more than 90 % of
proteolysis is performed by ATP-dependant proteases including ClpP, ClpQ, Lon, and FtsH
(Woo et al., 1992). ClpP associates with one of two ATPases CIpA or ClpX (Gottesman et
al., 1993), while ClpQ associates with the ClpY ATPase (Kessel et al., 1995; Rohrwild et al.,
1996). ClpP consists of two stacked heptameric rings, which form a central hollow containing
the active sites of the peptidase (Baker & Sauer, 2006). ClpX associates with either CIpP to
generate a macromolecular structure that allows proteins to the thread into the central channel
for degradation. Deletion of clpXP in S. enterica resulted in a hyper flagellated phenotype
and analysis indicated that FInD4C: is negatively regulated by the ClpXP protease (Tomoyasu
et al., 2002). In S. enterica and E. coli, a protein, here defined as YdiV, was also identified as
a negative regulator of flagellar gene expression (Jonas et al., 2010; Wada, Morizane, et al.,
2011). Sato et al., (2014) demonstrated that YdiV accelerates the degradation of FIhD4C> by
ClpXP (Sato et al., 2014). FIhD and YdiV directly interact and deliver the FIhD4C, complex
to ClpXP protease for degradation (Takaya et al., 2012). Furthermore, unlike FIiT, YdiV is
able to release FIhD4C, from DNA (Takaya et al., 2012). FIliT has also been shown to
enhance the proteolysis of FIhC by CIpXP (Sato et al., 2014). The outcome of the combined
effect of YdiV and FIiT on FIhD4C: activity is that the flagellar system can respond rapidly to

environmental and cellular signals.

1.11 Population heterogeneity

It has been shown in previous studies that expression of flagellar genes in S. enterica
and E. coli is regulated by nutrient availability and growth rate (Sim et al., 2017; Wada,

Morizane, et al., 2011). Not all bacteria respond to nutrients in the same way, for example, S.
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enterica and E. coli respond inversely to nutrients with respect to flagellar synthesis (Koirala
et al., 2014). A result of nutritional regulation of flagellar gene expression is an adjusted ratio
of non-motile and motile cells within the same population, defined as population
heterogeneity (Koirala et al., 2014). For S. enterica specifically, population heterogeneity of
the flagellar system is controlled by the combined regulatory inputs of FIiT and YdiV
directed towards FIhD4C; activity (Aldridge et al., 2010; Brown et al., 2008; Saini et al.,
2011). In high nutrient conditions, nutrients negatively control ydiV expression freeing
FInD4C> thus leading to upregulation of Pclass2 activity and increased number of flagellated
cells in the population. In contrast, ydiV is highly expressed when nutrients are depleted
preventing the activation of Pclass2 by preventing FIhD4C> binding (Wada, Morizane, et al.,
2011). However, the opposite is seen in E. coli (Takaya et al., 2012; Wada et al., 2012).
Additionally, ydiV expression is regulated by FliZ, generating a network of regulatory circuits

that all impact flIhDC expression (Koirala et al., 2014; Wada, Tanabe, et al., 2011).

1.12 Motility of Uro-associated E. coli

Previous work in our laboratory focussed on uro- associated E. coli isolates recovered
from patients suffering from either bacteraemia, pyelonephritis, cystitis or asymptomatic
bacteriuria (ABU). The motility of these isolates alongside two control E. coli strains -
NCTC10418 (Ali et al., 2017) and CFT073 (Welch et al., 2002) were assessed and 67% were
identified as motile. Isolates, however, showed variable motilities; <2 to >7 cm swarming
halos for isolates recovered from cystitis patients and <1 to >5 cm swarming halos for ABU

isolates (Figure 1.11) (Tan et al., 2023).
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Figure 1.11: Quantification of motility assay of UTI isolates. Box and whisker plot of
UTI clinical isolates recovered from UTI patients and categorized by infection type (Tan
et al., 2023). The black lines represent the median value while red circles represent the
swarm size values for each strain.

1.13 The urothelial innate response to Uro- associated E. coli

These uro-associated E. coli isolates were heat killed and (1 x 10° CFU/mL)
inoculants used to challenge bladder RT4 cells stably transfected with a NF-kB luciferase
reporter for 24h (Tan et al., 2023). Data showed that 78% of the isolates induced NF-xB
signalling by 2-5 fold, supporting their ability to trigger an innate response. Interestingly,
30% of the motile strains, isolated from cystitis patients, increased NF-kB signalling by >5
fold while two strains induced NF-xB signalling by more than 30 fold (Tan et al., 2023)

(Figure 1.12).

37



40.0
e NCTC10418
m CFTO073
35.0 : A Pyelonephritis
¢ ABU
30 m Cystitis
o Bactereamia
250
g
§ o
£
3 200
8
]
¢
15.0
o
*
10.0
*
50 -.‘ "
L)
3"4 o,
Age M
$ o
00

Motile Non-Motile

Figure 1.12: NF-kB induction in RT4 bladder cells following challenge with motile
and non-motile UTI isolates. (Tan et al., 2023).

1.14 Urothelial responses to Flagellin serotypes

The urothelial response to an uro-associated E. coli assault is mediated via TLR5
signalling (Ali et al., 2017). Flagellin is the ligand that activates TLR5 which leads to a pro-
inflammatory response (Andersen-Nissen et al., 2005). In E. coli, 53 flagellin serotypes
havebeen identified with H1, H5, H6, H18, H27 serotypes being the most common serotypes
(Wang et al., 2003). Previous work in our laboratory exploring the bladder innate response to
E. coli involved isolates carrying different flagellin serotypes (Tan et al., 2023). This raised
the question of whether serotype contributed to the observed variation in bacterial motilities.
Using flagellin (50 or 250 ng/mL) purified from a selection of clinical isolates to challenge
RT4 cells resulted in consistent NF-kB induction data (Figure 1.13). These data suggested

that flagellin serotype does not play a role in the bladder immune response.
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Figure 1.13: The induction of NF-kB by different flagellin serotypes. Isolated flagellin
filaments representing common flagellin serotypes from 10 E. coli strains (250 ng/mL)
were used to challenge RT4 bladder cells for 24h. NF-xB activity was measured by
luciferase activity and data presented as fold induction (Tan et al., 2023).

1.15 Urothelial responses to outer membrane preparations

To explore whether outer membrane (OM) proteins could explain the variable innate
(NF-xB) responses, OM preparations from the control strains NCTC10418 and CFT(073,
three motile isolates and one non motile isolate were used to challenge RT4 cells. These cells
had been treated using siRNA to ‘Knock-down’ TLR4 and TLRS gene expression. The innate
response was quantified by measuring the concentration of the effector IL-8 (Figure 1.14).
Data relating to TLR4 knock-down cells hinted of a potential role for LPS and TLR4, but it
could not be ruled out that the OM membrane preparations were contaminated with flagellin

(Tan et al., 2023)
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Figure 1.14: IL-8 response following Outer membrane and whole cell challenges of
RT4 bladder cells. Outer membrane preparation from E. coli strain NCTC10418 and UTI
isolates were used to challenged RT4 bladder cells and cells treated with siRNA to
‘knock-down’ TLR4 and TLR5 gene expression. IL-8 concentration were measured and
reflected innate responses (Tan et al., 2023).

1.16 Flagellar abundance

Flagella abundance in E. coli is regulated by growth rate (Sim et al., 2017). According
to Sim et al , (2017), faster-growing cells synthesise more flagella, whereas slower-growing
cells produce fewer flagella. This association between flagellar abundance and growth rate
was observed in steady-state chemostat cultures where the growth rates of the bacterial
populations could be tightly controlled. E. coli is known to produce 5-10 flagella that are
randomly dispersed around the cell surface and the growth rate of the cells influences the
regulation of flagellar gene expression. As a result, E. coli growth rate has a direct impact on

flagella abundance, with quicker growth resulting in a greater number of flagella. This link
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between growth rate and flagellar abundance has ramifications for E. coli motility and

pathogenicity (Sim et al., 2017).

Since flagellin is responsible for triggering the innate response, the amount of
flagellin expressed by a bacterial population links to the percentage of the population
carrying flagella as well as the numbers of flagellar the bacterial cells carry. Analyses of the
uro-associated E. coli isolates showed that less than 60% of the bacteria were flagellated (Tan
et al., 2023) (Figure 1.15) while the numbers of flagella per cell were not known. This
population heterogeneity was a potential explanation for the variable innate (NF-xB)

responses observed amongst the clinical isolates.
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Figure 1.15: Flagellar abundance compared to innate response. A) The figure shows
the comparison between the flagellated population percentage and the average flagella
presented per cell. B) shows the relation between the percentage of flagellated bacteria in
a population and its effect on the proinflammatory response by measuring the IL-8 levels.
The E. coli control strain reach up to 80 % flagellated population and it has the highest
impact on the production levels of IL- 8.
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1.17 Hypothesis and Aims

Uro-associated E. coli clinical isolates recovered from cystitis, pyelonephritis, ABU and
bacteraemia patients were characterised by their different motilities and abilities to induce
variable innate responses when used to challenge RT4 bladder cells. These data underpinned
the hypotheses that 1) uro-associated E. coli motility is key in triggering the bladder innate
response (ii) uro-associated E. coli strains control their motility by regulating flagellar
synthesis iii) such regulation allows uro-associated E. coli to evade recognition by host
urothelial TLR5 receptors and avoid bacterial killing by host antimicrobial agents.

To explore these hypotheses this project aimed to:

e Investigate the impact of uro-associated E. coli motility on the innate responses of
RT4 bladder cells, and to
e Investigate the effects of manipulating the regulation of uro-associated E. coli

flagellar synthesis on the innate responses of RT4 bladder cells.

These investigations involved overexpressing flnDC in uro-associated E. coli isolates as well
as engineering AflhDC and AclpP mutants, and investigating the impact of such mutations on
RT4 bladder cell innate responses. In addition, flagellar abundance was determined in wild-
type uro-associated and mutant strains (AflnDC, and AclpP), and compared.

Finally, these uro-associated isolates and their mutants were cultured in artificial urine
medium to mimic the bladder environment and the impacts, if any, of changing the bacterial

growing conditions on the bladder innate responses determined.
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Chapter 2. Material and Methods
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2.1. Bacterial cell culture

2.1.1 Bacterial Media

2.1.1.1 Luria-Bertani (LB) media

Bacteria were cultured in LB-media containing 1% (w/v) Bacto-tryptone, 0.5% (w/v)
sodium chloride and 0.5% (w/v) Bacto-yeast extract, and prepared in deionized water. The
LB-medium was sterilized for 20 min at 121°C and 15 PSI. For solid media, the LB medium
was before sterilisation supplemented with 1.5% (w/v) Bacto-agar. After sterilizing, media
was cooled to 55 °C and, if appropriate, antibiotics were added to achieve the optimal
concentration (Table 2.1). Media was poured into petri dishes (~30 mL/plate). For motility
assays, media contained 1% (w/v) Bacto-tryptone, 0.5% (w/v) NaCl and 0.3% (w/v) Bacto-

agar.
2.1.1.2 Artificial Urine Media (AUM):

The protocol and composition for AUM was derived from a detailed protocol embedded
in the supplementary materials of de Vos et al . (2017). To prepare AUM, piperazine-N,N'-
bis (2-ethanesulfonic acid) (PIPES) was first dissolved in deionised water to achieve a final
concentration of 50 mM, adjusting the pH to 6.0 using sodium hydroxide pellets. Solutions
itemised in Table 2.1 were then added to the PIPES buffer, in the order shown. Bacto-peptone
and yeast extract were aseptically added to the AUM solution and the solution sterilized by

filtering (Nalgene filters 500 mL, 75 mm, 0.45 uM).

For AUM motility plates, 0.6% (w/v) agar was added to an amount of deionised water
equal to 50% (v/v) of the intended final volume of media and sterilized. AUM was prepared
in 50% of the intended final volume (2x concentrated) and added aseptically to the sterilised

agar at 55°C.
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Table 2.1; Preparation of AUM. Components were added as ordered. * was added

aseptically.
Component Final Stock Component Final Stock
Concentration | Concentration Concentration | Concentration
Urea 153 mM 1M Creatine 8.4 mM 500 mM
NaCl 108 mM 1M NaHCO3 30 mM 1M
KH2PO4 8.4 mM 500 mM CaCl2.H20 0.24 mM 500 mM
K2HPO4 8.4 mM 500 mM FeS04.7H20 0.006 mM 100 mM
NH4CI 30 mM 1M MgS0O4.7H20 12 mM 500 mM
Uric Acid 0.48 mM 59.48 mM NaSO4.10H-0 12 mM 500 mM
Lactic Acid | 1.32 mM 500 mM Bacto Peptone* | 1.1g/L 20 g/L
Citric Acid | 2.4 mM 500 mM Yeast Extract* | 6 mg/L 5g/L

2.1.2 Bacterial Strains

2.1.2.1 Bacterial standard growth conditions:

Strains were activated overnight on Luria-Bertani (LB) agar plates supplemented with
the appropriate antibiotics at either 37 or 30 °C, according to their plasmid profile and
optimal growing temperature. For overnight cultures, a single colony was picked under
aseptic conditions, used to inoculate 5 mL LB and grown overnight at 37/30 °C using

SANYO orbital shaker set at 160 rpm.

2.1.2.2 Bacterial strain storage:

Bacterial strains were numbered and catalogued before they were frozen at -80 °C in
10% (v/v) dimethyl sulfoxide (DMSO). Strains were activated from frozen by streaking on

LB agar plates. These plates were stored at 4 °C for up to 4 weeks.

2.1.2.3 Antibiotics

Antibiotics were prepared and stored at 4°C at 200x stock solutions and either added
to agar media at 55°C or to liquid cultures using aseptic techniques. The antibiotic working

concentrations used in this research are shown in Table 2.2.
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Table 2.2: Antibiotic stock and working solution concentrations.

Antibiotic Stock Concentration | Working Diluted in

(mg/mL) (200x) Concentration

(ug/mL)

Ampicillin (Amp) 20 100 H20
Kanamycin (Kan) 10 50 H20
Chloramphenicol (Cm) | 2.5 12.5 50% Ethanol
Tetracycline (Tet) light | 2.5 12.5 H20
sensitive

2.1.2.3 List of plasmids & bacterial strains

Tables 2.3 & 2.4 identifies and lists the strains and plasmids (plus catalogue numbers) either
used or engineered during this study.

Table 2.3: List of strains used in this study.

ID # Strain description Source

1 Salmonella enterica (Popoff et al., 2000)
2743 E. coli (NCTC10418) (Alietal., 2017)
3373 E. coli (CFT073) (Welch et al., 2002)
3408 E. coli UTI Clinical Isolate 100273D (Drage et al., 2019)
3439 E. coli (MG1655) (Blattner et al., 1997)
5469 UTI115-D3 E. coli UTl isolate (Drage et al., 2019)
5489 UTI675-D3 E. coli UTl isolate (Drage et al., 2019)
5714 (NCTC10418)/ pSE_fIhDC This study
5716 (3408)/ pSE_fIhDC This study
5718 (MG1655)/ pSE_fIhDC This study
5816 3408AclpP This study
5818 MG1655AclpP This study
5820 MG1655AfIhDC This study
5902 NCTC10418AflhDC This study
5904 NCTC10418AclpP This study
5906 CFTO73AflIhDC This study
5908 CFTO73AclpP This study
5910 3408AfInDC This study
5912 5469AfInDC This study
5914 5469AclpP This study
5916 5489AfIhDC This study
5918 5489AclpP This study
6000 NCTC10418 AflgE/ pBAD kan_flgEA240C This study
6001 NCTC10418 AfInDC AflgE/ pBAD_kan_flgEA240C This study
6006 CFT073AflgE/ pBAD _kan_flgEA240C This study
6019 3408AflgE/ pBAD _kan_flgEA240C This study
6021 3408AclpP AflgE/ pBAD _kan flggA240C This study
6023 NCTC10418 AclpP Aflge/ pBAD kan_flgEA240C This study
6036 CFT073AfIhDC AflgE/ pBAD kan_flgEA240C This study
6038 3408AfIhDC AflgE/ pBAD _kan_flgEA240C This study
6040 CFT073AclpP AflgE/ pBAD _kan_flgEA240C This study
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Table 2.4: List of plasmids used in this study.

Plasmid Source
pkD3 (Datsenko & Wanner, 2000)
pSE380 Dr. Aldridge’s lab
pKD46 kan (Datsenko & Wanner, 2000)
pBAD_kan_flgEA240C (Tan et al., 2023)
pCP20  Amp (Datsenko & Wanner, 2000)
pCP20 Gent (Datsenko & Wanner, 2000)

2.2 Tissue culture: RT4 epithelial cells

RT4 cells (ATCC-HTB-2, LGC Standards, UK), isolated from a transitional bladder
cell papilloma, were employed to explore bladder innate responses. The cells were cultured at
5% CO; and 37 °C (Rao et al., 2001) in either 75 cm? culture flasks (Corning, UK) or 6/12
well plates (Grenier Bio-one). Growth media comprised of RPMI 1640 media, modified by
the addition of 2.5% (w/v) HEPES buffer, supplemented with 2 mM L-glutamine and 10%
(v/v) Foetal Calf Serum (Sigma). Cells were passaged weekly using trypsin and 10° cells

seeded into a 75 cm? culture flask.

2.3 Polymerase chain reaction (PCR)

2.3.1 Primers

Purified primers, designed using benchling.com, were purchased from Integrated
DNA Technologies (IDT) Inc. The primers were resuspended in PCR grade water to make a
stock solution of 200 uM and stored at -20°C. The stock primers were diluted 1:10 to give a
working solution of 20 nmole/uL (20 uM) for PCR experiments and, 2.5 pL of each primer

was added to a 50 ULPCR reaction.

