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Abstract

About 150 million cases of Urinary Tract Infections (UTIs) happen annually worldwide
costing the NHS billions of pounds. Antibiotic resistance caused by Extended-Spectrum -
lactamases (ESBLs) producing organisms, particularly E. coli, have become an increasing
problem, and recurrent infections are not uncommon. It has been confirmed that pathogenic
bacteria survive and multiply inside the protozoan parasite, Acanthamoeba. The indiscriminate
use of various antimicrobial drugs has resulted in the development of drug resistance. Therefore,
looking for new or additional antimicrobial compounds is urgent.

Four clinical strains of E. coli (three ESBL+ve (TEM, AmpC, and OXA-48) and one
ESBL-ve used as a control) were used in this project to study the interaction of the above
microorganisms with the urinary tract and their possible alternative treatment. All strains were
characterised by PCR and sensitivity testing. Results showed that all ESBL producers were
sensitive to Ciprofloxacin. OXA-48 displayed an increased resistance when compared with other
strains. The 2-D gel electrophoresis was used to further identify the microorganisms and results
showed many proteins were featured in OXA-48 compared with others. All uropathogens
exhibited the ability to associate with and invade Acanthamoeba T4 and the urothelial cell line
(TRET-NHUC). However, OXA-48 was the only one survived and multiplied inside both
Acanthamoeba and the cell line. This project has confirmed that cytotoxicity relies on the
number of intracellular bacteria. Furthermore, the cytotoxic effect of bacterial conditioned
medium was higher than live and heat-killed bacteria. This study also investigated the
antimicrobial efficacy of cetylypyridinium chloride (CPC). An increased concentration of CPC
has a positive correlation with the inhibition of bacteria. To confirm the presence of
Acanthamoeba in urine, 76 samples were collected from patients with ESBL+ve bacteria. It is
interesting to report that more than 17% of urine samples were positive for Acanthamoeba

supporting our hypothesis that the amoeba may play a role in UTIs.
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CHAPTER ONE

1. Introduction



1.1 Urinary tract
1.1.1 Background

Urinary tract infections (UTIs) are the most common bacterial infections in clinical
practice and are a global issue because many organisms are associated with them. An estimated
150 million cases of UTIs happen every year around the world, resulting in over £4 billion in
healthcare costs (Kucheria et al., 2005; Ali et al., 2009; Beahm et al., 2017; Cruz et al., 2019).
Based on Croxall et al. United Kingdom (UK) has an annual rate of UTIs in the elderly
population ranging from 10% in the community to as high as 30% of hospitalised patients.
Mortality rates in elderly patients from bacteraemia as a result of UTIs can be around 33%
(Croxall et al., 2011). A study by Plowman et al. found that over 12 months, UTIs had the
highest incidence (35%) of all nosocomial infections in a district general hospital in the UK,
affecting patients over 60 years of age (Plowman et al., 2001). UTIs are the most common
bacterial infection treated with antibiotics in long-term care facilities, where they account for 20—

60% of all antibiotic usage (Nicolle, 2001).

Adult females are the most commonly affected group, while other high-risk groups
include children, the elderly, people with structural abnormalities of the urinary tract and those
having a urinary tract intervention like catheter insertion (Ali et al., 2009). Anatomical
differences, hormonal effects and sexual activity influence this pattern of occurrence. UTIs are a
more common health problem in women than men because they have a shorter urethra which is

closer to the anus and vagina (Figure 1.1) (Griebling, 2005; Tadesse et al., 2014).
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Figure 1.1 a: The male urinary and reproductive tract. b: The female reproductive and
urinary tract. In both male and female these tracts are portals of entry for pathogens
(Strelkauskas et al., 2010).

Urinary tract infections are more common in women during pregnancy due to changes in
the urinary tract. Hormones cause changes in the urinary tract that lead to infections in women.
Increases in urinary progestins and estrogens may lead to a decreased of the lower urinary tract
to resist invading bacteria. Moreover, a growing uterus presses on the bladder; prevent the
complete emptying of urine, so the rest of stagnant urine is a likely source of infection. Untreated,

these infections may lead to kidney infections (Delzell et al. 2000; Tadesse et al. 2014).

There are four types of UTIs based on the organ infected. The first one is urethritis which
affects the urethra, the second one is cystitis which occurs in the bladder, the third is called
nephritis, which affects the kidneys, and the last one is prostatitis, which affects the prostate

(Strelkauskas et al., 2010). Also, UTIs can be classified into two types, depending on underlying



host factors and uropathogens: uncomplicated or complicated (Davis and Hugh 1999; Vitaly

Smelov et al. 2016).