A Biometra T3000 thermocycler was used for PCR reactions. Reactions utilised either
Taq polymerase (NEB) or Q5 High Fidelity polymerase (NEB). The temperature of the
thermocycler was set in accordance with the polymerase manufacturer's procedure and primer
design.
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Each PCR reaction consisted of the following components:

Table 2.5 PCR components and volumes used in 50 pL reaction mix (Tag polymerase)

Component /concentration Volume(uL)
5 x Reaction buffer 10

dNTPs (Final concentration of 250 uM) 5

Forward primer (working concentration of 20 puM) 2.5

Reverse primer (working concentration of 20 uM) 2.5
Template DNA 2

DNA polymerase (Final concentration of 1 U/pL) 0.2

MilliQ water Top to 50

Table 2.6 PCR components and volumes used in 50 pL reaction mix (Q5 polymerase)

Component /concentration Volume(pl)
10 X Reaction buffer 5

dNTPs (Final concentration of 250 uM) 5

Forward primer (working concentration of 20 uM) 2.5

Reverse primer (working concentration of 20 M) 2.5
Template DNA 2

DNA polymerase (Final concentration of 0.2 U/uL) 0.5

MilliQ water Top to 50

2.3.2 Primers list

Table 2.7 Lists the primers used in the experiments described in this thesis.

# Primer Name Sequence

13 test-cl ttatacgcaaggcgacaagg

877 | clpP1 atgtcatacagcggcgaacgagataactttgcaccccatatggcgGTGTAGGCTGGAGCTGCTTC
878 | clpPP2 tcaattacgatgggtcagaatcgaatcgaccagaccgtattccacCCATATGAATATCCTCCTTA
893 | clpP_CFT073-212chk | ggcccgtcaccgecaggtggtggg

894 | clpP_CFT073+848chk | ggatggaccggcaatcagcttgcg

1023 | flhC+616REco gaattcGTTACCGCTGCTGGAATGTT

1031 | flhD-42Feco CFT073 | gaattcgggtgcggtgagaccgcata

1303 | pKD4_F TCAATAATATTGAAAAAGGAAGAGTATGattgaacaagatggattgcacg

1304 | pKD4_R TATATGAGTAAACTTGGTCTGACAGTTAgaagaactcgtcaagaaggcga

1305 | pBADbla_F tcgecttettgacgagttcttc TAACTGTCAGACCAAGTTTACTCATATA

1306 | pBADbla_R cgtgcaatccatcttgttcaat CATACTCTTCCTTTTTCAATATTATTGA
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# Primer Name Sequence

1322 | pSE_DCCFT-198_F catccggctcgtataatgtgtggGATTTAGGAAAAATCTTAGATAAG
1323 | pSE_DCCFT-198 R CTTATCTAAGATTTTTCCTAAAT Cccacacattatacgagccggatg
1324 | DCCFT+963pSEF GTGTGGCGAAACATTCCAGCAGCtgcctggecggeagtagegeggtgg
1325 | DCCFT+963pSER ccaccgcgctactgccgecaggcaGCTGCTGGAATGTTTCGCCACAC
1611 | flhD-39P1 accgcataaaaataaagttggttattctgggtgggaataatgcatGTGTAGGCTGGAGCTGCTTC
1612 | flhC+618_P2 tcgttaccgetgetggaatgttgegectcacegtatcagttaaacCATATGAATATCCTCCTTAG
1617 | fInC+358-fw GCCTGGACATTGGTGCGG

1618 | fInC+543-rv TGGGATAATATCGGCAGG

1619 | fliCMG+1318-fw ACCAACCTGAACAACACC

1620 | fliCMG+1401-rv ATTGGACACTTCGGTCGC

1621 | fliG+153-fw GCTAACCGATGTGCTGGC

1622 | fliG+325-rv TTTCAATACCGCTGGCGG

1625 | gmk+423-fw CAGCGAAGAGGTCATTGC

1626 | gmk+599-rv AAAGCGTCATGACGCTGC

1627 | gyrB+1994-fw GCGTGCGTACCCACGGTG

1628 | gyrB+2175-rv CCAGTCCAGCGCCTGCTC

1629 | motA+767-fw CGCCGTTGAGTTTGGTCG

1630 | motB+77-rv CACGATCCATGTGCTGCC

1631 | rpoB+563-fw TCGATCCGAAGGACAACC

1632 | rpoB+746-rv TCACCACGCAGGCGTTCC

2.3.3 DNA visualization:

To prepare agarose gels, agarose (final concentration 0.8 — 2% (w/v)) was dissolved
in 1 x TAE buffer (40 mM Tris-Acetate/ 1 mM EDTA) by heating. Following cooling,
SafeView (NBS) Biologicals, UK) (5 pL) was added to each 100mL gel. Gels were prepared
on casting trays until solidified and then placed in electrophoresis tanks containing 1x TAE
running buffer. DNA samples were combined with 6x Loading Buffer (NEB UK) in a 5:1
ratio and loaded onto the agarose gel. A DNA ladder solution (New England Biolabs UK) (5
pL) was used as a marker to identify band sizes. Gels were electrophoresed at 100V for 60-

120 min according to the size of either the DNA bands and/or the gels.

2.3.4. Purification of PCR products

PCR products used for mutagenesis were treated with the Dpnl restriction enzyme
before being purified. PCR product DNA was purified, using the Monarch PCR & DNA
Cleanup Kit (NEB) following the manufacturer instructions, except the purified material was
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eluted with PCR grade water. A Nanodrop 2000 spectrophotometer was used to evaluate the
concentration and purity of the eluted PCR DNA. The DNA was either utilised immediately

or stored at -20 °C.

2.4 Gene expression

2.4.1 RNA lIsolation

The Promega SV Total RNA Extraction Kit (Promega, USA) was used to extract
RNA from bacterial cultures (1 mL and ODeoo 0.6-0.8). After pelleting the bacterial cells and
discarding the supernatant the cells were resuspended in the lysis buffer supplied in the kit.
RNA from each sample was extracted as directed by the manufacturer’s instructions. The
RNA samples were washed, DNase treated, passed through a Spin Column and eluted into
Milli-Q water. RNA concentrations were measured using a Thermo Scientific Nanodrop
2000. Milli-Q water was used as blank. 1 pL of the sample then was loaded and the software
was set to measure RNA samples under 230 nm wavelength. The Nanodrop is capable of
assessing nucleic acids concentrations between 1 pg/uL and 15,000 ng/uL. Purified RNA was

stored at -80°C.

2.4.2 Reverse transcription

RNA was reverse transcribed into complementary (c) DNA. For each reaction 1 pg of
RNA was diluted in 25 pLof Milli-Q water, 1 ng of random hexamers (Roche, Switzerland)
added and the reaction heated at 65°C for 5 min. Tubes containing the reactions were kept on
ice for 2 min before the following chemicals were added to each tube; 10 pLof 5x Moloney
murine leukaemia virus (MMLYV) buffer (Promega, UK); 12.5 pL of 2 mM dNTPs (Bioline,
UK); 0.5 pL RNase inhibitor (Promega, UK) (20 units); 1 pL Reverse transcriptase
(Promega, UK) (100 units). The samples were centrifuged briefly and then incubated at 42°C

for 2 hours, followed by 3 min at 70°C. The resultant cDNA was stored at -80°C.
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243 gRT-PCR

SYBR Green |, a fluorescent dye that binds to double-stranded DNA and fluoresces,
was used in qPCR assays. Samples were prepared by adding the following volumes of
reagents into each 0.1 mL QIAGEN gPCR tube: 5 uL Lightcycler 480 SYBR Green | Master
(Roche, Switzerland); 2.5 L Forward primer; 2.5 uL Reverse primer; 2.5 uL Sample cDNA,;
1.5 pL Milli-Q water. SYBR-green-based gPCR primers were designed to be 20 base pairs
long, a melting temperature between 55°C and 60°C, a GC content of approximately 50%
and a product size of approximately 100 base pairs. The gPCR program (Rotor-Gene Q,

QIAGEN) was as follows:

Table 2.8 gPCR programme details (Rotor-Gene Q, QIAGEN)

Step Temperature (°C) Time (min:sec) Cycles
Preincubation 95 10:00 1
Denaturation 95 00:20 45

Annealing 60 00:30
Elongation 72 00:20

Samples were analysed in triplicate and the melt curves of each sample were checked
to ensure the amplification of a single DNA product. Mean data from each run were analysed
to calculate the concentration of target cDNA in each sample using internal positive
(housekeeping genes; gmk, gyrB, and rpoB) and negative (distilled water) controls. A
mathematical approach was used to calculate the relative quantification of the target genes in
comparison to the reference gene (Pfaffl, 2001; Singer et al., 2013). The relative expression
ratio (R) of a target gene was determined using AACT/Geomean (AACT of the house keeping
genes). AACT was calculated using ACT and efficiency of the PCR reaction. ACT was

calculated from the average of the CT values of the three biological repeats.
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2.5 DNA isolation

2.5.1 Plasmid miniprep

Plasmid miniprep Kit (NEB) was used to extract plasmid DNA from 5 mL of an
overnight bacterial culture and the DNA eluted in 50 puL of PCR grade water. The
concentration of DNA was determined using a Nanodrop NA1000 spectrophotometer. The

plasmid DNA was either utilised immediately or stored at -20 °C for future studies.

2.5.1.2 Crude plasmid miniprep

This method was used to isolate crude plasmid preparations from bacterial cells
(Sambrook et al., 1989). Bacterial cultures (3-5 mL) were grown overnight, centrifuged in
microfuge tubes for 1 min and 13000 xg to pellet the bacteria, and the supernatants decanted
off. The pellets were each treated with three solutions: 300 pL of solution I (50 mM Glucose,
25 mM Tris HCI, and 10 mM EDTA with 250 pL RNase for each 50 mL of solution I) was
added to resuspend the pellet; solution 11, 600 pL(2 mL NaOH 1 M, 1 mL 10% SDS, and 7
mL water), was then added, the solution mixed and incubated 5 minute incubation at room
temperature (RT), then 250 uL of solution 111 (5 M potassium acetate, glacial acetic acid, and
water) was added the solutions mixed and centrifuged for 20 min at 13000 xg. The sample
supernatants were collected, and the plasmid DNAs precipitated using isopropanol (600 pl).
Plasmid DNA was collected following 15 min of centrifugation at 13000 xg, each pellet was

washed with 500 uL 70% ethanol and resuspended in 50 puL of PCR grade water.

2.5.2 Plasmid midiprep

When either a large quantity of plasmid DNA was required or the plasmid was low
copy number, a midiprep procedure was used (Sigma Aldrich midi-prep kit). Plasmid DNA
was prepared from 50 mL of overnight bacterial culture according to the manufacturer's

instructions and eluted using 1 mL of PCR grade water. The DNA was concentrated to 100
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ML using ethanol precipitation. The concentration of the plasmid DNA was quantified using
the Thermo Scientific Nanodrop 2000. The software was set to measure DNA samples under

260 nm wavelength. The plasmid was used immediately or stored at -20 °C.

2.5.3 Isolation of bacterial genomic DNA

2.5.3.1 Colony-PCR Preparation

A Dbacterial colony was taken from an agar plate and re-suspended in 30 pLPCR
MilliQ water in a microfuge tube. The suspension was heated for 10 min at 100 °C in a heat

block, vortexed and a 2 pL aliquot used as the template for PCR.

2.5.3.2 Culture-PCR Preparation

An aliquot (20 pL) of an overnight bacterial culture was mixed with 180 pL of PCR
grade water in a microfuge tube. The suspension was centrifuged for 1 min at 13000 xg, the
supernatant discarded and the pellet resuspended in 100 puL PCR grade water. The suspension

was heated for 10 min at 100 °C, vortexed and 2 pL used as a template for PCR.

2.5.3.3 Whole bacterial genomic DNA isolation

Bacterial genomic DNA was extracted using a GenElute Bacterial Genomic DNA kit
(Sigma Aldrich) according to the manufacturer's instructions. In this procedure, a 5 mL
overnight bacterial culture was used and the DNA eluted using 100 uL PCR grade water. The

genomic DNA samples were either used immediately or stored at -20 °C.

2.6 DNA gel extraction

DNA bands were excised from agarose gels, transferred to microfuge tubes and the

DNA purified from the gels using a Monarch DNA Gel Extraction Kit (New England
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Biolabs), as directed by the manufacturer. DNA was eluted using 30 uL of PCR grade water

and either used immediately or stored at -20 °C.

2.7 Bacterial Transformation by Electroporation

2.7.1 Preparation of electro-competent E. coli cells

Single colony bacterial cultures, 5 mL LB % an antibiotic, were grown at the
appropriate temperature overnight with gentle shaking. This overnight culture was used to
inoculate 30 mL LB to achieve a starting ODeoo 0f 0.05 and the culture grown with shaking to
an ODeoo of 0.6-0.8. At this OD the culture was transferred to a 50 mL falcon tube and
centrifuged at 4 °C for 20 min and 4000 xg. The supernatant was discarded and the bacterial
pellet washed x2 each in 25 mL of chilled sterile water re-centrifuging each time. The final
bacterial pellet (electro-competent bacterial cells) was resuspended in the leftover liquid and

stored on ice until the electroporation step.

2.7.2 Bacterial Electroporation

For each electroporation, 50 pL of the electro-competent bacterial cell suspension was
transferred to a 1.5 mL microfuge tube and up to 5pLof PCR or plasmid DNA added to the
suspension with mixing. This DNA-cell suspension was transferred to a chilled sterile
electroporation cuvette (Flowgen Bioscience) and placed in the electroporator (BIO-RAD
MicroPulser) using programme Ecl (1.8 kV, one pulse, no time constant). The cells were
electrically pulsed, and 1 mL of LB was immediately added to the mixture. This LB cell mix
was shaken in a SANYO rotatory incubator for 45-60 min at 160 rpm and at the appropriate
temperature. After this period 200 pLand 500 pL aliquots were plated onto LB agar plates
containing the appropriate antibiotic. Plates were incubated overnight at the appropriate

temperature.

54



2.8 Constructing mutants using a lambda (A) red recombinant system

2.8.1 Datsenko and Wanner method

The Datsenko and Wanner’s one-step chromosomal gene inactivation method was
used to delete targeted genes (Datsenko & Wanner, 2000). Primers were designed to amplify
a cassette encoded on plasmid pKD3 that contains a chloramphenicol resistance gene (cat)
flanked by FLP recognition target (FRT) sites. Each primer contained a 20 nucleotide
sequence complementary to pKD3 and a 45 nucleotide 5° overhang complementary to
sequences targeting upstream and downstream sequences of the gene targeted for deletion

(Figure 2.1). Bacterial cells, targeted for gene deletion were transformed, using

Step 1. PCR amplify FRT-flanked resistance gene Figure 2.1: Schematic of Datsenko
(G- R— and Wanner method. Step 1: Primers

U anneal to the flanking region of the

Step 2. Transform strain expressing 4 Red recombinase antibiotic resistance cassette and are
- l*i[ — 3”—2 e compatible with the region flanking '_[he
targeted gene. Step 2: The amplified

Step 3. Select aniibiotic-resistant transformants antibiotic cassette with the A red
PRY recombinase replaces the targeted gene

FRT .
.7"!_ - _J\n!lblnl-cmus!unr@ )
[ emen VA preccecese with the AbR cassette. Step 3: The

Step 4. Eliminate resistance cassette using a FLP expression plasmid antl bIOtIC Ca.SSEtte IS el I mlnated USIng a
- FLP plasmid (Datsenko & Wanner,

T 2 E—cT— 2000).

electroporation, with the plasmid pKD46-kan. Transformant cells carrying pKD46-kan, were
selected on kanamycin plates following an overnight incubation at 30°C. Cultures of strains
carrying pKD46-kan were grown overnight in LB+Kanamycin at 30°C from a single colony.
These cultures were used to inoculate 30 mL LB+Kanamycin cultures to a starting ODgoo NM
of 0.02 and grown until ODgoo Nm 0.1 at which time 0.1% (w/v) arabinose was added. At an
ODsoo Nm 0.6-0.8, cultures were made electro-competent and transformed with the PCR

product, amplified from pKD3. Following a 45-60-minute recovery incubation period at
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37°C, recombinant colonies were selected using LB agar plates supplemented with

chloramphenicol and incubated overnight at 37 °C.

2.8.2 Eliminating chloramphenicol resistance

The chloramphenicol resistance gene was removed using a helper plasmid, pCP20-
Gent encoding a FLP recombinase and carrying gentamycin resistance (Figure 2.1).
Electrocompetent mutant cells were transformed with the pCP20-Gent and plated onto
LB+Gentamycin and incubated at 30°C. Two to 4 transformants were streaked on LB with
no selection and incubated at 37°C. After the two passages on LB the colonies were screened
for loss of Chloramphenicol and Gentamycin resistance. Any Cm® Gent® colonies were

confirmed to have lost the pKD3 derived cassette by PCR.

2.9 Protein analysis using SDS-page

For protein electrophoresis commercially available NOVEX® NuPAGE® precast
gels (Life Technologies Carlsbad, USA) were used. Sample preparation was as follows: one
mL of bacterial culture was harvested at ODgoo Nm 0.6-0.8 pelleted and the supernatant
discarded. The cell pellet was resuspended in 50 uL of SDS sample buffer (100 mM Tris-Cl
(pH 6.8), glycerol (50% (w/v)), SDS (10% (w/v)), bromophenol blue (0.5% (w/v)), 4% (v/v)
-mercaptoethanol) and the mixture incubated at 100°C for 10 min. A quick centrifugation
step (pulse) was performed, and the sample loaded equivalent to (2000D) onto the stacking

gel. Samples were electrophoresed for 55-60 min at 200 V.

2.10 Immunoblotting

Following electrophoresis, proteins were transferred to a nitrocellulose membrane
using the Trans-Blot Turbo system (BioRad) according to the manufacturer’s protocol. The
nitrocellulose membrane was blocked overnight in 1x PBS (pH 7.4) + 5% Milk + 0.1%

Tween (PMT). The membrane was washed twice in PMT before being incubated for 1-2
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hours at room temperature with the primary antibody at a pre-determined concentration.
Following this incubation, the membrane was washed 4 x 5 min with PMT, and then
incubated for 60 min with secondary antibody (goat anti-rabbit IgG-horseradish peroxidase
(HRP)-conjugated, diluted 1:5,000, Southern Biotech, #4030-05). Following this incubation,
the membrane was washed 4 x 5 min in 1x PBS. After the final wash, the membrane was
incubated for 5 min in a mixture of Clarity Max™ Western ECL Substrate (BioRad). Images

were captured via an iBright FL1500 Imaging System.

2.11 Motility Assay

Bacterial strains were tested for motility using a motility assay. To facilitate this a
bacterial colony was stabbed into motility agar and the plate incubated for up to 24 h at 37°C.
Images of the plates after the respective incubation period were captured using a Syngene
Bioimaging cabinet and GeneSnap software at a 75 ms shutter speed. A ruler was
photographed alongside the plates and used in combination with Image J software analysis to
determine and compare the swarming sizes of the colonies. When possible one batch of

motility agar was used per experiment and motility assays were always done in triplicate.

Bacterial motility was quantified by the size of the halo observed on each agar plate
(Figure 2.2). For every inoculated colony, the resulting halo size was measured in mm. Using
ImagelJ, at least three measurements through the centre of the halo, the inoculation point,

were collated and the mean value calculated.

Figure 2.2: Motility Assay: Three
inoculations of a motility plate, following
a 6 h incubation at 37 °C, are shown. The
red lines through the halo show how the
size of the halos were measured.




2.12 RT4 Bladder Cell Challenges

2.12.1 Heat killing of bacteria

Bacterial colonies were inoculated into 5 mL LB +/- antibiotic aliquots and incubated
overnight on an SANYO orbital shaker set at the appropriate temperature with shaking.
Thirty mL of LB +/- antibiotic were inoculated using the overnight culture to a starting ODsoo
of 0.05 and the culture incubated to an ODeoo 0f 0.6. An aliquot of the culture was removed,
serially diluted and these dilutions plated onto LB agar plates to determine the CFU/mL. Ten
mL of the 30 mL culture was centrifuged for 10-12 min at 4,500 RPM and 4 °C, and the
supernatant discarded. The bacterial pellet was washed by resuspending in 10 mL PBS and
centrifuging for 10 min at 1788 xg and 4 °C. The supernatant was decanted off and the pellet
resuspended in 1 mL PBS. This bacterial suspension was treated at 100°C for 20 min. The

heat Killed bacterial aliquots were stored at -20°C until used.

2.11.2 RT4 cell challenges with bacteria

RT4 cells were seeded into 12-well plates at 2 x10° cells/well. When the cells reached
100% confluence (48 h), the growth medium was removed, the cells were washed with PBS,
and 900ul of cell culture medium containing either 10 pLof heat killed bacteria (1x10° CFU)
in PBS or PBS alone was added. The RT4 cells were incubated with the heat-killed bacteria
for 24 hours at 37°C and 5% CO.. Following challenge, the media bathing the RT4 cells was
collected and stored frozen at -20 °C until analysed for innate effectors. Where appropriate E.

coli flagellin (50 ng) was used as a positive control (Tan et al., 2023).

2.12.3 IL-8 ELISA
IL-8 concentrations in the RT4 cell bathing media were measured using either the

Invitrogen IL-8 Human Uncoated ELISA kit or the Human IL-8/CXCL8 Quantikine ELISA
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Kit following the manufacturer's instructions. All ELISA studies were performed using Nunc
MaxiSorp 96-well flat-bottom plates and sample ODs measured using a BMG Labtech

FLUOstar OMEGA microplate reader.

2.13 Quantification of Flagellation

2.13.1 Labelling Flagella

Maleimide flagella staining is a method allowing visual observation of flagella in
bacteria. Maleimide dyes react with the thiol groups found in cysteines, which when oxidised
form disulphide bonds in proteins (Turner et al , 2010; Sim et al , 2017). To count flagella a
plasmid pBAD_kan_flgEA240C carrying fIgE in which an arginine (A) had been replaced
with a cysteine (C), by single point mutation, was introduced by electroporation into targeted
strains in which the flIgE had been deleted. Strains carrying pBAD_kan_flgEA240C were then

subjected to maleimide staining to quantify flagella abundance.

2.13.2 Bacterial Staining with Maleimide

Bacterial colonies were picked, inoculated into 5 mL LB + Kan and incubated
overnight at 37°C at 160 rpm in a SANY O rotary shaker. The overnight cultures were diluted
to 0.05 ODeoo nm and grown to ODgoo nm of 0.5. An aliquot (0.5 mL) of bacterial culture was
pelleted in a microfuge (Eppendorf Mini Spin Plus Centrifuge) at 3000 xg for 2 min. Staining
solution was prepared by mixing 5 puL of Alexa Fluor 488 maleimide (1 mg/mL), in DMSO,
with 0.5 mL PBS. 50 L of this staining solution was used to gently resuspend the pellet by
pipetting and this was incubated at room temperature for 5 min. 1 mL of PBS was added and
the mix centrifuged (Eppendorf Mini Spin Plus Centrifuge) at 3000 xg for 2 min. The
supernatant was discarded and the pellet resuspended in 0.5 mL of PBS. The labelled flagella

were observed using fluorescence microscopy.

59



2.13.3 Capturing Pictures with Fluorescence microscopy

Multispot microscope slides (Hendley-Essex) containing 1% agarose pads were used
for the fluorescence microscopy. Stained bacterial suspensions (2 ul), prepared as described
in section 2.12.2, were spotted onto the slides, allowed to air dry on the agarose surface and
sealed using a coverslip. A Nikon Ti inverted microscope with a Sutter Instruments Lambda
LS light source and a Nikon 100 1.30 oil objective linked to a Photometrics CoolSNAP HQ
CCD camera was used to view the stained bacteria and capture images. NIS elements
software was used to control the device and capture images aided by the Nikon Perfect Focus
system. Images of phase contrast and red fluorescence staining were captured using exposure
periods of 100 ms and 1000 ms respectively. Files of the phase contrast and the fluorescent

images were saved as.ND2 files.

2.13.4 Processing Images using Image J

A copy of the phase contrast picture of the targeted field had its threshold adjusted to
identify the bacterial cells. Bacterial cells were analysed using ellipses to generate regions of
interest (ROI) and a drawing image was generated. Fluorescent foci measurements reflecting
flagella numbers were saved on an Excel file and ROIs saved as a Zip file. Fluorescent
images detecting the FIgE foci were merged with the phase contrast images detecting the

bacterial cells resulting in images showing the bacterial cells with the foci in red.

2.13.5 Randomization of chosen bacterial cells for Foci counting

After bacterial cells were identified with designated numbers according to the ROI, 50
bacterial cells from every field were chosen randomLy using “Random.org”. The chosen
bacterial cells were analysed to determine flagellar abundance by quantifying the foci using
multi-point cell counter of imageJ. Every counter (10 counters in total) represented the

number of foci per bacterial cell (0-9+).
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2.14 Statistical analysis

Microsoft Excel software was used for statistical analysis. Data were analysed using

either one-way ANOVA and appropriate T-tests or explained in the text.
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Chapter 3. Impact of Uro-associated Escherichia coli motility on the innate
response of RT4 Bladder Cells
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3.1 Introduction

Research reported by Lane et al. (2005) and Wright et al. (2005) demonstrated that
motility provides uro-associated E. coli a competitive advantage over non-motile UPEC
strains in relation to UTIs, at least in mouse models. Motility is driven by flagella, hence
flagella are virulence factors in the aetiology of an UTI. However, flagella are recognised by
host TLR5 receptors, which once activated trigger a signalling cascade that releases host

defence agents to facilitate bacterial killing.

Uro-associated E. coli isolates recovered from the urines of patients suffering lower
and upper UTlIs as well as asymptomatic bacteriuria revealed a mixture of motile and non-
motile phenotypes (M. L. Lanz, 2013). Indeed, only 23 of the 39 clinical isolates tested by
motility agar assays, which measured bacterial motility based on swarm size after 8 hours,
were shown to be motile (Tan et al., 2023). These data suggested that uro-associated E. coli

regulate their motility, potentially, to allow colonisation, but avoid the host innate defences.

To explore this, further experiments reported in Tan et al., (2023), were performed in
vitro, to determine if bacterial motility affected the innate response of the bladder. RT4
bladder cells were used to model the urothelium and reporter cells had been engineered by
stably transfecting the RT4 cells with an NF-kB luciferase reporter (Ali et al., 2017). When
these cells were challenged with the clinical isolates, heat killed and 1 x 10°
CFU/mL/challenge, only two of the motile isolates caused significant (30-35 fold) increases
in luciferase activity, reflecting robust innate responses (Figure 1.8). To explore whether this
response reflected antigenic variation flagellin filaments were purified from isolates
recovered from different clinical pathologies including ABU, cystitis and pyelonephritis, and
of varying H-serotype. These flagellin preparations were used to challenge the RT4 cells (250

ng/mL flagellin/challenge), and the challenges resulted in comparable NF-xB data. These
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data suggested that the source of the flagellin itself was not key in explaining the variability

of the host responses (Tan et al., 2023).

Synthesising flagella is an energy-consuming process for bacteria, so it is only
initiated when motility is advantageous. Interestingly, the growth rate of E. coli strain RP437
was shown to be correlated with flagellar abundance (Sim et al., 2017). This observation led
to the initial hypothesis that growth fitness is important in the recognition of uro-associated
E. coli by the host urothelial cells. To address this new hypothesis experiments were initially

performed to compare the fitness of the motile and non-motile clinical strains.

3.2 Results
3.2.1 Growth fitness of UPEC strains

The maximal doubling times of the uro-associated E. coli clinical isolates used in the
host challenge experiments (Figure 1.9) were investigated to determine bacterial fitness.
Information related to the source and laboratory ID number of each isolate is presented in
Tables 3.1 and 3.2 respectively. Growth experiments to determine bacterial fitness were

performed in collaboration with P. Aldridge.

Table 3.1. Motile strains used in the growth curve study in collaboration with P.
Aldridge. Doubling time is calculated in min. * ABU: asymptomatic bacteriuria.

Infection | Strain # Doubling time (min) Infection Strain # Doubling time (min)

3406 153+23 NON-UTI NCTC10418 23.4+7.3

3695 19.1+87 3408 153+ 3.6

3697 145+2 3409 16.6 £4.3

3698 147+14 3411 26.9+10

3699 15.8+0.9 3412 18.7+43

3694 22.1+38 Cystitis 3414 16.1+£0.8

3710 151+29 3701 21.5+41

ABU* 4738 21.2+84 3702 16.8+1.7

v 4739 206%5.7 3703 17.8+53
4740 16.1+2.8 3704 16.7+3

4741 19.7+104 3417 17.7+6.6

4742 14.4+£23 3398 19.3+6.5

4743 159+0.3 Pyelonephritis 3424 141+£29

3419 152+3.9 3425 21.6+8.1

3692 139+17 Bacteraemia CFTO073 15.6+3.2

3693 142+ 04 3415 15.6 + 3.7
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Table 3.2. Non-motile strains used in the growth curve study in collaboration with P.
Aldridge. Doubling time is calculated in min. * ABU: asymptomatic bacteriuria.

[nfection [ Suain# | Doubling time (min) ['infection [ Strain # | Doubling time (min) |

3399 147+14 3401 21.2+6.9
3400 253+7.9 3403 19.8+10.2
3413 164+13 " 3407 189+7.1
Cystitis

ABU* 3416 189+7.6 3701 10647
3418 184+19 3706 23467

3420 205+ 19 3707 175+6
3696 213+7 S ctoraom 3402 10976
Pyelonephritis | 3422 18574 acteraemia ™ s410 2024523

Briefly, the growth curves of 30 motile clinical uro-associated E. coli isolates, 16 non-
motile clinical isolates and two control strains, NCTC10418 and CFT073 were analysed to
determine their maximum doubling times. These growth experiments were performed in LB
media at 37°C. Initially the strains were grown overnight and diluted to a starting ODgoo hm
of 0.02. Two hundred microliters of each culture were aliquoted into a 96-well plate, the plate
sealed with a BreatheEasy membrane and ODesoo Nm readings taken every 400 s for 10 h, with
shaking between the readings, using a BMG Fluostar microplate reader. All growth
experiments were performed in triplicate and used independent colonies. When analysing
data negative values were set to 0.02, which reflected the starting ODsoo nm. The maximum
slope for each strain was derived from log (ODsoo Nm) using a sliding sub-set of 10 time
points (~60 min) across the timeline of the growth experiment (Tan et al., 2023). The
maximum doubling time was derived from the calculated maximum slope before the mean
value was determined. Growth data, presented as calculated doubling times, are presented in

Tables 3.1 and 3.2 respectively.

The maximum calculated doubling times for the motile strains ranged from 13.9 min
(ABU isolate) to 26.9 min (Cystitis isolate) (Table 3.1). The maximum calculated doubling
times for non-motile isolates ranged between 14.7 min and 25.3 min (ABU isolates) (Table

3.2).
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The 16 motile ABU isolates, showed doubling times ranging from 13.9 to 22.1 min
with an average of 16.7 min. In contrast, the doubling times of the 6 non-motile ABU isolates
ranged from 14.7 to 25.3 min with an average of 19.0 min. These doubling times were not
significantly different (p=0.13). Furthermore, the 10 cystitis motile isolate doubling times
ranged from 15.3 to 26.9 min with an average of 18.4 min whereas the 6 non motile cystitis
isolates doubling times ranged from 17.5 to 23.4 min with an average of 20.0 min. Again,
these data were not significantly different (p=0.3). The doubling times for the pyelonephritis
motile isolates ranged from 14.1 to 21.6 min with an average doubling time of 18.3 min; the
study included only one non-motile pyelonephritis isolate with a doubling time of 18.5 min.
On the other hand, the two bacteraemia motile isolates each displayed doubling times of 15.6
min respectively, while the non-motile strains showed doubling times of 19.9 and 20.2 min

respectively, with an average of 20.0 min (Figure 3.1).

The individual growth curves of four motile isolates (3406 ABU; 3408 Cystitis; 3415
Bacteraemia; and 3424 Pyelonephritis) and four non-motile isolates (3400 ABU; 3401
Cystitis; 3410 Bacteraemia; and 3422 Pyelonephritis) are presented in Figure 3.2. Growth
curves all appear similar. Additionally, presenting mean growth data for two isolates
characterised by a fast doubling time (ABU 3693- 14.2 min) and a slow doubling time
(cystitis 3706- 23.4 min) revealed similar growth profiles (Figure 3.3). However, the range of
maximal doubling times between the two groups was similar (motile 13.9 - 26.9 min; non-
motile 14.7 - 25.3 min). These data therefore strongly argued against the hypothesis that
fitness underpins the variability in host recognition observed within the motile strain
collection. However, comparing the doubling time data for the motile and non-motile

isolates collectively and statistically,
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Figure 3.1 Average doubling times (min) of motile and non-motile UTI isolates
according to their source. Error Bar = SEM. ns = not significant; § = low numbers:
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Figure 3.2 Growth curves motile and non- motile strains. A) Growth rates of motile UTI isolates.3406 ABU; 3408 Cystitis; 3415
Bacteraemia; and 3424 Pyelonephritis (Table 3.1). B) Growth rates of several non-motile UTI isolates. 3400 ABU; 3401 Cystitis; 3410
Bacteraemia; and 3422 Pyelonephritis (Table 3.2).
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Figure 3.3 Growth curves of fast and slow growing motile isolates. Isolate 3693, an
ABU motile strain, with a fast doubling time (14.2 + 0.4) min compared to isolate 3706, a

identified a significant difference in growth rates between the groups. The average doubling
time for the non-motile bacteria was 19.7 + 2.5 min which was significantly different from
that of the motile strains, calculated as 17.4 + 3.0 min (ANOVA p = 0.011). This difference
was clearly shown using a density plot analysis (Figure 3.4) that identified a significant shift

between the two groups of isolates.

3.2.2 Flagellar contamination residual levels
Previously reported studies (Ali et al., 2017) have shown that TLRS5 is the key bladder
host receptor activated in response to an uro-associated E. coli challenge with activation

triggering an innate response involving 1L-8 release. There are data however, involving mice
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studies and genotype analyses (Jerde et al., 2000), that suggest a role for LPS and TLR4 in
the bladder innate defences. It was therefore hypothesised that TLR4 and LPS may help
explain the varying responses of the RT4 cells to the clinical E. coli isolates. To address this,
outer membrane preparations from three motile isolates 1D 3398 (pyelonephritis), 3408
(Cystitis) and 3412 (Cystitis) were used to challenge wild-type RT4 cells and RT4 cells,
where expression of either TLR5 or TLR4 had been knocked-down or silenced using SiRNA
(Mowbray et al., 2018). IL-8 responses, measured using ELISA (Mowbray et al., 2018),
supported a potential role for LPS and TLR4. It was possible however, that the OM

membrane preparations were contaminated with flagellin.