1.1.2 Anatomy of the urinary system

The urinary system removes body waste from the blood in the form of urine. The urinary
system consists of a group of organs include the two kidneys, two ureters, a urinary bladder and
the urethras (Figure 1.1) (Lo and Alonto, 2011). Usually, the kidneys are located in the middle of
the back one on each side of the spine, and the lower ribs protect some of the parts of the kidney.
Each kidney has about 1 million nephrons, which are tiny filters in the kidney. The main
function of the kidneys is to filter the blood. Each ureter, about 8 to 10 inches long, connects a
kidney to the urinary bladder. The urinary bladder is a hollow organ that sits in the pelvis, and
stores urine. Urine formed in the kidney flows to the tube-like ureter where it carries urine to the
bladder. The wall of each ureter has smooth muscles which regularly contract and relax to force
urine into the bladder. The last part of the urinary system is the urethra, where urine flows out of
the body (Lo and Alonto, 2011). The length of the urethra is different between men and women.
For men, the urethra measures about 6 to 8 inches long. On the other hand, the female urethra is
much shorter, about 1.5 inches. This is one of many reasons why females are prone to having
UTIs: the shorter distance that other microorganisms such as bacteria travel going up the urinary

tract (Tadesse et al., 2014).

1.1.3 Urinary tract infections
Several different types of agents can occur within the urinary tract to cause UTIs. Early
evidence by an epidemiological study comparing nuns and married women proved sex

involvement in the aetiology of UTI (Kunin and McCormack, 1968). Another study showed that



in sexually active young women, the incidence of symptomatic UTIs is high (Hooton et al.,
1996). Intercourse frequency and spermicide use itself were also found to be associated with an
increased risk of UTIs (Scholes et al., 2000). Spermicide alters normal vaginal flora and

facilitates colonisation with pathogens (Hooton et al., 1994).

Cystitis is most common during pregnancy because of changes in the urinary tract and
uterus (Ali et al., 2018). The most common factors that lead to UTIs in pregnant women are
dilation of the ureters and renal pelvises, increased urinary pH, and glycosuria promoting
bacterial growth (Care et al., 2005). About 10-30% of women with bacteria in the first trimester
develop an upper urinary tract infection in the second or third trimester (Sign, 2006). Lower tract
infections are the most common in diabetic people (Geerlings et al., 2002), probably due to the

deficiency of local immune mechanisms.

Ageing can be a factor in causing UTIs; this happens by decreasing the action of muscles
within the urinary tract and decrease excretion of urine; therefore, urine may back up, and an
infection can develop (Lo and Alonto, 2011). Also, Injuries from trauma or surgery can cause

infection as well as insertion of urinary catheters (Nicolle, 2001, 2014; Morgan, 2007).

The indiscriminate use of various antimicrobial drugs for infectious disease treatment has
resulted in the drug resistance in pathogens in recent years and recurrent UTIs (Ahmed et al.,
2017). Re-recurrence of UTIs is more common, with 27% of patients suffering another infection
within six months and 44% of patients experiencing another infection within one year. Between
one-third and one-half of the recurrent infections are caused by the same strain as initiated the
disease. Thus, the recurrent infections will help the bacteria to become more resistant to
antimicrobials (Hilbert, 2013; Glover et al., 2014). Also, the other study confirmed that 65% of
recurring UTIs seem to be caused by the same microorganism. Thus, the recurrent infections will

help the bacteria to become more resistant to antimicrobials (Hilbert, 2013; Kelley et al., 2014).



The organisms are likely to cause recurrence of infection and become more resistant to

antimicrobials after each course of treatment (Pallett and Hand, 2010).

An untreated UTI may spread to the kidney or bladder, causing more pain and illness. It
can also cause sepsis. The term urosepsis is usually used to describe sepsis caused by a UTI.
Sepsis and septic shock can result from an infection anywhere in the body, such as urinary tract
infections. Sometimes incorrectly called blood poisoning, sepsis is the body’s often deadly
response to infection or injury. Sepsis kills and disables millions and requires early suspicion and
rapid treatment for survival. People shouldn’t die from a UTI, but if sepsis begins to take over
and develops to severe sepsis and then to septic shock, this is exactly what can happen. More
than half the cases of urosepsis among older adults are caused by a UTI. Worldwide, one-third of
people who develop sepsis die. Some who do survive are left with life-changing effects, such as
post-traumatic stress disorder, chronic pain and fatigue, and limb loss/amputation (Al-Badr and

Al-Shaikh, 2013).

Finally, the most important agents that cause UTIs are microbes such as bacteria, viruses,

and fungi. Bacteria are the most common kind of microorganisms to cause UTIs (Nicolle, 2001).