To explore this further, antibodies raised against FIiD and FIgE of S. enterica
(Minamino & Namba, 2008), were available and used to examine the OM preparations for
flagellin contamination. These antibodies were raised against Salmonella proteins but
comparing the FIgE (hook protein) amino acid sequences of Salmonella and E. coli indicated
87% identity and 92% similarity, while that of FIiD (Filament cap) revealed 52% identity and

70% similarity (Figure 3.5 A & B) (Minamino & Namba, 2008).
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Figure 3.4 Fitness of motile and non-motile strains of E. coli defined by the
maximum doubling time. The range of doubling time (min) for motile and non-motile
isolates exploited in density plot. Isolates 3398 to 4745 (Table 3.1) represent the motile
strains while isolates 3399 to 3707 (Table 3.2) represent non-motile strains. Data are
based on n=3 for each isolate.
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Figure 3.5 BLAST alignment of FIiD and FIgE amino acids sequences comparing E.
coli  to Salmonella. The upper line shows E. coli  sequence and the lower shows
Salmonella sequence. In the alignment, amino acids with black background represent
identity while bold letters represent similarity; the rest mean neither similarity nor
identity.
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These data showed >50 amino acid identity between the proteins so it was predicted that the
Salmonella antibodies would cross-react with the E. coli proteins and hence could be used to
test the OM preparations for flagellin contamination. Cross-reaction was first tested by
immuno-probing E. coli whole cell lysates and flagellin preparations from E. coli, Proteus
and Salmonella with each of the antibodies. Using the FliDst antibody protein bands of 50
kDa were observed in the flagellin preparation from Salmonella, but no bands were observed
either in the Proteus, E. coli flagellin preparations or the E. coli cell lysate preparations.
When FIgEst antibody was used protein bands of 42 kDa were observed in the E. coli
flagellin and cell lysate preparations (Figure 3.6). FIQE antibodies were therefore used to

analyse the E. coli outer membrane preparations for flagellin contamination.

Probing with FIgEst antibody detected FIgE only in the E. coli cell lysates and
flagellar preparations (Figure 3.7). No signals were detected in the OM preparations
indicating no contamination of these samples with flagellin. These data suggested that the
observed IL-8 responses to the OM preparations were not due to flagellin contamination.
However, as the IL-8 responses to the OM preparations were relatively constrained (2-4 fold)
and very comparable, these data also suggested a minor role for LPS in the bladder innate
response to E. coli. Hence, it was unlikely that the observed variability in the bladder RT4
innate responses to motile uro-associated E. coli was linked to LPS. To summarize, the E.
coli OM preparations did not contain flagellin contamination, so this did not explain IL-8
variable responses.

3.2.3 Overexpression of fInDC in clinical uro-associated E. coli isolates and analyses of
bacterial motility

The next hypothesis to explain the observed variability addressed the roles of flagellar
numbers or abundance. To explore this hypothesis E. coli strains were engineered to
overexpress the flnDC gene and create hyperflagellated bacteria.
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Figure 3.6 Optimization of the Salmonella a-FliD and a-FIgE antibodies. Antibodies
raised against S. Typhimurium FIgE and FliD (Minamino and Namba, 2008) were tested
on flagellin isolates (F) from several species as well as E. coli cell lysates (C) to explore
cross reaction. The strains used were mix of motile (NCTC10418, CFT073, 3398, 3408,
3412) and non-motile strain (3416). ADC represents a mutant (CFT073) that lacks the
master regulator of flagellar synthesis (negative control) while AclpP (CFT073) represents
a mutant lacking a repressor of flnDC and hence hyper-flagellated (positive control).
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Figure 3.7 Analyses of flagellar contamination in E. coli OM preparations. A) Whole
cell lysates and the OM isolations were immunoblotted with a-FIgE. The Salmonella
strain was utilised as the positive control. Outer membrane preparations showed no FIgE.
B) Comparison of the OM preparation and flagellar filament preparations (F) of the strains
utilised in panel (A). Because the filaments were isolated by shearing, FIgE is typically
visible in the flagellar preparations as expected. The antibody used was raised against
FIgE from Salmonella.
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The laboratory already had a plasmid (pSE_fIhDC), containing the flnDC operon
(Salmonella) with selection determined by ampicillin resistance. This plasmid, as well as a
control plasmid pSE280 (no flnDC), were each transformed into three strains NCTC10418
which is a non-UTI strain, 3408 (UTI clinical isolate), and MG1655 which is a laboratory
strain of E. coli K-12), by electroporation as described in M&M section 2.7.2 resulting in six
recombinant strains. The choice of strains was limited as the ampicillin resistance marker of
pSE_fIhDC constrained the transformation of this plasmid into the majority of clinical strains

as most of these strains were already ampicillin resistant.

A typical approach for quantifying swarming motility is the halo size, which refers to
the region of bacterial motion on a solid surface. The size of the halo can be used to estimate
the extent of swarming behaviour displayed by bacteria. Swarming motility is defined as the
rapid and coordinated movement of a bacterial population across solid or semi-solid surfaces,
and halo size gives a quantitative assessment of this behaviour. The size of the halo can be
regulated by a variety of parameters, including nutritional composition, culture medium

viscosity, and agar concentration.

Three independent recombinant colonies were used from each strain on two different
days (n= 6 colonies) to test for motility (6 h at 30°C). As flhDC gene expression was under
the control of the lac promoter, IPTG (0.1 mM) was added to the motility agar. Qualitative
motility data are presented in Figures 3.8A & B while quantitative data, as determined by
measuring halo diameters, are shown in Figure 3.9. The motility of NCTC10418,
transformed with pSE_fInDC, was not significantly different from the wild-type strain
although motility was significantly increased in strains 3408 and MG1655 respectively

(p<0.001).
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Figure 3.8 Motility assay of E. coli isolates + pSE-flnDC + IPTG (Qualitative Data).
A) E. coli strains = pSE-fInDC. B) Moatility of the E. coli strains carrying the pSE-flhDC £
IPTG.
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Figure 3.9 Motility assays comparing strains +pSE+flnDC£IPTG. Quantification of halo
size resulting from the motility assays. error bars (SEM). Statistical analysis was performed by
ANOVA. ns=not significant, ***=p<0.001.

3.2.4 Using pSE_fIhDC recombinant strains to explore the RT4 bladder innate response
Hyper-expression of flIhDC significantly increased the motility of isolates 3408 and
MG1655. To examine whether this increased motility affected the bladder innate response,
the wild-type and transformed E. coli strains were cultured, heat killed as described in 2.11.1
and used (1 x 10° CFU/mL) to challenge 100 % confluent RT4 bladder cells for 24 h at 37°C.
RT4 cells were also challenged with PBS and purified E. coli flagellin (50 ng/mL). Media
bathing the RT4 cells were assayed, using neat and 1:100 dilutions, by ELISA for IL-8

concentrations (section 2.11.3). Data are shown in Figure 3.10.

Results demonstrated that the increased motility observed in strains 3408 and

MG1655 transformed with pSE_flIhDC, was associated with an increase in IL-8 in the media
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(p<0.001). However, the IL-8 concentrations measured in the media bathing the wild-type

and transformed.

NCTC10418 strain were not significantly different, Figure 3.10. These data showed that for
two strains,3408 and MG1655, the innate response correlated to the motility data i.e. when
the flagellar synthesis was increased the host innate response was also increased. These data
suggest that the variability in the host response is linked to fluctuations in flagellar abundance

and hence motility within the uro-associated E. coli clinical isolates.
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Figure 3.10 Response of RT4 (bladder epithelial cells) to E. coli heat killed strains
+pSE_fIhDC. E. coli strains NCTC10418 (NCTC10418), 3408 (UTI), and 3439
(MG1655) = pSE_fIhDC were heat-killed and used to challenge RT4 cells for 24 hours.
The negative control was (PBS), and the positive control was flagellin 50 ng/mL. IL-8
levels were quantified using ELISA. (ANOVA *: p<0.05)
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3.3 Discussion

Uro-associated E. coli isolates recovered from the urines of patients suffering lower
and upper UTlIs as well as asymptomatic bacteriuria revealed a mixture of motile and non-
motile phenotypes (M. L. Lanz, 2013). When the motile strains were used to challenge RT4
bladder cells the innate responses, measured by NF-kB activation were, surprisingly,
variable, ranging from 2 fold to >30 fold. The studies reported in this Chapter were

performed to attempt to understand the reasons underlying such variability.

Forsyth et al., (2018), stated that infecting bacteria causing an UTI must multiply
quickly in order to circumvent the host defences. This is supported by studies that show
higher cell densities allow bacteria to overpower the host defences (Sintsova et al., 2019).
Additionally, it has been reported that faster growing E. coli produce more flagella, (Sim et
al., 2017), which in the case of an UTI will facilitate UPEC ascension of the urinary tract and
infection of the bladder. However, in the lower urinary tract, potential uropathogens are
detected via their flagella via TLR5 receptors. Therefore, it can be hypothesised that the
growth rates of infecting bacteria need to be fast to saturate the host TLR5 receptors and
innate defences, and ensure survivability. In support, a faster than average doubling time has
been reported in clinical isolates from patients suffering UTIs (Forsyth et al., 2018).
However, data in this study also suggested that uro-associated E. coli motility was linked to
variable NF-xB responses, hence variable innate responses, which was surprising. To explore
this further the uro-associated E. coli isolates, which were a mix recovered from ABU,

cystitis and pyelonephritis patients, were examined for their growth rates ie fitness.

Comparing the growth rates of the motile and non-motile strains showed a significant
difference (ANOVA p = 0.011). However, when the growth rates of motile and non-motile

isolates were compared according to the source of the infection, no significant differences in
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growth rate were identified. Yet, it could be argued that some of these data (pyelonephritis
and bacteraemia related) were compromised by isolate numbers meaning more isolates need
to be analysed to confirm this data. However, the range of doubling times measured between
the motile and non-motile strains led to the overall conclusion that bacterial fitness was not

underpinning the variability in host recognition observed within the motile strain collection.

Interestingly, an investigation determining the doubling times of E. coli strains
showed a similar outcome with doubling times varying between strains (Gibson et al., 2018).
Being motile is one of the most energy expensive bacterial activities with flagellar synthesis
typically increased during periods of stress. For example, Ni et al., (2020), showed that in
poor nutritional conditions E. coli invests in motility, rather than cell division, to exploit
nutritional resources. Interestingly, these authors also reported that motility was exploited in
homogeneous bacterial cultures, presumably to allow utilisation of excreted metabolites, such
as amino acids, sugars and organic acids. In relation to UTlIs it is presumed that flagellar
synthesis provides access to better nutritional conditions, but motility has to be balanced

against detection by the host and subsequent microbial death.

Constructing mutants in genes involved in chemotaxis will help explain their
involvement in motility and innate immunity. Deleting all the genes involved in chemotaxis
will give an idea whether they are impacting both the motility and impacting the innate
immune response. In case of any effect then a systematic mutation series targeting those
genes individually will help identify the level of involvement of each gene in such impact.
All these mutants should undergo a series of experiments testing motility, gene expression,
protein expression, impacting the innate response, and flagellar abundance.

On the other hand, chemotaxis is a microorganism's capacity to recognise chemical
gradients and direct their movement either up or down the gradient. Motility, on the other

hand, refers to the active movement of cells in a liquid environment, frequently aided by
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flagella or other extracellular appendages. Chemotaxis and motility play critical roles in
bacterial infection establishment and maintenance, as well as nutrition uptake. E. coli, for
example, can demonstrate chemotaxis towards hormones or repulsion from indole, which can
help it connect to host cells and establish infection. Other harmful bacteria, including H.
pylori, C. jejuni, S. Typhimurium, V. cholerae, and P. aeruginosa, can demonstrate
chemotactic responses to different metabolites, allowing them to identify and colonise their
hosts. The regulation of motility and chemotaxis is intricate, including numerous genetic and
metabolic pathways. In Sinorhizobium meliloti, Agrobacterium fabacearum, and Rhizobium
leguminosarum, transcriptional activation of flagellar and chemotaxis genes is controlled by a
distinct cluster encoding a second copy of the cheY and cheZ genes (Aroney et al., 2021).
Chemotaxis clusters in B. diazoefficiens include core genes like cheY, cheA, cheR, cheB, and
cheW, as well as additional genes like cheB and cheW that are linked to specific
chemoreceptors (Mediati et al., 2024). Overall, chemotaxis and motility play important roles
in bacterial behaviour and interactions, and knowing these mechanisms can shed light on the
ecology and pathogenicity of diverse microbial systems.

E. coli chemotaxis is the movement of bacteria towards attractants and away from
repellents. E. coli's chemotaxis system is made up of five transmembrane proteins, each of
which detects a different type of attractant or repellent chemical (Hadjidemetriou et al.,
2022). When attractants are absent or repellents are present, these receptors send out a signal
that causes CheA autophosphorylation. Increased CheA phosphorylation raises the level of
phosphorylated CheY, a response regulator that interacts with the flagellar motor to govern
swimming direction. E. coli's chemotaxis system is extremely complex, with 10,000 potential
states for these receptors due to methylation at four different locations. This intricacy results
in individuality among genetically identical bacteria within a community, with no two

bacteria responding exactly the same manner to attractant and repellent stimuli. Cryo-electron
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microscopy has been utilised to investigate the structure and function of E. coli chemotaxis
receptor arrays, resulting in a more complete understanding of their structure and function
(Burt et al., 2021). Molecular modelling and simulation techniques have also been used to
supplement structure determination, resulting in a better understanding of the mechanisms
underpinning chemotaxis signalling pathways. Chemotaxis pathways have historically been
studied in the model organism E. coli because of its relative tractability in terms of signalling
components (Hadjidemetriou et al., 2022). Individual E. coli cells’ chemotactic adaptation
kinetics have been investigated, with the chemotactic response providing as a model for how
living cells respond and adapt to changes in their environment. Chemotaxis in bacteria,
particularly E. coli, has been demonstrated to play an important role in regulating bacterial
colonisation and pathogenesis in the gastrointestinal tract (Lopes & Sourjik, 2018).

Bacterial LPS is detected by urothelial TLR4 proteins (Frendeus et al., 2001). TLR4,
in the murine model, is a key part of the bladder innate immune response to UPEC
(Ragnarsdottir et al., 2010), playing a crucial role in clearing the bladder of bacterial cells by
triggering exfoliation (Cheng et al., 2016). In the human bladder the role of TLR4 in
protecting the urinary tract appears much less important with TLR5 being the key innate

receptor (Ali et al., 2017; Smith et al., 2011).

A NF-xB response was observed in bladder cells challenged with E. coli isolates OM
material, which contained LPS + PG PAMPs. These responses were low and equivalent to
those of bladder cells in which the TLRS receptor expression had been ‘knocked-down’. To
exclude flagellin contamination of the OM preparations the OM samples were probed for
flagellar proteins. Our laboratory supplies included antibodies raised against Salmonella
flagellar proteins. FIiD and FIgE, which share identities of 52% and 87% and similarities of
70% and 92%, respectively to the E. coli proteins. It was predicted that the a-FIgEst antibody

was the most likely to show cross-reaction between the two bacterial species and this proved
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to be the case (Figure 3.6). Despite showing 52% and 70% similarity with the E. coli protein
the protein identity, data indicated that the FIiD antibody only detected the Salmonella
protein. Thus, suggested that key immuno-reactive amino acids were either not part of the E.
coli protein or were buried within the protein (structural difference). In contrast the FIgEst
antibody showed cross—reaction with the E. coli proteins which reflected the >70% amino
acid identity and similarity data. Use of this antibody, led to the conclusion that the observed
variability in the innate responses of the motile bacteria was not linked to flagellin
contamination of the OM preparations. It could be argued that the antibody approach was not
sensitive enough to detect flagellin contamination of the OM preparations. Another
technique that could have been used with increased sensitivity is mass spectrophotometry.
Recently, this technique has been used to identify and characterise proteolytic flagellin
(flagellinolysins) in the bacterium, Hylemonella gracilis, a Gram negative found in pond

water (Eckhard et al., 2020).

To investigate the potential roles of flagella numbers in modulating motility and
hence the innate, NF-xB, response E. coli strains were manipulated to alter their flagella
numbers. The plasmid pSE_fIhDC carrying flnhDC from Salmonella was used to test the
hypothesis that changing bacterial motility will change the innate response. This plasmid is
ampicillin resistant which compromised the analyses scientifically as only strains sensitive to
ampicillin (NCTC10418, UTI isolate #3408, and MG1655) could be engineered. The use of
this plasmid again raised potential issues as Salmonella and not E. coli was the source of the
flIhDC operon. However, the Salmonella system exhibits 94% similarity and 92% identity to
E. coli, which arguably justified the use of the plasmid (Albanna et al., 2018). The ideal
approach, had time allowed, would have been to construct a plasmid carrying flhDC from E.
coli and containing a range of appropriate antibiotic resistant markers to allow the use of the

plasmid in clinical isolates carrying different antibiotic resistance.
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Engineering NCTC10418 did not change its motility nor its impact on the bladder
innate response, however, the motility of E. coli strains, MG1655 and the UT]I isolate, were
increased after pSE_fIhDC transformation. These findings indicate that overexpressing flhnDC
in the UTI isolate and MG1655 strain, resulted in increased flagellin production, which
contributed to the high levels of the proinflammatory response i.e., increased, IL-8
production. These findings showed that uropathogenic E. coli have the ability to activate
flagella production, leading to increased motility. However, as mentioned previously this
comes at a cost as these bacterial cells are readily identified by host TLR5 receptors.
Activation of these receptors activates the innate response involving NF-kB and the
production of the proinflammatory cytokines, including IL-8 that attract macrophages to
eliminate the bacteria. In relation to NCTC10418, it can be predicted that is already
exceeding the percentage of flagellated bacterial cells threshold (>60%) which explains why

no changes in motility were observed (Tan et al., 2023).