1.1.4 Microorganisms associated with UTlIs

The organisms that cause UTIs are found in many species of gram-negative
Enterobacteriaceae related to the lipopolysaccharide (LPS) layer of the gram-negative bacterial
cell envelope (Madigan et al., 2009; Brown et al., 2018). These include Escherichia coli (E. coli)
isolated in around 75-90% of cases (Kucheria et al., 2005). The most common pathogen that
causes UTIs amongst Enterobacteriaceae (Tables 1.1 and 1.2) (Figure 1.2) is E. coli which
account for 50% of hospital-acquired and 85% of community-acquired UTIs (Davis and Hugh

1999). Another study found E. coli was the most commonly isolated pathogen responsible for



UTlIs (138/194 - 71.1%) (Mahesh et al., 2011). Non-pathogenic E. coli is an essential part of the
normal flora in the human gastrointestinal tract. However, E. coli that cause UTIs are classified
as uropathogenic E. coli (UPEC), and these strains account for 75-90% of uncomplicated UTIs
and also can cause bacteraemia, sepsis and meningitis (Ahmed et al., 2014). The most common
serogroups of E. coli causing UTIs worldwide are O4, 06, 014, 022, O75 and O83 (Foxman,
2010; Li et al., 2010). Other Enterobacteriaceae such as Proteus sp. and Klebsiella sp. are

sometimes isolated and gram-positive cocci such as Enterococcus faecalis (Naber et al., 2008).

The patient's age may affect the type of infective bacteria present with Staphylococcus
saprophyticus now accounting for 10% of UTIs in young females compared to less than 1% in
elderly female patients (Davis and Hugh 1999). Extended Spectrum Beta-Lactamase (ESBL) are
enzymes that can be carried on bacterial plasmids and produced by different gram-negative
bacteria especially, E. coli that cause UTIs that confer increased resistance to a large number of

antibiotics (Figure 1.3) (Kumar and Khan, 2011; Dhillon and Clark, 2012).

Table 1.1 Most common microorganisms grown in urine cultures (Dogru et al., 2013). The
pathogens most responsible for grown in urine cultures are Enterobacteriaceae with a high

predominance of E. coli.

Microbial Strain Female patients Male patients Total (n=1715) (%)
(n=1227) (%) (n=488) (%)
E. coli 799 (65.1%) 240 (49.1%) 1039 (60.6%)
Enterococcus spp. 121 (9.9%) 55 (11.2%) 176 (10.30%)
Klebsiella spp. 84 (6.8%) 41 (8.3%) 125 (7.3%)
Pseudomonas spp. 32 (2.6%) 50 (10.1%) 82 (4.8%)
Streptokoklar 54 (4.4%) 2 (0.4%) 56 (3.3%)
Enterobacter spp. 20 (1.6%) 25 (5.1%) 45 (2.6%)
Candida spp. 36 (2.0%) 8 (1.5%) 44 (2.6%)
Proteus spp. 24 (2.0%) 13 (2.6%) 37 (2.2%)
Citrobacter spp. 16 (1.3%) 18 (3.6%) 34 (2.0%)
Others 41 (3.4%) 36 (7.1%) 77 (4.3%)
Total: 1227 (100%) 488 (100%) 17115 (100%)




Table 1.2: Most common microbes causing UTlIs in Shahrekord, Iran (Tajbakhsh et al.,
2015). The pathogens most responsible for UTI are Enterobacteriaceae with a high

predominance of E. coli.

Microbial Strain Number of Males, % | Number of UTI, %
Females, %

Escherichia coli 17 % 34.7 % 51.07 %
Klebsiella pneumonia | 4.76 % 11.56 % 16.32 %
Proteus spp. 3.40 % 7.48 % 10.88 %
Acinetobacter spp. 2.04 % 4.08 % 6.12 %
Entrobacter spp. 1.36 % 4.08 % 5.44 %
Citrobacter spp. 0.68 % 3.4% 4.08 %
Pseudomona 0.68 % 2.72% 3.40 %
saeruginosa

Providencia spp. 0% 2.04 % 2.04 %
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Figure 1.2 The variation in the percentage of bacteria causing UTIs. These results were
from a 2004-2005 laboratory-based surveillance study of all community-acquired UTI in
the Calgary Health Region of Canada (Foxman, 2010).
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Figure 1.3 Microbial causes of UTIs (Kumar and Khan, 2011). 56.2% of the total infection

was caused by ESBL +ve organisms.

1.2 E. coli
1.2.1 Background

E. coli was first discovered in 1885 by Theodor Escherich, a German bacteriologist. It is a
gram-negative, rod-shaped bacterium; it is one of the common bacteria found in nature and the
digestive tract of humans and warm-blooded animals. E. coli can survive for long periods in soil,
faeces, and water. Usually, E. coli serves as an indicator organism for the contamination of water
(Samadpour, 1995). It is a facultative anaerobe which uses aerobic respiration if oxygen is
present. It is also capable of switching to fermentation or anaerobic respiration if oxygen is
absent. The normal growth temperature of E. coli is 44°C. However, some laboratory strains can
multiply at temperatures of up to 49°C (Fotadar et al., 2005). E.coli in large human intestines can
help digestion processes, food breakdown and absorption, and vitamin K production (Wilson,

2005).

Many strains of E. coli are harmless; however, some can be pathogenic causing intestinal

and UTIs in both humans and animals (Jafari et al., 2012). For example, E. coli O157: H7, an
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epidemiologically significant bacterium, produces a powerful toxin capable of causing the
hemolytic-uremic syndrome. E. coli O157: H7 can be transmitted to humans by contaminated
food, water, and animals (Samadpour, 1995). There are about 190 different serogroups of E.coli
that are classified based on major surface antigens (Stenutz et al., 2006). The first one is the O
antigen that is part of lipopolysaccharide layer; the second one is H antigen, referred to as
flagellin; the third one is K antigen that is part of the capsule (Orskov et al., 1977). UPEC is one
of the most common causes of UTIs. It is part of the normal flora in the digestive tract and can
be introduced in many ways to the urinary tract (Hilbert, 2013; Karam et al., 2018;

Malekzadegan et al., 2018).

1.2.2 Cell structure of E. coli

E. coli has adhesive fimbriae and a cell wall which consists of an outer membrane
containing LPS, a periplasmic space with a peptidoglycan layer and an inner, cytoplasmic
membrane. E. coli cell walls are strong and tough enough to endure extreme temperatures and
pH (Beveridge, 1999; Sekiguchi and Yamamoto, 2012). LPS has different parts: The O antigen,

core oligosaccharide, and Lipid A (Figure. 1.4) (Lolis and Bucala, 2003).

The O antigen is a repetitive glycan polymer within the LPS. The O antigen is attached to
the core oligosaccharide. Moreover, there are different types of LPS based on O antigen. For
example, in E. coli there are over 160 O antigen structures produced by different E.coli strains
(Raetz and Whitfield, 2002). Also, there are two types of LPS based on the presence or absence
of O antigen chains, the first one is rough, and the other one is smooth. If the O antigen chains
were present, it would make the LPS smooth. In contrast, the absence of O antigen chains would

make the LPS rough (Rittig et al., 2003). The rough LPS bacteria usually are more hydrophobic.
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Therefore the bacteria with this type of LPS are more sensitive to hydrophobic antibiotics such

as gentamicin, kanamycin, and rifamycins (Tsujimoto et al., 1999; Delcour, 2009).

The Core part of LPS contains an oligosaccharide component, and this part links to lipid A.
Normally, the core contains sugars such as heptose and 3-deoxy-D-mannooctulosonic Acid
(KDO, keto-deoxyoctulosonate). Also, the LPS Cores contain phosphate, amino acids, and

ethanolamine substituents (Hershberger and Binkley, 1968; Klein et al., 2013).

The last part of LPS is lipid A, consisting of a phosphorylated glucosamine disaccharide
and multiple fatty acids. The primary function of multiple fatty acids chains in lipid A is to stick
the LPS into the bacterial membrane. The fatty acid chains are attractive to hydrophobic

antibiotics Figure 1.4 (Tzeng et al., 2002; Steimle et al., 2016).
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Figure 1.4 The structure of the cell wall for gram-negative bacteria (Matsuura, 2013).
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1.2.3 Bacterial virulence factors

The UTIs are the result of the interaction between the host and pathogens. E. coli strains
are highly adaptable encoding many virulence factors that can enable the bacteria to colonise,
infect the urinary tract, and then lead to UTIs. The most common virulence factors of E. coli are
bacterial capsule, fimbriae, and toxins (Bien et al., 2012; Pereira et al., 2016). Virulence factors
of E. coli may be divided into two groups contact-dependent, and contact-independent (Davis

and Hugh, 1999).

1.2.3.1 Contact-dependent virulence factors

Contact-dependent virulence factors are the presentation of cell surface adhesive
organelles in E. coli which are the most significant determinants of pathogenicity. E. coli may
express several adhesions that allow it to attach to urinary tract tissues. The best-characterised
type of adhesion is the fimbriae (Mulvey, 2002). Adherence of the bacteria is dependent on three
critical environmental characteristics: the bacteria’s contact-dependent characteristics, the
receptive features of the urothelium, and the fluid that is present between both surfaces (Davis

and Hugh, 1999).