Overexpressing bacterial genes by inserting a plasmid carrying a gene from another
species presents both advantages and disadvantages. On the positive side, this approach
provides precise control over gene expression, allowing researchers to modulate protein
production levels using inducible promoters or regulatory elements. This enhanced control
facilitates functional studies to elucidate the roles of specific proteins in bacterial physiology,
metabolism, or pathogenesis (ljag et al.,, 2022; Mahlich et al., 2023). Additionally,
overexpressing foreign genes can lead to increased production of desired proteins, which is
beneficial for industrial applications requiring large quantities of recombinant proteins.
Moreover, introducing genes from other species into bacterial hosts can confer advantageous
traits, such as the degradation of environmental pollutants or the synthesis of valuable

compounds, with applications in bioremediation, biotechnology, and biofuel production.
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However, there are notable disadvantages associated with this approach.
Overexpressing foreign genes may impose a metabolic burden on bacterial hosts, resulting in
reduced growth rates, decreased viability, or altered physiological states. This burden arises
from the diversion of cellular resources towards protein synthesis, leading to energy depletion
or the accumulation of toxic intermediates. Plasmids carrying foreign genes may also exhibit
instability within bacterial hosts, leading to the loss of inserted DNA over time. This
instability can result from plasmid segregation during cell division or selective pressure
against plasmid maintenance. Additionally, exogenous proteins produced by overexpressed
genes may elicit immune responses or exert toxic effects on bacterial hosts, impacting cell
viability and productivity. In this chapter, an overexpression of the master regulator has been
performed leading to the upregulating of the expression of the flagella system. the flagellar
system has a significant metabolic burden so overexpressing it would have an overall
metabolic impact that may bias the observed response of RT4 cells. In summary, while
overexpressing bacterial genes via plasmid-mediated gene transfer offers significant
advantages, careful consideration of the associated disadvantages is essential to maximize
benefits and minimize potential drawbacks. The next phase of this project was to explore how
UPEC strains control their flagellar synthesis to evade the bladder innate defences. In this

approach no foreign genes would be used.
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Chapter 4. The effect of manipulating the regulation of flagellar synthesis
in UPEC and its impact on the innate response of RT4 Bladder cells.
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4.1 Introduction

The information in Chapter three demonstrated that plasmid-based overexpression of
S. enterica flIhDC in uro-associated E. coli isolates results in increased motility and a
reciprocal increase in the innate immune response, defined by IL-8 concentrations, of
challenged RT4 bladder cells. The hypothesis demonstrated in (Tan et al., 2023), suggests
that UPEC strains regulate flagellar synthesis to evade the recognition by host TLR5
receptors. In this chapter, two mutants AflnDC, and AclpP were constructed to further explore
the effect of gene regulation on the motility phenotype of E. coli clinical isolates and model
strains, and the impact on the bladder innate response. To achieve this objective, UPEC
strains and mutants used in this chapter, were assessed for motility, flagellar gene expression,

flagellar protein expression, flagella abundance and their ability to induce an innate response.

The master regulator of flagellar synthesis in Enterobacteriaceae, including E. coli, is
FIhD4C: (Shi et al., 1993). The transcription of all flagellar genes depends on the expression
of flIhDC, located in the classl flagellar operon at the top of the three-tier transcriptional
hierarchy that controls flagellar synthesis (Chilcott & Hughes, 2000). To control flagellar
synthesis and coordinate gene expression in E. coli, FIhD4C> interacts with ¢’ (Helmann &
Chamberlin, 1987). FIhC and FIhD from E. coli and S. enterica exhibit 92 and 94% identity
respectively (Albanna et al., 2018). To maintain optimal flagella numbers E. coli requires a
specific transcription rate of flhDC. FIhD4C: is affected negatively by both transcriptional
and post-transcriptional regulatory mechanism, one post-transcriptional regulatory pathway is

the degradation of FIhD4C> by ClpXP (Kitagawa et al., 2011).

The majority of bacterial intracellular proteolysis activities are triggered by ATP-
dependent proteases, such as Clp and Lon (Goldberg, 1992). CIpXP is a protease that is

involved in numerous cellular processes, one being the control of flagellar synthesis.
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Phenotypic characterization of S. enterica lacking the ClpXP protease resulted in a hyper-
flagellated phenotype (Tomoyasu et al., 2002). Two mechanisms are used by the ClpXP
protease to control the expression of flagellar genes in E. coli. One mechanism includes the
degradation of the FIhC and FIhD proteins by ClpXP, which results in the downregulation of
flagellar gene expression (Sato et al., 2014). Only after the cells have reached stationary
phase in a culture media is the CIpXP protease active in controlling the transcription of the
flhD promoter (Kitagawa et al., 2011). Within the flagellar regulon, FIhD4C; is the primary
target of ClpXP. While ClpX does not directly interact with FIhD4Cy, it does increase affinity
of ClpXP against the FIhD4C2 complex. ClpXP acts through the complex FIhD4C>, but not on

the FIhC or FIhD as individuals (Takaya et al., 2012).

Although, the flagellar synthesis system of E. coli performed as predicted when under
the control of FIhDC from S. enterica (Albanna et al., 2018) - Chapter 3, section 3.2.3 - it was
important to further test the regulation of the E. coli flagellar system. This was achieved by
manipulating known regulators of E. coli flagellar synthesis by constructing mutants. The
mutants constructed included one that resulted in no expression of flagellar synthesis:
AfInDC, while the other mutant lacked a repressor of flagellar synthesis: AclpP and resulted
in hyper-flagellated strains. These mutants were used to examine motility and to challenge

RT4 bladder cells to explore the impact on the urothelial innate response.

4.2 Constructing deletion mutants of flhDC and clpP in E. coli

Deletion mutants were constructed to the flnDC operon and clpP using a lambda (A)
red recombinase system that allowed the targeted genes to be replaced with a gene fragment
encoding a chloramphenicol (Cm) resistant cassette (Datsenko & Wanner, 2000). To
construct the mutants, primers were designed with compatible sequences to the

chloramphenicol (Cm) resistant cassette in pKD3 and 5° overhangs to the primers designed to
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the flanking regions of flhDC and clpP consecutively (Chapter 2, Section 2.8). The primers
#1611, and # 1612 (Table 2.5) were used to generate a fragment to replace flhDC, while
primers #877 and #878 generated a fragment to replace clpP. The expected PCR fragments
were 1.1 Kbpp in length, and these are shown in Figure 4.1. The PCR fragments were

extracted and cleaned as described (Chapter 2, Section 2.6).

M AfIhDC AclpP

1 Kbp

0.5 Kbp

Figure 4.1 Generation of the chloramphenicol resistant cassettes used in constructing
the AfIhDC and AclpP mutants. The generated fragments are 1.1 Kb in size. M: marker
lane using the 1 Kb NEB DNA ladder #B7025 (New England Biolabs).

The strains chosen for this chapter included CFT073, MG1655, and NCTC10418,
described in Tan et al. (2023), and three uro-associated clinical E. coli isolates: 3408, 5469
and 5489. These uro-associated E. coli isolates represented sequence types ST1126, ST131
and ST69 respectively. Sequence type ST131 and ST69, along with ST73 represented by
CFTOQ73, are common genotypes of E. coli associated with UTIs. To construct AflnDC and
AclpP in the above-mentioned strains, plasmid pKD46_Kan was introduced into the strains
by electroporation and selected for on LB plates supplemented with kanamycin at 30°C. PCR

fragments (chloramphenicol resistant cassette) for flnDC and clpP were introduced into the
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strains carrying pKD46_Kan by a second round of electroporation and transformants selected

for on LB plates supplemented with chloramphenicol at 37 °C.

Construction of each mutant was confirmed genetically by PCR. Insertion of the Cm
cassette in the generation of AflnDC lead to a PCR fragment size of 1.1 Kbp compared to the
1 Kbp parental gene (Figure 4.2 A). Using primers #1031 and #1023 led to the expected
increase in PCR fragment size (Figure 4.2 B). In relation to AclpP, primers #893 and #894
were used for strains 3408, and MG1655 generating a 1.5 Kbp fragment compared to 1Kbpp
for an intact clpP gene (Figure 4.3 A & B). The remainder of the strains (NCTC10418,
CFTO073, 5469, and 5498) were analysed using the primers #893 and #13. Primer #13’s
recognition site was within the Cm cassette with amplification resulting in a PCR fragment of
472 bp, but only in the mutants; no bands were observed when parental wild type DNA was

used (Figure 4.3C).

4.3 Comparing motility of the AfIhDC and AclpP mutants to the wildtype strains

After the mutants were successfully generated and confirmed by PCR, motility assays
were performed for 6 hours at 37 °C using semi-solid motility media. As predicted all AflhDC
mutants were non-motile (Figure 4.4). In contrast all AclpP mutants showed increased
motility compared to the respective wildtype (Figure 4.4). These motilities were quantified,
and the parental wild type E. coli isolate data compared to their respective AclpP mutant data
(Figure 4.5). Significance was measured by using individual t-tests of each pairing. For
NCTC10418, the difference in motility between the wildtype and its AclpP mutant was not
significant. Interestingly the AclpP mutant exhibited similar motility behaviour to that
observed in relation to flhDC overexpression in Chapter 3 (Figures 3.8 & 3.9). However,
statistical significance was detected for all other strain pairings with each AclpP mutant

showing increased motility compared to its wild-type (p value <0.001; Figure 4.5).
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Figure 4.2 PCR confirmation of the AflhDC mutants: A) Schematic of the primer
annealing sites and the expected PCR fragment sizes. B) Gel images of the amplified PCR
fragments relating to the wildtype and AflhDC mutants. M: marker lane using the 1 Kb

NEB DNA ladder #B7025 (New England Biolabs).
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Figure 4.3 PCR confirmation of the AclpP mutants. A) Schematic of the primer
annealing sites and the expected PCR fragment sizes. Panel (a) represents the expected
sizes generated using reverse primer #894, which anneals downstream the gene. Panel (b)
represents the expected sizes generated using reverse primer #13, which anneals to the
middle of the insert. B) Gel images of the amplified PCR fragments produced using
primers #893-894 showing the expected 1.5 Kb bands for AclpP while the wild type

produced a 1 Kb band. M: marker lane using the 1 Kb NEB DNA ladder #B7025 (New
Fnnland Rinlahe)
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Figure 4.4 Motility assays of E. coli wild-type isolates and their respective AflhDC and
AclpP mutants. Motility assays were performed at 37 °C for 6 h.
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Figure 4.5 Quantification of motility in wild-type E. coli isolates compared to their
AclpP mutants. Halo sizes were measured in mm using imageJ (Section 2.11). Error bars
represent standard error of mean (SEM). Statistical analysis was performed by t-test.
ns=not significant, ***=p<0.001.

Calculating the ratio of motility for each pair identified CFT073 as showing the largest

increase in swarm size, 5.5-fold.

4.4 Defining the innate response to AflhDC and AclpP mutants

Previous research in Chapter 3 indicated that overexpression of flnDC was associated
with a stronger IL-8 RT4 bladder cell host response. To explore these responses further the
mutants described in this Chapter were also used to challenge RT4 cells. As previous all
challenges were performed for 24h using heat killed samples (10° CFU/mL). PBS was used
as the negative control while purified flagellin was used as the positive control. Twenty-four
hour 1L-8 data are presented in Figure 4.6. Deletion of flIhDC lead to a 4-fold reduction in IL-

8 production in NCTC10418 (Figure 4.6).
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Figure 4.6 1L-8 concentrations following challenge of bladder RT4 cells to wild-type
E. coli strains and their AfIhDC & AclpP mutants. PBS was the negative control and
Flagellin (500 ng) the positive control (Yellow). Data show IL-8 concentrations (pg/mL)
following exposure of the RT4 cells to wild type (Blue), AflnDC (orange), and AclpP
(Grey) strains. Ns : not significant; *=p<0.05; **=p<0.01.

Data represent three independent biological repeats for each strain and two technical
repeats. Statistical analysis was performed by t-test.

While the AflhDC mutants were associated with IL-8 concentrations of between 1235-
3362 pg/mL these were in fact significantly reduced compared to their respective parental

strains CFT073, 5469 and 5489.

In contrast, significant increases in IL-8 concentrations were detected for the AclpP
mutants, CFT073, 5469, and 5489. As with overexpression of flhDC in NCTC10418, and the
motility phenotype of the AclpP mutant, no significant increase in IL-8 was observed for

NCTC10418 AclpP compared to its wildtype parent.

The mutants and wild types of strains 3408 and MG1655 showed similar 1L-8
responses (Figure 4.6), hence these strains did not behave as expected. Additionally, these
data were reproducible as further repeats of the challenges for these two strains did not alter

the observed outcome shown in Figure 4.6 — data not shown. This IL-8 response pattern does
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not correlate with the motility phenotypes of these strains and justified further investigation
of flagellar protein levels and flagellar gene expression. While the AflhDC mutants were
associated with IL-8 concentrations of between 1235-3362 pg/mL these were in fact
significantly reduced compared to their respective parental strains CFT073, 5469 and 5489.
In contrast, significant increases in IL-8 concentrations were detected for the AclpP mutants,

CFTO073, 5469, and 54809.

As with overexpression of flnDC in NCTC10418, and the motility phenotype of the
AclpP mutant, no significant increase in 1L-8 was observed for NCTC10418 AclpP compared

to its wildtype parent.

4.5. Detecting FIgE in the AfIhDC and AclpP strains

To further investigate the behaviour of the 3408 and MG1655 AflhDC and AclpP
mutants with respect to the flagellar system, FIgE protein synthesis was explored.
Immunoblots were performed as described in Chapter 2, using a-FIgEst, with the results
shown in Figure 4.7. The AflhDC mutants were characterised by the lack of FIgE bands
indicating no flagellar gene synthesis. On the other hand, qualitative assessment of the AclpP
mutant isolates indicated, as expected, strong FIgE bands consistent with flagellar synthesis.
These data supported enhanced FIgE synthesis in the AclpP mutants compared to their
parental wild type strains. When viewed qualitatively these immunoblot data suggested
comparable synthesis of FIgE in the MG1655 parental and AclpP strains, but reduced
synthesis in the wild-type 3408 strain compared to its AclpP mutant. These data correlated
with the motility data for 3408 (AclpP mutant associated with increased motility (Figure
4.5)), but not the IL-8 data (no change in IL-8 concentrations between the wild-type and
mutant strains). In relation to strain MG1655 the immunoblot data neither explained the

motility data (flagella, but no motility) nor the IL-8 data (flagella, but no IL-8 response). To
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try and understand this further flagellar gene expression of all the isolates was quantified and

compared.
NCTC10418 MQJ:QSS
ADC AclpP ADC AclpP
S S S S — o  ee— SEms
-FIgE
erlgh—tn - — 7 - -
“ —— — u R —
CFTO073 3408 5469 5489

. ADC Acipp ADC AclpP ____ ADC AclpP ADC AclpP
a-FlgE# - -— en— - — o

Figure 4.7 FIgE synthesis in the wild-type E. coli isolates and their respective AflIhDC
and AclpP mutants. Immuno blotting of cell lysates prepared from isolates NCTC10418,
3439, CFT073, 3408, 5469 and 5489 and their respective mutants using 200 OD for each
sample and a-FIgEsT

4.6 Flagellar gene expression of the AflhDC and AclpP mutants

There is evidence to suggest that ClpP can indirectly regulate flnDC transcription via
degradation of other transcription factors in E. coli (Kitagawa et al., 2011; Takaya et al.,
2012). So, to further investigate the effect of deleting the flInDC and clpP in E. coli, flagellar
expression was measured using RT-qPCR as detailed in sections 2.4.1-3 and using the
housekeeping genes gyrB, rpoB and gmk. Flagellar genes relating to different promoter
classes were targeted including flnC-(classl), fliG (class2), motA and fliC (class3). Gene

expression data are shown in Figures 4.8, 4.9 and 4.10 respectively.
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Figure 4.8 Flagellar gene expression of E. coli strains A. NCTC10418 and B.

CFTO073, and their respective mutants. Data represent 3 biological repeats and 3
technical repeats for each biological measurement and are presented.
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Figure 4.9 Flagellar gene expression of E. coli strains A. 3408 and B. 3439, and their
respective mutants. Data represent 3 biological repeats and 3 technical repeats for each
biological measurement and are presented.
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Figure 4.10 Flagellar gene expression of E. coli strains A. 5469 and B. 5489, and their

respective mutants. Data represent 3 biological repeats and 3 technical repeats for each
biological measurement and are presented.
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These results showed that flagellar gene expression was variable between the strains
analysed, with no obvious shared gene expression patterns. Starting with the control strain
NCTC10418, the increase in tested genes expression did not exceed 1.3 folds comparing the
clpP mutant to the wild type with an only increase of fliC expression in flhnDC mutant
reaching over a fold. The other strain that shows increase in all tested genes expressions was
the UTI model strain CFT073. The expression of fliG in clpP mutants compared to the
wildtype reached over 7 folds while motAB and fliC were less than 4 folds, and flhC
increased 1.5 folds. On the other hand the clpP mutants of the three UTI strains 3408, 5469,
and 5489 was associated with an increase only in the fliC expression reaching 116, 23, and 35
folds respectively. For MG1655 the increase in gene expression if there is any did not exceed
0.35 folds in fInC and fliC. The increase in fliC expression in the clpP mutants of the UTI

isolates correlate with the motility data and with the IL-8 data leaving 3408 as an anomaly.

The lack of consistent gene expression data was challenging to comprehend and as
such did not really help explain the motility and IL-8 observations relating to each strain. A
different approach was therefore taken which focussed on determining the number of actual
flagellar each strain was synthesising. To do this FIgEA240C was employed to visualise

flagellar structures using fluorescent microscopy (Section 2.12).