Fimbriae are composed of protein subunits and associated with the bacterial surface. The
function of fimbriae is to bind the glycolipid and glycoprotein on urothelial cells in the bladder
to infect the urinary tract. The most common types of fimbriae in E. coli is type 1 fimbriae, type

P fimbriae, and type Dr fimbriae (Bien et al., 2012).

First: Type 1 fimbriae:

Type 1 fimbriae are the most common fimbriae on E. coli, and this type was produced in
more than 80% of pathogenic E. coli that cause UTIs. Type 1 fimbriae are composed of a helical

rod with repeating FimA subunits that are bound to a distal tip structure containing the FimH
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adhesin (Kisiela et al., 2015). Also, type 1 fimbriae bind to the urothelial cells on the adhesin
subunit FimH that is located at the fimbrial tip. Moreover, the type 1 fimbriae are responsible for
increasing the inflammatory response of bacterial invasion with urothelial cells (Tchesnokova et

al., 2011).

Second: Type P fimbriae:

The next most common virulence factor of pathogenic E. coli that cause UTIs are type P
fimbriae. These fimbriae are believed to play a role in ascending UTIs (Lillington et al., 2014).
The attachment of P fimbriae leads to the release of ceramide, which acts as an agonist of Toll-
like receptor 4 (TLR4), a receptor involved in activation of the innate immune response
including cytokines and antimicrobial peptides; these interactions cause the pain of UTIs
(Fischer et al., 2007). In addition, type P fimbriae are very important in the pathogenesis of UTIs
especially pyelonephritis. Also, P fimbriae have been implicated as one of the virulence factors

involved in acute kidney dysfunction within renal transplant patients (Rice et al., 2006).

Third: Type Dr fimbriae:

One of the most common virulence factors of pathogenic E. coli that cause UTIs is type Dr
fimbriae (Bien et al., 2012). Fimbriae Dr adhesins of E. coli are associated with UTIs,
particularly recurrent infection and infection during pregnancy (Delzell et al. 2000; Tadesse et al.

2014).

1.2.3.2 Contact-independent virulence factors
While much attention is focused on the contact-dependent virulence factors, as many are

relatively specific to E. coli, like other gram-negative bacteria, there are many virulence factors
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located on the E. coli such as capsules and flagella. The most common contact-independent

virulence factors notably toxins that further enhance its pathogenicity (Strelkauskas et al., 2010).

Lipopolysaccharides (LPS) can also act as a virulence factor to cause pathogenicity. LPS is
a core component of the cell wall of gram-negative bacteria. The LPS of E. coli is essential in the
activation of a proinflammatory cytokine which promotes a systemic inflammation response in

UTIs by the induction of nitric oxide as well as cytokine production (Béckhed et al., 2001).

The next most common non- contact-dependent virulence factor of pathogenic E. coli that
cause UTlIs are flagella. The flagellum is a macromolecular organelle complex that protrudes
from the exterior of the bacterial outer membrane up to 15uM long and is responsible for
bacterial motility. Typically, an E. coli has between four and ten flagella they come together to
form a bundle at the posterior pole when swimming. E. coli can change direction by one or more
motors reversing direction and breaking from the bundle, causing the bacteria to re-orientate
(Darnton et al., 2007). The flagella consist of a protein called flagellin, which is in shape helical.
It consists of three parts: the motor, hook and filament. The flagella are involved in the
interaction of various pathogenic E. coli strains with epithelial cells. Flagellated UPEC causes
70-90% of all UTls, and their pathogenesis involves contact between the bacteria and epithelial
cell surface of the urinary tract (Pichon et al., 2009). One study has suggested that E. coli flagella

have an essential role in the transmission of the bacteria and cause UTIs (Schwan, 2008).

One of the most common contact-independent virulence factors that cause UTIs are toxins
secreted by E. coli. Production of toxins by colonising E. coli may cause an inflammatory
response, which leads to symptoms. The most important of these secreted toxins are a lipoprotein

called haemolysin, and Cytotoxic Necrotising Factor (CNF) (Bien et al., 2012).

Hemolysins are membrane-damaging toxins that disrupt the plasma membrane of host cells

and cause the cells to lyse. These toxins can damage the plasma membrane of both red blood
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cells and white blood cells. The most common types of haemolysin are a-hemolysin, and -
hemolysin (Eberspécher et al., 1989). The most significant secreted virulence factor of UPEC is
a lipoprotein called a-haemolysin (HIyA), which is frequently associated with UTIs such as
pyelonephritis (Johnson, 1991; Vazquez et al., 2017). At high concentrations, it lyses
erythrocytes and host cells, leads pathogens to cross epithelial barriers, damage immune cells,
and gain access to the host's iron stores (Johnson, 1991). However, at low concentrations, it can
induce apoptosis of host immune cells (Smith et al., 2006). The other type of haemolysin that is

B-hemolysin has the same interaction of a-hemolysin on the cells (Hsu et al., 2001).

The most common types of CNF are CNF1 and CNF2. CNF has an important function in
the regulation of actin cytoskeleton (Kulp and Kuehn, 2010; Strelkauskas et al., 2010). Many
studies suggests that CNF1 has effects on the epithelial cell membrane which enhance the ability
E. coli to invade cells (Bower et al., 2005; Reppin et al., 2017). In addition, the CNF1 has been
shown to interfere with polymorphonuclear phagocytosis and cause the death of bladder
epithelial cells by apoptosis (Mills et al., 2000). The CNF1 is produced by one-third of all
pyelonephritis strains and may also be involved in kidney invasion (Landraud et al., 2000; Ho et

al., 2018).

1.2.4 Antibiotic resistance

1.2.4.1 Overview of antibiotic resistance

The development of increased resistance against available antibiotics is a major global
concern and is a major threat to the successful treatment of infectious diseases. Many bacteria
are developing or have already developed resistance against the currently available antibacterial
agents, that includes the development of B-lactams as well (Rawat and Nair, 2010b; Iredell et al.,

2016). Antibiotic resistance has spread among bacteria globally because of the exchange of
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mobile resistance determinants occurring mostly through transmission of plasmids (Rawat and
Nair, 2010b). Several different mechanisms of antibiotic resistance have been evolved via gram-
negative bacteria (Iredell et al., 2016). This review is aimed at exploring antibiotic resistance in
gram-negative bacteria, mainly the Enterobacteriaceae. These are mostly found to be linked with

B-lactamase mediated antibiotic resistance.

1.2.4.2 Mechanisms of antibiotic resistance in gram-negative bacteria

There are different mechanisms for resisting the action of antibiotics. An important
mechanism is a modification in the molecule to be targeted by the antibiotic. Penicillin-Binding
Proteins (PBPs) serve to be a good example. Besides these, the enzymes involved in the
synthesis of peptidoglycan which is responsible for cross-linking the glycan strands to one
another and the cell wall of bacteria are also targeted by antibiotics (Heijenoort, 2011; Sauvage
and Terrak, 2016).

In some cases, antibiotics are excreted through efflux pumps like Resistance-Nodulation-
Division (RND) transporters (Nagano and Nikaido, 2009; Lim and Nikaido, 2010; Li et al.,
2015). Another mechanism involves an alteration in the permeability of the membrane through
modification of porin molecule (Kojima and Nikaido, 2013; Iredell et al., 2016). Resistance to [3-
lactams is mostly conferred by enzymatic hydrolysis of the antibiotic, and this mechanism is
used by different gram-negative bacteria including Enterobacteriaceae. The enzymes
responsible for the hydrolysis are B-lactamases like OXA, CTX-M, SHV, TEM and AmpC

enzyme families that include ESBLs (Iredell et al., 2016; Xia et al., 2016).
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1.2.4.3 Extended-Spectrum Beta-Lactamase (ESBL)

1.2.4.3.1 Background

ESBLs are enzymes that can be carried on bacterial plasmids. They are specific enzymes
that can break down many types of antibiotics, which leads to their inactivation. ESBLSs cause
global health problems since infections caused by enzyme-producing organisms are associated
with high morbidity and mortality rates and the financial burden of treatment can be costly. B-
lactamases are hydrolytic enzymes which cleave the - lactam ring conferring bacterial
resistance to B-lactam antibiotics, such as penicillins and cephalosporins (Dhillon and Clark,
2012). The B-lactam ring consists of three carbon atoms and one nitrogen atom, as shown in
(Figure 1.5). The B-lactam antibiotics usually act by checking the formation of bacterial cell wall
as they impede the development of peptide bond between molecules that constitute the
peptidoglycan. This impedance is brought about by the antibiotic by targeting the PBPs
(Waxman et al., 1980; Fisher et al., 2005). In particular, the B-lactam antibiotics demonstrate
irreversible binding with the Ser403 residue of the active site of PBP. This transpeptidation step
of peptidoglycan synthesis gets inhibited leading to inhibition of the synthesis of a cell wall of
bacteria (Waxman et al., 1980; Silvaggi et al., 2004; Fisher et al., 2005). The abovementioned
irreversible binding occurs because B-lactams serve to be analogue of D-alanyl-D-alanine

terminal residues of peptidoglycan (Waxman et al., 1980; Silvaggi et al., 2004).
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Figure 1.5 Core structure of penicillins, and B-lactam ring in red (Zeng and Lin, 2013).