4.7 Comparing flagellar abundance in selected wildtype strains and the AflhDC and
AclpP mutants.

To study the effect these mutations had on flagellar abundance it was necessary to
count and compare the number of flagella in the wildtype AfIhDC and AclpP mutants. This
was achieved by replacing flgE with a flgEA240C variant, expressed on a plasmid. For
FIQEA240C to be the only copy of FIgE, flgE had to be deleted from all the E. coli strains and
their AfIhDC, and AclpP mutants. Three strains were chosen for this experiment,

NCTC10418 as a control and two uro-associated strains CFT073, and 3408 respectively.
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Selection was based on their phenotypic profiles and the experience of genetically
manipulating these strains. For example, NCTC10418 was the control strain as deletion of
clpP did not impact either motility or induction of IL-8; in contrast the 3733 AclpP mutant
showed improved motility and recognition, while the 3408 AclpP mutant showed improved

motility but not recognition.

4.7.1 Deletion of flge

The flgE genes of the parental strains were replaced with the chloramphenicol
resistant cassette (CAT) using the lambda red recombinase system as described previously for
the construction of the AflnDC and AclpP mutants. Conversely, the mutants, AflnDC, and
AclpP, required their chloramphenicol resistant cassettes to be deleted, which was done using
the FLP expression plasmid, pCP20 carrying gentamicin resistance. This plasmid was
introduced into the mutated strains by electroporation and colonies were picked from
gentamicin plates after incubation at 30°C overnight. Strains were cured by subculturing
colonies on LB plates at 37°C until no longer resistant to either gentamicin and
chloramphenicol. Loss of the cassette was confirmed by PCR (Figure 4.11). pKD46_Kan was
introduced into the mutants to allow for the replacement of flgE with a chloramphenicol
resistance cassette. To achieve this PCR fragments were generated from pKD3 using primers
flanking the chloramphenicol resistance cassette and with a complementary sequence to the
chromosomal regions flanking flgE. Once amplified the PCR fragments were introduced into
the mutants carrying pKD46_Kan and selected on chloramphenicol LB plates. Deletion of
flgE was confirmed by PCR (Figure 4.12). A plasmid carrying flgeA240C was introduced by
electroporation followed by curing of pKD46 Kan. The new engineered strains AflgE /
pBADfIgEA240C were subjected to motility assays to determine if complementation had been

achieved (Figure 4.13).
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Figure 4.11 PCR confirmation of chloramphenicol resistant cassette deletion from
AfIhDC and AclpP mutants. Confirmation PCR with primers annealing upstream to the
insertion site of AflnDC and AclpP (primers #1031, and 893 respectively) and the reverse
primer annealing within the insertion (primer#13). A) Schematic of the expected PCR
fragments amplified by the primers annealing to flanking clpP sites. B) PCR fragments
with the insert (AclpP) being approximately 500 bp; wild type did not produce any
fragments (positive control). Samples showing deleted chloramphenicol resistant cassette
(FLP). M: marker lane using the 1 Kb NEB DNA ladder #B7025 (New England Biolabs).
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Figure 4.12 PCR confirmation of constructed AflgE mutants. Confirmation PCR with primers
annealing to insertion sites flanking flgE. PCR fragments with the insert produced a 1.1 Kb band
while the wild type produced a 1 Kb band. M: marker lane using the 1 Kb NEB DNA ladder

#B7025 (New England Biolabs).

WT AclpP
flggEA240C flgEA240C
NCTC10418 “
CFTO073 “
UTI (3408) “

Figure 4.13 Motility assay confirming deletion of flgE and the transformation of
fIgEA240C. WT (blue) and AclpP mutants (orange): Loss of motility when flgE was
replaced with a chloramphenicol resistant cassette and restoration of the motility

phenotype by complementation with flggA240C.
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4.7.2 Quantification of Flagellar abundance using FIgEA240C Foci

To examine flagellar numbers the strains were grown to 0.5 ODsgo hm and stained for
foci as described in Chapter 2, section 2.8. Stained cells were examined using fluorescent and
phase contrast microscopy. Every strain was examined using three biological repeats and in
five random fields. Each field contained ~200 bacterial cells and images were captured in two
ways, phase contrast (showing the bacterial cell), and fluorescent excitation (red channel) that
enabled the foci of FIQEA240C to be visualised. The two images for each field were merged
to facilitate the counting and definition of cells to be included in the quantification (Figure
4.14). The number of flagella on each bacterial cell were quantified for fifty randomLy
chosen cells in each captured picture (Aldridge et al., 2010). The data generated for each
strain provided the extent of flagellation i.e. how many cells have flagella, the range of
flagella per cell and the average number of flagella per cell (Figures 4.15 and 4.16

respectively).

In case of strain NCTC10418, there was a consistent theme in that motility did not
change significantly when either flhnDC was overexpressed or clpP was deleted. A similar
pattern emerged from the analysis of flagellar abundance with the percentage of flagellated
cells in the wildtype defined as 73.1% and in the AclpP mutant as 79.5% (Figure 4.15). In
contrast, CFT073 and 3408 had noticeable changes in the flagellated population when

comparing the parental strains to the AclpP mutants (Figure 4.15).

Parent strain CFT073 had 29.3% flagellated bacterial cells while its AclpP mutant had
83.5% flagellated bacterial cells. This was a significant increase and correlated to the
CFT073 AclpP mutant motility phenotype and IL-8 induction data (Figures 4.5 and 4.6
respectively). Isolate 3408 was characterised by a a larger proportion of the population being

flagellated (52.9 %), which increased to 78.9% in the AclpP mutant. Again, these data were
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Figure 4.14 Phase contrast and fluorescent images of FIgEA240C foci. A) Example of
images phase contrast (phase), and red fluorescent channel (RFP), and the merging of the
two images using imageJ. B) Examples of final merged images of all the strains,
NCTC10418, CFT073 and 3408, and their mutants AflnDC and AcIpP.

consistent with the motility results (Figure 4.5) but did not explain the lack of the RT4 IL-8

response to 3408 (Figure 4.6).
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Figure 4.15 Quantification of flagellar abundance. The pie charts show the flagellation
percentage of wildtype strains and AclpP mutants for (NCTC10418), 3408(UTI isolate)
and CFT073 (CFTO073). Percentage of flagellated bacterial cells (blue) compared to non-

flagellated bacterial cells (orange).
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Figure 4.16 Quantification of the number of flagella/bacterial cells. A) NCTC10418 control
strain: Percentage of flagellated cells in the wildtype (green) and AclpP (red) populations. The
average number of flagella per cell in the wildtype (green) strain was 2.07 while the AclpP (red)
was 2.73. B) Isolate 3408: The average number of flagella per cell in the wildtype strain (green)
was 1.88 while the AclpP (red) was 2.4. C) CFT073: The average number of flagella per cell in
the wildtype strain (green) was 1.25 while the AclpP (red) was 2.47.
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When comparing the impact of AclpP deletion on the number of flagellar per cell a pattern
emerged. In the case of strain NCTC10418, the wild type averaged 2.07 flagella per cell
compared to the AclpP mutant where 2.73 flagellar per cell was recorded (Figure 4.6). While
this was not associated with a significant change of motility due to the percentage of cells
flagellated remaining >70% it shows that the AclpP mutant did exhibit a weak AclpP
phenotype. In contrast, in strains CFT073 and 3408 there was a stronger shift in the
distribution of flagellar per cell (Figure 4.16). In these cases, the parental strains were
recorded as having 1.25 and 1.88 flagella per cell, but the AclpP mutants had an average of
2.47 and 2.40 flagella per cell respectively. Hence not only were the number of flagellar per

cell increased but also the percentage population of cells carrying flagellar.
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4.8 Discussion

In this chapter, the regulation of flagellar synthesis was studied by the construction of
two mutants one lacking flhDC and the other clpP. The resulting mutants were evaluated by
comparing them to their parental wildtype strains for motility, flagellar gene expression,
flagellar protein expression and flagella abundance. Additionally, RT4 cell challenges were
performed to measure and compare induction of an innate bladder (IL-8) response. Data were
consistent across the several assays described in this chapter showing that the mutants
behaved in similar manners. For example, in relation to motility, the flhDC mutants lost
motility while the clpP mutants showed increased motility when compared to their wild type
parental strains. The motility was assessed by halo size of bacterial growth in motility agar.
The exception was strain NCTC10418, whose results were consistent with the flhDC

overexpression data reported in Chapter 3.

As predicted according to the results of chapter 3 in 3.2.4, increasing motility and
challenging RT4 bladder cells was associated with an elevated innate response as determined
by increased IL-8 concentrations. There were exception however — strain 3408— for while its
clpP mutant showed increased motility no comparable IL-8 induction was observed.
According to (Tan et al., 2023), the percentage of flagellated bacterial cells in a population
should exceed 60% for the bacteria to be recognized by the host facilitating TLR5 activation
and the release of antimicrobial agents including the pro-inflammatory cytokine IL-8.
Investigations (Figure 4.16 B) showed the 3408 AclpP mutant to have approximately 2-3
flagellar per cell (range 0-6) and in excess of 70% of the population flagellated, but despite

this did not cause an innate response.

When further investigation performed on the protein expression of the strains and

their mutants via probing with a-FIgEst, the two control strains NCTC10418 and MG1655,
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which did not significantly increase motility comparing AclpP to WT, have similar levels of
FIgE expression in WT and AclpP. On the other hand, the UTI isolates show less expression
of FIgE in their wildtype in comparison with AclpP. All flhDC mutants did not express FIgE.

These results correlate with the motility data and the IL-8 data except 3408.

The reasons why 3408 did not induce an innate response despite its motility remain
unknown. However, microbes can inhibit the host responses by numerous mechanisms one of
which includes the synthesis of a TcpC protein. This virulence factor binds to MyD88 and
dysregulates the innate signalling pathway resulting in a dampened innate response (Yadav et
al., 2010). Interestingly, recent research has also shown TcpC to impact neutrophil
extracellular trap formation (Ou et al.,, 2021) and M1(pro-inflammatory)/M2(ant-
inflammatory) polarisation (Fang et al., 2022). Future analyses will use PCR to screen 3408
and other isolates, particularly MG1655, which also did not induce an innate response, for
TcpP gene expression to identify if this is the mechanism by which this uro-associated isolate

is able to evade the innate immune response.

The impacts of deleting clpP on gene expression patterns were explored by RT-qPCR
and as highlighted the data relating to the different isolates were variable (Figures 4.8-4.10).
The target genes were chosen as they encoded proteins involved in flagellar synthesis, but
were regulated by different promoters, class1(flhC), class2 (fliG) and class3 (fliC and
motAB). The rationale behind such choices was to potentially identify common gene
expression patterns. The variability could not be explained by growth differences as the
bacterial cells were all grown in the same media and harvested at the same OD values.
However, if viewed globally these data did suggest a decrease in gene expression in the
flhDC mutants and an increase in the clpP mutants compared to wild-type, but there were
notable exceptions, the increased of fliC expression in AclpP of all UTI strains. The change

of gene expression in the strain MG1655 correlate with the motility, 1L-8 and FIgE
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expression data. In reality these analyses need to be repeated ensuring good quality RNA and

using different sets of primers.

Moreover, genes effecting the chemotaxis activities could be tested to help explain if
they have an impact on the recognition. Testing the gene expression of the five
transmembrane proteins, cheA, and cheY could help explain if they effect the impact on the
innate response or not. Alternative ways of evaluating flagellar gene expression could have
been utilised as well. These include engineering strains with flnDC either under the influence
of promoter induced by tetracycline or by using flagellar transcriptional reporters that
involve, for example, luxCDABE, which is the luciferase operon from P. luminescens
(Aldridge et al., 2010; Brown et al., 2008; Goodier & Ahmer, 2001; Karlinsey et al., 2000).
However, as these tools are associated with Salmonella research new plasmids and strains
would have to be engineered for use in E. coli. This was not possible for this project due to
time constraints. Moreover, as clinical isolates are characterised by plasmids carrying
antibiotic resistance any plasmid reporters would have to be customised specifically in

relation to each isolate’s antibiotic resistance profile.

In a final attempt to understand the varying NF-«B responses of the clinical uro-
associated isolates their number of flagella were counted. It has been reported that E. coli
carry multiple flagella (Macnab, 1999), but data from this project suggested that up to 50% of
wild-type uro-associated E. coli isolates had no flagella and up to 50% were characterised by
only 1-2 flagella (Figure 4.16). Presumably this population heterogeneity allows the bacteria
to retain motility and colonise tissues, but remain undetectable by the host TLR5 defences.
Switching on flagella synthesis synthetically through deleting clpP, resulted in strains
synthesising up to seven flagella per cell, but whether this would occur naturally in the

urinary tract is not known.
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Another way of investigating the effects the deletion of flnDC and clpP was assessing
flagellar abundance. To be able of performing this assessment, strains had to undergo a
mutation deleting fIgE using the A red system. To perform that, the previously made mutants,
flhDC and clpP, should loose the antibiotic cassette replacing these genes. The plasmid used
for such a purpose has an Amp' cassette and some of the previously tested UTI isolates are
Ampicillin resistant strains. This kind of limitation prevented those strains from this
assessment. Ideally, another plasmid should have been either ordered or engineered but due
to time restraints the assessment proceeded on plausible strains. This restraint led to only
testing a control strain, NCTC10418, with two UTI isolates, CFT073 and 3408. The clpP
mutants had over 70 % flagellated populations and the average number of flagella per

bacterial cell exceeded 2.4.

One of the other approaches is to construct a mutant deleting ydiV which is another
repressor of FIhD4C; activity to compare their behaviour to the wildtype, AflnDC, and AclpP.
Further investigation will be done by constructing a double deletion mutant in clpP and ydiV

and compare their behaviour as well.

In approaching the aspect of flagellar abundance, manual counting was one of the
disadvantages due to being time consuming. Counting the number of bacterial flagella
automatically, which would have helped much, involves the application of image processing
and analysis techniques. Initially, images of bacterial cells are acquired under a microscope,
with a clear focus on flagella. These images are then subjected to pre-processing steps aimed
at enhancing image quality and flagella visibility. Pre-processing techniques typically include
noise reduction, contrast adjustment, and sharpening to optimize the images for subsequent
analysis. Following pre-processing, segmentation algorithms are employed to isolate
individual bacterial cells from the background (Zhang et al., 2022). This step is crucial for

accurately analysing flagella on a per-cell basis. Once segmentation is completed, feature
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extraction techniques are utilized to identify flagella-like structures within each bacterial cell.
These techniques may encompass edge detection, Hough transform, or template matching,
which highlight potential flagella locations based on specific image characteristics. With
features extracted, the next step involves implementing counting algorithms to tally the
number of flagella present within each bacterial cell. These algorithms may utilize
thresholding methods or rule-based approaches to distinguish genuine flagella from other
cellular structures or artifacts. During this stage, it's essential to account for variations in
flagella appearance, such as length, thickness, and orientation, to ensure accurate counting.
Validation of the automated counting results is paramount to assess the reliability and
accuracy of the approach. This validation typically involves comparing automated counts
against manual counts performed by trained observers or ground truth data. Discrepancies are
addressed by refining algorithms or adjusting parameters to improve performance. Post-
processing steps are applied to refine the counting results and eliminate potential errors or
false positives. This may include filtering out noise, merging adjacent flagella belonging to
the same bacterial cell, or correcting misclassifications. Once the automated counting process
is completed, the data are analysed to extract relevant statistics and patterns. These may
include the average number of flagella per bacterial cell, distribution of flagella lengths, or
correlations with other bacterial characteristics. The results are then presented in a clear and

interpretable format for further analysis or publication.

In summary, automating the counting of bacterial flagella requires a combination of image
processing techniques, algorithm development, validation steps, and post-processing
procedures to ensure accurate and reliable results. Mastering such a technique would help
since flagellar abundance correlate mostly with the recognition by TLR5. A further limitation
is that all these analyses were performed using bacteria grown in enriched media, which does
not model the environment of the urinary tract. In the next chapter, this was addressed with
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the uro-associated isolates and their flnDC and clpP mutants grown in artificial urine media

(AUM) to try and mimic the host bladder environment.
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Chapter 5. The effects of Uro-associated E. coli isolates, grown in artificial
urine medium (AUM), on the innate response(s) of RT4 bladder cells
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5.1 Introduction

Analyses of the innate response in Chapter 4 showed that, generally, increased E. coli
motility was associated with an enhanced bladder cell innate response as measured by IL-8
concentrations. However, the research presented and discussed in Chapter 4 was performed
using bacteria cultured in enriched media, so the next step was to try and mimic bacterial
growth in urine to model the bladder environment. To model urine, artificial urine media
(AUM) was prepared in the laboratory and used for all growth and motility analyses (Brooks

& Keevil, 1997).

AUM provides a stable and regulated environment for examining bacterial responses
in relation to UTI pathologies. AUM has been used to research urinary pathogen
proliferation, urinary crystal formation and encrustations similar to those found in clinical
cases of UTlIs, and the behaviour of uropathogenic bacteria in the urinary tract (Benramdane
et al., 2008; Ebrahim, 2019; Zandbergen et al., 2021). AUM has also been used in testing and
identification procedures, including the rapid detection of E. coli in UTlIs, utilising a
virulence gene-based PCR methodology (Brons et al., 2020). These applications emphasise
the use of AUM in providing a more relevant, yet controlled growth media, for researching

urinary pathogens and UT]s, allowing for more accurate and reproducible data.