ESBLs usually are produced by the Enterobacteriaceae family of gram-negative bacteria,
especially Klebsiella pneumoniae and E. coli. They are also produced by other gram-negative
bacteria such as Acinetobacter baumannii, and Pseudomonas aeruginosa (Falagas and
Karageorgopoulos, 2009). Since 1980, the beta-lactam antibiotics have been widely used for the
treatment of infections, especially by gram-negative bacteria. Resistance against these antibiotic
groups developed quickly around the world. In Europe, ESBL-producing Enterobacteriaceae
have been spreading, and the rate is increasing dramatically. The first isolates were originally
detected in Germany and the UK in 1983 (Mshana et al., 2009; Dhillon and Clark, 2012). In
2011, the European Centre for Disease Control (CDC) and Prevention stated that the spread of
ESBLs+ve E. coli has increased in more than half of the 28 European countries over the past

four years (Beytur et al., 2015).

ESBLs have been described as the p-lactamases which enable bacteria to resist a broad
range of p-lactam antibiotics that include penicillins, 1st-, 2nd- and 3rd-generation

cephalosporins as well as aztreonam. Yet, cephamycins and carbapenems are excluded from
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their resistance profile (Paterson and Bonomo, 2005). Although some enzymes are inhibited by
B-lactamase inhibitors like clavulanic acid, the activity of many remains unaffected as well

(Paterson and Bonomo, 2005; Bush and Jacoby, 2010).

The first discovered plasmid-encoded ESBL is SHV-2. Its isolation from K. pneumoniae
was made in 1985 in Germany. It has emerged from a natural point mutation in SHV-1 (Kliebe
et al., 1985; Ambler et al., 1991). The discovery of SHV-2 was followed by the discovery of
ESBLs emerged from a mutation in blaTEM-1 and blaTEM-2 genes in Citrobacter freundii, E.
coli and K. pneumoniae in Germany and France (Sougakoff et al., 1988). Over 170 modified
variants of TEM-1 have been discovered since that time, and the majority of these demonstrate

the ESBL characteristics (Salverda et al., 2010).

The ESBLs derived from TEM and SHV dominated the period of the 1980s and 1990s.
These were often found linked with K. pneumonia and hospital-centred outbreaks. In some cases,
they were found associated with Enterobacteriaceae like E. coli (Bradford, 2001; Paterson and
Bonomo, 2005). During the early 2000s, the CTX-M ESBL lineage became prominent because
of substantial increment in the evolution rate of CTX-M and spreading of its geographic

distribution. These enzymes are not associated with SHV and TEM (Cantdn et al., 2012).

The first OXA enzyme derived ESBL was OXA-11. It is a variant of OXA-10 which was
discovered in 1991 in Turkey (Hall et al., 1993). Since its discovery, numerous derivatives of
OXA-10 have been found. These include OXA-13, OXA-14, OXA-16, OXA-17, OXA-19 and
OXA-28. These enzymes have ESBL status (Evans and Amyes, 2014). According to Bush &
Jacoby (2010) and Evans & Amyes (2015), certain other derivatives of OXA like OXA-23 and
OXA-48 can be of clinical significance because of their association with an increase in resistance

to carbapenem.
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1.2.4.3.2 Emergence of resistance to p-lactams

Intriguingly, the discovery of AmpC p-lactamase had been made even before the
initiation of clinical application of penicillin (Abraham and Chain, 1940; Jacoby, 2009).
Resistance to penicillin and other antibiotics emerged during the 1940s and 1950s (Bellamy and
Klimek, 1948; Ghuysen, 1991; Livermore and Woodford, 2006; Frére et al., 2016). In the mid-
1970s, the inhibitor of B-lactamase, i.e. clavulanic acid was discovered. Thus, the efforts made
for overcoming the B-lactamase mediated antibiotic resistance proved fruitful (Brown et al.,
1976; Drawz and Bonomo, 2010). After this discovery, synthetic inhibitors like tazobactam,
sulfones sulbactam and penicillanic acid were also introduced. These inhibitors can be given
together with the antibiotic as conjugate. For instance, augmentin is a conjugate of amoxicillin

and clavulanic acid (Weber et al., 1984; Lewis, 2013; Drawz et al., 2014).