Urine pH varies according to factors that include a person’s diet, drug usage and
overall health (Welch et al., 2008). Generally however, the acidic, average and alkaline pH
values of urine are characterised as 4.5-5.5, 5-6 and 6.5-8 respectively (Brendler & Gerber,
2016). In view of such variability in pH it is possible that uro-associated E. coli adopt distinct
uropathogenic characteristics in response to the host conditions (Simerville et al., 2005), and

in using conventional growth media these characteristics are missed.
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To address this, experiments were performed using AUM media used at different pH.
An acid pH of 5.5 close to the average pH and an alkaline pH of 6.5 also close to the average
were selected. The strains used were the model UTI strain CFT073 (CFT073), the UTI
isolates 3408, 5469, and 5489 and their AflhDC and AclpP mutants. The aim of the studies
was to explore whether culturing these strains in AUM at an acid (5.5) and more alkaline
urine pH (6.5), to mimic conditions in the urinary tract, impacted bacterial motility and the

host bladder innate responses.

5.2 Motility in AUM

Motility assays were carried out for 24 hours at 37 °C, in triplicate, using semisolid
AUM moatility plates (0.3% agar) with pHs adjusted to 6.5 and 5.5 respectively (Figures 5.1
& 5.2). Strains CFT073, and the UTI isolates 3408, 5469, and 5489, and their AflhDC and
AclpP mutants were inoculated onto these plates and swarming (motility) observed after 24
hours. Swarming halo diameters were measured as described in section 2.11. The mean of the

three measurements was calculated and mean data presented (Figure 5.3).

In AUM pH 6.5 motility plates, the halo diameters of the control UTI strain CFT073
were <2 mm in both the wildtype and AflIhDC strains (1.7 £ 0.2 mm and 1.8 £ 0.1 mm) (NS),
respectively. In contrast the halo diameter of the AclpP mutant was 6.5 + 0.3 mm (p<0.001).
The halo diameters of the UT]I isolate 3408 wildtype, AflnDC, and AclpP strains were 6.5 +
0.4 mm, 2.8 £ 0.5 mm and 5.8 + 0.3 mm, respectively. While comparable data for the UTI
isolate 5469 were 3.5 £ 0.3 mm, 3.2 £ 0.3 mm, and 2.8 + 0.5 mm (NS). Finally, isolate 5489
was associated with halo sizes of 4.7 + 0.2 mm, 3.6 £ 0.4 mm and 2.6 + 0.3 mm relating to

the wildtype, AflnDC, and AclpP strains respectively.

119



WT AfInDC  AclpP

CFTO73. .
- . .
5469 R

«— . —
- . .

Figure 5.1 Motility assay using AUM motility media pH 6.5. Motility assays were
performed using UTI isolates CFT073, 3408, 5469, 5489 and their AfIhDC, and AclpP
mutants at 37 °C for 24 h in semisolid AUM media, pH 6.5. The motility halos (inside red
circles) were measured and quantified as described in section 2.11. Air bubbles in the
media are identified by yellow arrows.
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Figure 5.2 Motility assay using AUM motility media pH 5.5. Motility assays were
performed using UTI isolates CFT073 (CFT073), 3408, 5469, 5489 and their AflhDC, and
AclpP mutants at 37 °C for 24 h in semisolid AUM media, pH 5.5. The motility halos were
measured and quantified as described in section 2.11. Air bubbles in the media are
identified by yellow arrows.
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Figure 5.3 Quantification of Motility assay using AUM motility media. Motility
assays were performed using UTI isolates CFT073 (CFT073), 3408, 5469, 5489 and their
AfIhDC, and AclpP mutants at 37 °C for 24 h in semisolid AUM media. A) Bar chart
reflecting the halo diameter measurements for UTI isolates inoculated into motility AUM
plates pH 6.5 (N=3). B) Bar chart reflecting the halo diameter measurements for isolates
inoculated into motility AUM plates pH 5.5. Three different colonies were used to
perform the assays and at least three diameter readings per colony were measured. ns=not
significant, *=p<0.05, **=p<0.01, ***=p<0.001.
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In AUM pH 5.5 motility plates, the halo diameters of the control UTI strain CFT073
were again < 2 mm in both the wildtype and AflhDC strains (2.0 £ 0.4 mm and 1.8 £ 0.1 mm

(NS)) respectively. As previous the halo diameter of the AclpP mutant had increased to 5.1

+0.2 mm (p<0.001). The halo diameters of the UTI isolate 3408, wildtype, AfIhDC, and

AclpP strains were 3.3 £ 0.04 mm; 2.7 £ 0.4 mm; 5.0 £ 0.6 mm respectively.

Motility data for the UTI isolate 5469, again did not differ between its wildtype,
AIhDC and AclpP strains. Finally isolate 5489 was associated with halo sizes of 5.2 + 0.2
mm, 3.2 + 0.2 mm and 2.1 = 0.3 mm relating to the wildtype, AflnDC, and AclpP strains

respectively.

Data presented in Figure 5.3 suggests that the halo sizes of the strains inoculated onto
motility plates at pH 5.5 and 6.5 were comparable suggesting pH did not appear to impact
bacterial motility. However, there was an exception as while the wildtype isolate 3408
supported a motility of 6.5 + 0.4 mm at pH 6.5 this was reduced by 50% at the more acidic
pH 5.5 to a motility of 3.3 + 0.04 mm. Interestingly the motilities of the 3408 AfIADC and

AclpP strains appeared unchanged at pHs of 6.5 and 5.5 respectively.

It should be noted that the motilities of the UTI isolates inoculated into AUM media
were reduced when compared to data collated and reported using traditional motility media
(Chapter 4). This was despite motility assay data using AUM and reported in this Chapter

being recorded after 24 hours compared to 8 hours when using traditional media (Chapter 4).

5.3 Innate responses of RT4 bladder cells to E. coli isolates cultured in AUM

These experiments were performed to examine whether the motility data reported in
Section 5. 2 affected the host bladder cell innate responses. In these experiments the wild-
type isolates and their mutants were cultured in AUM buffered to pH of either 5.5 or 6.5 and

used (1 x 10° CFU/mL) to challenge monolayers of RT4 cells. The bladder epithelial cell
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innate responses were determined by collecting the media bathing the RT4 cells and

measuring the IL-8 concentrations.

5.3.1 IL-8 production: pH 6.5 and 5.5

Heat killed inoculants of isolates 3733, 3408, 5469 and 5489, and their AflhDC and
AclpP mutants cultured in AUM at pH of 6.5 and 5.5 were prepared as described in Section
2.1.1.2. RT4 cells cultured to confluence in 12-well plates were challenged for 24 hours with
1x10° heat-killed bacterial cells in a volume of 1 mL. PBS was used as a negative control
while 500 ng of purified flagellin prepared from the strain 3408 (Ali et al., 2017) was used as
the positive control. Two independent experiments were performed and the isolate challenges

were each performed in triplicate. IL-8 data are shown in Figures 5.4.& 5.5 respectively.

Data (Figure 5.4) indicated that for the strains 3408, 5469, and 5489 cultured in AUM
at pH 6.5 there were no significant differences between the IL-8 concentrations measured in
the media bathing the RT4 cells challenged with either wild-type or their corresponding
AclpP isolates. However, an increase in IL-8 was observed in the media of the cells
challenged with the CFT073 AclpP mutant (p<0.01) compared to either the wild-type or the
AfInDC mutant. These data were reproduced when the challenges were performed using
isolates cultured at pH 5.5. However, when the 5469 AflhDC mutant cultured at pH 5.5 was
used, it produced significantly lower levels of IL-8 (p<0.05 and p<0.01) compared to
wildtype and its AclpP mutant respectively. Essentially the IL-8 challenge data patterns
appeared consistent regardless of whether the bacteria had been cultured in AUM buffered at

either pH 5.5 or 6.5.
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5.4 Exploring FIgE expression in bacterial samples cultured in AUM and heat-killed

Bladder epithelial cells respond to bacterial flagellin by releasing pro-inflammatory
cytokines such as IL-8 and anti-microbial agents such as NGAL to kill potential
uropathogens (Ali et al.,, 2017). The IL-8 data summarised in Figures 5.4 and 5.5
respectively, were therefore confusing as the measured RT4 bladder innate responses were
comparable between wild-type bacteria and selected mutations designed to either prevent
(AfIhDC) or increase (AclpP) flagellin expression and hence flagellar synthesis. Additionally,
as changes in motility had been identified between strains, for example, isolate 3408
wildtype, AflhDC and AclpP at both pH 5.5 and 6.5 (Figure 5.3) this further challenged the

validity of the IL-8 data.
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Figure 5.4) IL-8 levels of RT4 bladder cells challenged with heat-killed E. coli UTI
isolates grown in AUM pH 6.5. Data £ SEM show IL-8 concentrations measured via ELISA
in media bathing the RT4 cells following the bacterial challenges. PBS was used as a negative
control and Flagellin (500 ng) as a positive control (Yellow). IL-8 concentrations after
exposing the RT4 cells to wild-type bacteria (blue); AflnDC (orange) and AclpP (Grey). N=2;
n=6. T-tests performed for statistical analysis: ns =p>0.05, *=p<0.05, **=p<0.01.
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Figure 5.5) IL-8 levels of RT4 bladder cells challenged with heat-killed E. coli UTI
isolates grown in AUM pH 5.5. Data + SEM show IL-8 concentrations measured via
ELISA in media bathing the RT4 cells following the bacterial challenges. PBS was used as a
negative control and Flagellin (500 ng) as a positive control (Yellow). IL-8 concentrations
after exposing the RT4 cells to wild-type bacteria (blue); AflnDC (orange) and AclpP (Grey).
N=2; n=6. T-tests performed for statistical analysis: ns =p>0.05, *=p<0.05, **=p<0.01,
***=p<0.001.

To investigate this further flagellar protein synthesis in the 3408 isolate and its
mutant, 3408 AfIhDC, cultured in AUM and LB to 0.2 OD600, was explored using
immunoblotting and the FIgEST antibody. Cell lysates from these bacterial isolates either
heat treated or not heat treated were probed for FIgE protein. A cell lysate from the
Salmonella enterica strain TPAL1 was used as the positive control. Results are shown in
Figure 5.6. FIgE expression was detected in the positive control sample, TPAL, and the cell
lysate of the wild type isolate 3408 grown in LB. Signal i.e. a FIgE band was not detected in
the 3408 AfIhDC cell lysate, nor the heat killed 3408 cell lysate samples. Additionally, FIgE
was not detected in the cell lysate of either 3408 or 3408 AfIhDC grown in AUM, or in any of

the heat killed cell lysate samples.
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To explore whether these results could explain the bladder challenge data
immunoblotting was performed using cell lysates of all the strains used in the AUM innate
response experiment - CFT073, 3408, 5469, 5489- as well their AflhDC and AclpP mutants.
Heat Killed cell lysate samples of the wild-type isolates cultured in both LB and AUM were
prepared and probed. Immunoblotting data are shown in Figures 5.7 and 5.8 respectively.
Bands supporting FIgE synthesis were observed in the LB grown cell lysates of isolates 5489,
3408 and 5469 (wild type), with strong 42 kDa bands characterising their corresponding
AclpP mutants. A FIgE band was observed in the cell lysate of the CFT073 AclpP mutant
cultured in LB, but no band was observed in the CFT073 wild-type cell lysate. No bands
were detected in any of the cell lysates from isolates cultured in AUM suggesting reduced or
no expression of flagella, although there was the hint of a band in the wild-type 5489 AUM
sample and in the CFT073 AclpP mutant sample. Additionally, no bands were detected in cell

lysates from isolates grown either in LB or AUM and heat killed.
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Figure 5.6 Expression of FIgE in wild-type isolate 3408 and its AfIhDC and AclpP
mutants grown either in LB or AUM. Strain 3408 cell lysates were probed with o-
FIgEsT antibody. Cell lysate of Salmonella enterica grown in LB was used as a positive
control.
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Figure 5.7 Expression of FIgE in wild-type isolate CFT073 & 5489 and their AfIhDC

and AclpP mutants grown either in LB or AUM. Cell lysates were probed with a-

FIgEst antibody. Cell lysate of Salmonella enterica grown in LB was used as a positive

control.
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Figure 5.8 Expression of FIgE in wild-type isolate 3408 and 5469 3 and their AflIhDC

and AclpP mutants grown either in LB or AUM. Cell lysates were probed with a-
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control.
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These results indicated no or reduced synthesis of flagella in isolates cultured in
AUM. However, it could not be excluded that harvesting the bacterial cells at 0.2 ODsoo,

flagellar synthesis was not optimal.
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5.5 Discussion

Using AUM to investigate the impact of UTI isolates and their flhDC and clpP
mutants on the bladder innate response was a tactic employed to help explain the role of the
flagellar system in pathogenesis of an UTI. AUM is used to mimic the environment of the
bladder replicating the physiological characteristics of human urine and the conditions of the
urinary tract (Sarigul et al., 2019). Two different pH conditions, both are at the end of normal
ranges for healthy people, 5.5 (modelling an acidic urine) and 6.5 (modelling an alkaline
urine) (Brendler & Gerber, 2016), were selected and their impact(s), if any, on bacterial

motility and the bladder pro-inflammatory response examined.

UTI isolates grew slowly in AUM, which in line with the literature (Sim et al., 2017),
predicts a lower number of flagella per cell. This was evidenced by the experimental data as
the motility activities of UT]I strains and their flnDC and clpP mutants were reduced in AUM
when compared to LB. Motility assays using AUM resulted in halo sizes of between 2 and 7
mm and after a 24 h incubation. In comparable assays using LB, halo sizes of up to 50 mm
were observed and after only 8 h incubations. Interestingly isolates and strains linked to
motility halos of >20 mm diameter were the ones associated with increased IL-8
concentrations, which arguably reflected a triggering of the bladder innate response via
TLR5. Upon looking back on the way that the motility assays were performed, the
inoculation points have diameters of 1-3 mm. For accurate measurements of halo sizes,
imageJ was used, but the diameter of the inoculation points were not deducted from the halo

sizes. This could results in error of measurements ranging between 1-3 mm.

UTI isolates grown in AUM were harvested for the bladder challenge experiments at
0.2 ODsoo NmM, which was reached after growing the isolates for approximately five hours. It

was feasible that the bacterial inoculants used in the challenge experiments had not switched
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on flagellar synthesis. This was supported by the immunoblotting data (Figures 5.7 and 5.8)
in which FIgE was not detected in the bacteria grown in AUM. Interestingly, where FIgE was
detected, for example, the CFT073 AclpP mutant an IL-8 response was recorded (Fig 5.4 and

5.5).

The slow growth rate of the E. coli strains in AUM is presumably linked to reduced
gene expression. Further investigation of the flagellar gene expression profiles would have
provided more data to help explain how the AUM growth media impacts bacterial motility.
This could be achieved by repeating the gPCR analyses described in Chapter 4 targeting
genes such as fIhC, fliG, motAB and fliC (Figure 4.9) as well as novel ones including gyrB,
rpoB and gmk, to examine gene expression. Another option is to use the Datsenko and
Wanner’s one-step chromosomal gene inactivation method described in Chapter 2 to delete
regulatory genes (Datsenko & Wanner, 2000). Experiments would be designed to construct
mutants lacking the regulatory genes involved in flagellar synthesis, such as fliT, fliZ, fliA,
flgM, and csrA, and then use these mutants to compare the growth and motilities of the wild-

type and mutant strains in LB and AUM.

Conventionally, the acidic, average, and alkaline pH of urine is defined as 4.5 - 5.5, 5
- 6, and 6.5 -8 (Brendler & Gerber, 2016). These experiments reported examined the impacts
of two pH values 5.5 (borderline acidic) and 6.5 (borderline alkaline). Interestingly in a study
focussed on paediatric patients (<18 years of age), (Ibrahim et al., 1984) suffering UT]Is the
urines of those infected with E. coli or the gram negative Klebsiella pneumoniae were
recorded as 6.21 (n=3825) and 6.18 (n=209) respectively. The urine pHs of those negative for
infection were 6.24 (n=4729), which suggests that infection with E. coli does not
significantly impact the urine pH. This raises the question of whether pH plays any role in a
lower UTI in vivo and the in vitro AUM data presented here suggests not. However, studies

have shown that a very acidic pH (3-4), will damage flagella (Adler & Templeton, 1967)
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although physiologically it is unlikely that such a low urine pH would be tolerated in humans.
Interestingly exposing E. coli to an acidic environment of pH 4.6 (lower end of urine pH
scale) was shown to be associated with de-flagellation and reduced motility (Soutourina et
al., 2002) with flnDC expression reduced three fold at pH 4.6 compared to pH 7. Hence these

data suggest a low acidic pH may protect from an ascending UTI.

Data from the experiments reported in this Chapter suggest a key factor is the
constitution of the urine itself. However, while AUM was used to mimic the composition of
urine other in vivo factors, including osmolality, cell breakdown products and dietary
constituents were not modelled in vitro hence their impact on bacterial growth and motility
cannot be excluded. The AUM used in these experiments resembles dilute human urine and

models a low osmolality (<371 mOsm/kg) (Brooks & Keevil, 1997).

One of the alternatives to AUM is actual urine which should be collected from healthy
people. The urine collection should be tested to eliminate any defected samples. The rest
should be pooled together to be normalized as one sample so the pool will have the same
characteristics. One of the advantages of such samples that they could be frozen and stored
for consistency of the results. For more measures of quality control, the frozen urine should
be tested before usage. This step will ensure consistency of the results and does not add

variables changing the out-come of the results.

A criticism of these AUM challenge experiments was that they not only used a narrow
selection of isolates, but also used killed rather than live bacteria. The advantage of using live
bacteria is that the bacterial challenge mimics an UTI, but the disadvantage is that in the RT4
bathing media the bacterial cells tend to outgrow the bladder cells, characterised by longer

doubling times of 40 — 65h, (Masters et al., 1986; Vallo et al., 2015) and kill them. It would,

133



however, have been interesting to observe the infection process and bladder innate responses

using AUM grown live bacteria and compare these data to that using the heat-killed bacteria.

Using artificial urine media for growing urinary tract infection (UTI) isolates offers
both advantages and disadvantages in research and diagnostic settings. Artificial urine media
provide a standardized and controlled environment for culturing UTI isolates, ensuring
consistency in experimental conditions. Unlike natural urine, which can vary significantly in
composition and nutrient content between individuals, artificial urine can be precisely
formulated to mimic the chemical composition of human urine. This allows researchers to
conduct experiments under reproducible conditions, facilitating accurate comparisons
between different bacterial strains and experimental setups. Additionally, artificial urine
media offer a cost-effective alternative to using natural urine for bacterial culture. Natural
urine collection can be logistically challenging and may require ethics, specialized storage
and handling procedures to maintain sample integrity (Burton et al., 2019; Hasandka et al.,
2022). In contrast, artificial urine can be prepared in large quantities using readily available
chemicals, reducing the logistical and ethical concerns associated with handling human
biological samples. Moreover, artificial urine media provide a versatile platform for studying
bacterial growth and metabolism in the context of UTIs. Researchers can manipulate the
composition of artificial urine to simulate different physiological conditions within the
urinary tract, such as variations in pH, osmolality, or nutrient availability. This flexibility
allows for the investigation of specific aspects of bacterial physiology and pathogenesis,
providing insights into the mechanisms underlying UTI development and persistence (Ipe &

Ulett, 2016; Rosen et al., 2007; Schreiber et al., 2017).

Despite their advantages, artificial urine media have some limitations that researchers
must consider. One drawback is the potential lack of complexity compared to natural urine.

Artificial urine formulations may not fully replicate the diverse array of nutrients,
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metabolites, and host-derived factors present in human urine(Abbott et al., 2020; Psotta et al.,
2023). As a result, bacterial growth and behaviour in artificial urine may not accurately
reflect the conditions encountered in vivo, limiting the translational relevance of experimental
findings. Furthermore, artificial urine media may not support the growth of all UTI-causing
bacteria or accurately represent the diversity of microbial communities present in clinical
samples. Some bacterial species or strains may have specific nutritional requirements or
metabolic preferences that are not adequately met by artificial urine formulations. This can
lead to biased results and hinder the identification of novel pathogens or virulence factors
associated with UTlIs. Additionally, the use of artificial urine media may overlook important
interactions between bacteria and host cells or other microorganisms present in the urinary
tract. UTIs are complex polymicrobial infections involving interactions between multiple
bacterial species and the host immune system. Artificial urine media may fail to capture these
intricate  dynamics, limiting our understanding of UTI pathogenesis and potentially

overlooking important therapeutic targets (Josephs-Spaulding et al., 2021; Psotta et al., 2023).

In summary, while artificial urine media offer several advantages for growing UTI isolates in
research settings, researchers must carefully consider their limitations and ensure that
experimental findings are interpreted within the context of these constraints. Integrating
complementary approaches, such as in vivo models or clinical studies, can help overcome
some of these limitations and provide a more comprehensive understanding of UTI

pathogenesis and treatment strategies.

The original aim of this work was to explore whether uro-associated E. coli adopt
distinct uropathogenic characteristics in response to the host conditions with a focus on
mimicking urine by growing the bacteria in AUM and altering the pH. Data suggested that a
physiological urine pH did not impact pathogenicity, but that the host environment,

essentially urine composition probably does play a role.
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Chapter 6. General Discussion

136



Work described in this thesis was focussed on determining links between bacterial
(uro- associated E. coli) motility and the innate response of the host (mammalian) bladder.
These analyses stemmed from observations that motilities within clinical uro-associated E.
coli were variable (non-motile to very maotile), but that motility was not always associated
with a bladder innate response (Figure 1.9) (Tan et al., 2023). Experiments focussed on
bacterial fitness suggested that the doubling times of the motile and non-motile clinically
sourced isolates were significantly different (Figure 3.4), which suggested bacterial fitness
played a role in inducing an innate response. However, additional analyses indicated that the
range of maximum doubling times within each grouping was comparable (Motile: 13.9-
26.9min.; Non-Motile: 14.7— 25.3 min.). As such these data suggested that bacterial fitness
was not a key factor in determining the variable host responses observed following challenge

of RT4 bladder cells with motile isolates.

The fitness data was none-the-less intriguing especially in respect to colonisation and
UTlIs. In future it would be interesting to perform in vitro competition experiments between
the fast and slow growing strains to determine if there exists a hierarchy and whether a fast-
growing bacterium has an advantage or not in relation to colonisation and infection. While
in vitro data are useful the conditions are not always reflective of in vivo conditions, hence it
would be exciting to repeat these competition experiments using bladder 3D models (Jafari &

Rohn, 2023) and/or mouse models (Barber et al., 2016) and to compare the outcomes.

To further explore the motility of these uro-associated E. coli strains the regulation of
flagellar gene expression was studied. In general mutants lacking fIhDC resulted in non-
motile strains while those in which clpP had been deleted (clpP is a repressor of flhDC
activities), showed enhanced motility. There were exceptions, however, namely strains 3408
and MG1655. For example, while the motility of strain MG1655 AclpP did increase it was

minimal. In contrast the motility of 3408 AclpP changed significantly, but despite this
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increase it did not, surprisingly, induce a host response when used to challenge RT4 cells
(Figure 4.6). This was despite further analyses showing that the mutation increased the
flagellated population of 3408 to more than 75%. The model suggested by Tan et al., (2023),
argues that over 60 % of the population being flagellated triggers TLR5 signalling suggesting
strain 3408 was behaving as an outlier. The behaviour of strain 3408, recovered from a
cystitis patient, was therefore not typical of that predicted and needs further investigation.
Comparing the genome of 3408 with those of other UTI isolates may give an insight into its
unique characteristics, for example, the encoding of known or novel TLR signalling
inhibitors that allow it to evade the host innate immune system. RNA seq analyses following
challenges of host bladder cells in vitro and in vivo could also be performed to compare and
identify novel gene expression patterns associated with evasion of the bladder innate immune
defences. The isolate 3408 appeared unique, but the number of isolates examined in this
project was minimal. The laboratory has over 1000 uro-associated clinical isolates banked

hence it would be interesting to know if others, comparable to 3408 exist.

Analysing plasmids between Uropathogenic Escherichia coli (UPEC) strains involves
examining the genetic makeup and characteristics of plasmids present within these bacterial
populations. This analysis can provide valuable insights into the diversity, distribution, and

potential virulence factors carried by these plasmids.

Another approach to investigate the UTI isolates is transcriptome analysis, with its
ability to comprehensively capture gene expression profiles, presents numerous advantages
(Hogins et al., 2023). By examining the entirety of RNA transcripts produced by a cell or
tissue under specific conditions, researchers gain deep insights into the dynamic nature of
cellular processes. This comprehensive view extends beyond the coding RNAs to encompass
non-coding RNAsS, including microRNAs and long non-coding RNAs, shedding light on their

regulatory roles. Through transcriptome analysis, researchers can unravel intricate regulatory
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networks and understand how gene expression patterns change in response to developmental
cues, environmental stimuli, or disease states. Such insights offer valuable opportunities for

deciphering the molecular mechanisms underlying complex biological phenomena.

However, transcriptome analysis also poses certain challenges and limitations. One
significant challenge lies in the computational complexity associated with processing and
interpreting transcriptome data (Deshpande et al., 2023; Gondane & Itkonen, 2023).
Analysing large datasets generated from RNA sequencing experiments requires sophisticated
bioinformatics tools and computational resources. Researchers must navigate through
complex algorithms for data normalization, differential expression analysis, and functional
annotation to extract meaningful biological insights (Jiang et al., 2015). Moreover,
incomplete annotation of the transcriptome presents hurdles in accurately identifying novel
transcripts and regulatory elements. Poorly annotated transcripts may hinder the
interpretation of transcriptome data, potentially overlooking critical biological information.
Technical variability introduces another layer of complexity in transcriptome analysis.
Factors such as RNA extraction methods, library preparation protocols, and sequencing
platforms can introduce biases and inconsistencies, impacting the reproducibility and
reliability of transcriptome data. Addressing these technical challenges requires careful
experimental design, stringent quality control measures, and validation strategies to ensure
the robustness of findings(Deshpande et al., 2023). Additionally, the cost associated with
transcriptome analysis, particularly high-throughput RNA sequencing, can be prohibitive for
researchers with limited funding or resources. The financial burden may limit the
accessibility of transcriptome analysis to certain research groups, potentially hindering
broader scientific advancements. Despite these challenges, transcriptome analysis remains a
powerful tool for understanding gene expression dynamics and unravelling the complexities
of cellular biology. By leveraging the advantages of transcriptome analysis while addressing
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its limitations, researchers can continue to unravel the intricate molecular mechanisms
governing cellular processes and disease pathogenesis, paving the way for innovative

therapeutic interventions and precision medicine approaches.

Utilizing urinary tract infection (UTI) isolates for fitness data and competition
experiments offers a valuable approach to understanding the dynamics between fast growers
and slow growers both in vitro and in animal models (Schreiber et al., 2017). By comparing
the growth rates and competitive abilities of different bacterial strains, researchers can gain
insights into how these characteristics influence colonization and infection in the urinary
tract. Expanding the fitness experiments by increasing the number of isolates included with
taking in consideration the variability of infection sites. Moreover, competition experiments
in vitro involve co-culturing different UTI isolates and monitoring their interactions over
time. By assessing the relative abundance of competing strains, researchers can determine the
competitive fitness of each isolate. This approach allows for the identification of strains that
outcompete others for resources, potentially leading to dominance within the urinary tract
environment. In addition to in vitro experiments, studying fast and slow growers in animal
models provides valuable insights into their behaviour during colonization and infection
(Schreiber et al., 2017). Mouse models of UTI offer a controlled environment to assess
bacterial virulence, host-pathogen interactions, and the impact of bacterial fitness on disease
outcomes(Hannan & Hunstad, 2016). By inoculating mice with different UTI isolates and
monitoring bacterial colonization and infection dynamics, researchers can evaluate the ability
of fast growers to establish infection and cause disease compared to slow growers.
Furthermore, studying fast and slow growers in animal models allows researchers to explore
the host immune response and bacterial adaptation strategies. Fast growers may elicit
stronger inflammatory responses and exhibit enhanced virulence factors, leading to more
severe infections. Conversely, slow growers may rely on stealthier mechanisms to evade
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immune detection and persist within the host. Overall, combining fitness data and
competition experiments with in vitro and in vivo models provides a comprehensive
understanding of the factors influencing bacterial colonization and infection in the urinary
tract. By elucidating the characteristics of fast and slow growers, researchers can identify
potential targets for therapeutic intervention and develop strategies to combat UTIs more

effectively.

A criticism of these studies was that the bacteria studied were cultured using a
nutrient rich growth medium, which does not reflect the bladder environment. To mimic the
bladder environment, an artificial urine medium (AUM) was prepared in the laboratory. It
was used to grow the UTI isolates, and their flhDC and clpP mutants, and investigate their
motility and ability to induce an innate response. The motility studies revealed an altered
phenotype with motility significantly affected (Figure 5.3) linked to reduced flagellar
synthesis as determined by probing with FIgEst. Whether this occurs in the bladder is not
known but it would be interesting to repeat these experiments using either the bladder 3D
models and/or mouse models, or natural urine. While mimicking the urinary tract
environment the latter has a disadvantage in that to collect sufficient volumes for
experimentation, urine would have to be pooled from multiple donors, meaning a lack of

quality control, which may impact data reproducibility.

The composition of urine often reflects a person’s diet and one urinary constituent is
D-serine (Huang et al., 1998), which is consumed via processed foods (Friedman, 1999) and
excreted via urine. The detoxification of D-serine requires a genetic locus (dsdCXA), which is
encoded by UPEC giving these bacteria the advantage of being able to grow in its presence
(Connolly et al., 2021). UPEC strains can catabolise the metabolite via a D-serine deaminase
DsdA, hence D-serine is proposed to play a role in UTI susceptibility. Interestingly work has

shown that a CFT073 dsdA mutant is hyperflagellated and more motile than wild-type
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suggesting that D-serine may influence expression of the flagella (Roesch et al., 2003).
Additionally in a mixed-infection murine model using CFT073 wild-type and dsdA mutant
strains these authors reported the mutant in the bladder at levels 270 times higher than wild-
type. These data strongly support a role for D-serine and dsdA expression in UPEC flagellar
regulation and it would be interesting to pursue this concept using the curated uro-associated
E. coli clinical isolates available in the laboratory. The hypothesis would be that D-serine
represents an important environmental signal in UTIs and its effects could initially be

investigated using AUM media.

Another alternative way of assessing the impact of media on the innate response
resulting from the UTI isolates would be accomplished by changing one element at a time
instead of several ones at the same time. This could be achieved by systematically using LB
with different pH values or changing the concentration of nutrients in the media. After that
changing two elements at the same time and assess the strains behaviour accordingly.
Designing these experiments to go steadily helps explain which element of the media is more

responsible of the change in bacterial behaviour.

On the other hand, the time for the incubation should be tested as well. ODsoo 0.2 does
not semes to be enough for the bacteria to express flagellar genes so the incubation time
should be tested in further and longer incubation times leading for the culture to grow up to
0.4 - 0.6 ODeoo. Another way of exploring whether the change in conditions could lead to the
flagellar synthesis would be changing the conditions in the middle of the experiments. The
bacteria might change the behaviour by synthesising flagella in case of sudden change in the
environmental conditions (Table 6.1). All these suggestions should be assessed by comparing
motility, detecting flagellar protein expression, measuring flagellar genes expression, and

comparing flagellar abundance of the strains and their mutants.
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Table 6.1 Designing conditions variability to examine their effect on UTI isolates’
behaviour.

Experiment A B C D E F G H I
Tryptone conc. low low low Optimum | Optimum | Optimum | High High High
pH Acidic | Neutral Alkaline | Acidic Neutral Alkaline | Acidic Neutral Alkaline

Previous research using mouse models has revealed that UPEC strains missing
flagella had reduced virulence, indicating a critical role for flagella during ascending UTIs.
According to the findings, flagella play an important role in the colonisation and progression
of UTls, particularly in the context of UPEC infections(Acharya et al., 2019; Ali et al., 2017).
A further step in our research would be testing the effect of the UTI isolates and their mutants
such as AflnDC & AclpP mutants in vivo using the mice module. Furthermore, the results
could help explain the significance of flagellar expression during IBC development,
demonstrating the in vivo dynamics of flagella expression and its impact on IBC
physiological states. Findings of previous experiments indicated that flagella may help to
maintain UPEC in the intestinal or genitourinary tracts, allowing them to emerge into

periurethral areas and ascend into the urethra to cause UTIs.

Improved in vitro models that better mimic the human urothelium hold significant
potential for studying the cellular alterations associated with infection. These models should
ideally encompass at least four distinct structural and biophysical characteristics believed to
play a crucial role in host-pathogen interactions, including tissue architecture, exposure to
urine at the apical surface, dynamic fluid flow, and stretching of the urothelium(Murray et al.,
2021). The following discussion expands on these essential features within the context of
bladder physiology, their relevance to urinary tract infections (UTIs), and relevant models or
platforms. using commercial primary cells or spontaneously immortalized cells such as HBEP
and HBLAK in research involving UPEC has both advantages and disadvantages (Horsley et

al., 2018). Commercially available primary cells or immortalized cell lines offer consistent
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characteristics and behaviour, reducing variability in experimental results compared to
primary cells isolated from different donors. Additionally, these cell lines are readily
available and easy to maintain in laboratory settings, saving time and effort in culturing and
establishing cell cultures. Purchasing commercial cell lines can also be more cost-effective
than isolating and maintaining primary cells from tissues, especially considering the
resources required for cell culture. Furthermore, commercially available cell lines often come
with detailed protocols and standardized culture conditions, ensuring reproducibility across
different experiments and laboratories. Spontaneously immortalized cell lines like HBEP and
HBLAK provide an unlimited supply of cells, eliminating the need for continuous isolation
from primary sources (Hagan et al., 2010; Russell et al., 2023). However, there are also
disadvantages to using these cell lines. Immortalized cell lines may not fully retain the
characteristics of primary cells, potentially affecting the relevance of findings to in vivo
conditions. Additionally, they may accumulate genetic alterations during the immortalization
process, leading to changes in cellular behavior and response to stimuli. Immortalized cell
lines may also have limited differentiation potential compared to primary cells, affecting their
suitability for studying specific cellular processes or differentiation pathways. There is also a
risk of cross-contamination or misidentification with commercially available cell lines, which
can lead to unreliable results if not properly authenticated. Ethical concerns arise regarding
the use of immortalized cell lines, especially if derived from human tissues, raising questions
about their origin and potential exploitation. Ultimately, the choice between using
commercial primary cells or immortalized cell lines depends on the specific research
objectives, balancing factors such as reproducibility, relevance to in vivo conditions, and

practical considerations (Giron et al., 2002; He et al., 2009).

In summary this project has attempted to interrogate the variable motility phenotypes
of uro-associated clinical E. coli isolates alongside their abilities to avoid and/or induce the
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bladder host TLR5 defences. Results have shown that these isolates, in the main, can regulate
flagellar synthesis to allow colonisation or infection, but appear to exploit population
heterogeneity to prevent recognition by urothelial cell TLR5 receptors and bacterial Killing.
The next steps are to identify the signals, environmental or otherwise, that trigger flagella

synthesis in an urinary tract infection.
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