To clarify the problem of B-lactamase-antibiotic resistance in gram-negative bacteria, it is
needing to know the history of B-lactams beginning with Alexander Fleming. It emerged in 4
different waves (Table 1.3). In the first wave included a few variant narrow-spectrum
penicillinases that emerged in association with the use of ampicillin to treat gram-negative
bacterial infections. The spread of strains elaborating these enzymes, such as TEM-1 of E. coli,
prompted the development of newer B-lactam classes (such as the aztreonam, cephalosporins,
and carbapenems) that were resistant to hydrolysis. The second wave of resistance which is of
clinical importance happened in the 1980s and involved the emergence of resistance to extended-
spectrum cephalosporins. Mutations in gram-negative bacteria continued, resulting in the
expression of high-level resistance to extended-spectrum cephalosporins. The third wave
involved the occurrence and spread of the CTX-M family of B-lactamases, these enzymes are
cephalosporinases. The fourth wave of [B-lactamase—antibiotic resistance is the spread of
carbapenemases. The carbapenems are being hydrolysed by a large number of B-lactamases

produced by gram-negative bacteria (Rice, 2012).
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The most common mechanism of resistance to beta-lactam antibiotics is the production
of beta-lactamases, which destroy beta-lactam antibiotics by binding to the PBPs, thus inhibiting
the synthesis of peptidoglycan on the cell wall of the bacteria. There are three major mechanisms
of beta-lactam resistance; decreased access to the PBPs reduced PBP binding affinity, and

annihilation of antibiotic by the expression of 3- lactamase (Ambler, 1980).

Table 1.3 Timeline is showing the use of various classes of antibiotics and describing

resistance to that class of antibiotic in formerly susceptible microbes (Rice, 2012).

1942 1949 1962 1966 1979 1985 1990 1993
First clinical | Osteomyelitis First Description First First Description | First
use of due to clinical of TEM clinical use | clinical of CTX-M. | carbapenemase
penicillin. penicillin- use of penicillinase. | of use of from
producing ampicillin. cefotaxime. | imipenem. Enterobacteriaceae.

Staphylococcus
aureus.

1.2.4.3.3 Classification of ESBL

In 1995, Bush et al. devised a classification of B-lactamases based on their functional
characteristics and substrate profile (K. Bush et al., 1995). This classification of the ESBL
enzymes is divided into three groups. The first group is cephalosporinases, which are not
inhibited by clavulanic acid. The second group is broad-spectrum enzymes, which are generally
inhibited by clavulanic acid. The third group is metallo-p-lactamases (Keat, 2011). At present, -
lactamases have been classified by two classification schemes. -lactamases have been grouped
on the basis of antibiotic resistance profiles in the Bush-Jacoby-Medeiros scheme (Bush et al.,
1995; Bush and Jacoby, 2010) and hence it is of greater clinical significance than the Ambler
scheme which classifies the B-lactamases on the molecular basis (Ambler, 1980; Hall and
Barlow, 2005). On the basis of sequence homology, the Ambler classification scheme

categorises B-lactamases into four groups, i.e. A, B, C and D as presented in (Table 1.4) (Ambler,
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1980; Ambler et al., 1991; Hall and Barlow, 2005; Thirapanmethee, 2012). Different -
lactamases with active-site serine fall under the A, C and D group while group B is constituted
by metallo-B-lactamases (MBLs) that demonstrate a unique evolutionary origin. MBLS contain

one active zinc site at least (Hall and Barlow, 2005).

Another classification scheme was put forward in 2009. In this scheme, the description of
ESBLs was expanded thereby permitting the inclusion of clinically significant acquired -
lactamases which are capable of acting against extended-spectrum cephalosporins and/or
carbapenems. Considering the simplicity of this scheme which had the chances of missing
minute disparities between p-lactamases, it was stated that the scheme was not put forward with
the objective of replacing the available schemes. The primary aim of the scheme was to
complement other schemes in the context of healthcare (Giske et al., 2009). The Ambler scheme
and the Bush-Jacoby-Medeiros scheme continued to be used in the meantime. More than 1000 -

lactamases have been discovered (Malloy and Campos, 2011; Bush et al., 2015).



Table 1.4 Classification of p-lactamases according to Ambler molecular scheme

(Thirapanmethee, 2012).

Class B-lactamases Examples
Serine B-lactamases A ESBL TEM- type TEM-1, TEM-2, and
TEM-3
ESBL SHV- type SHV-1 and SHV-5
ESBL CTX-M- type CTX-M1and CTX-M9
Carbapenemases KPC
C AmpC cephamycinases | AmpC
(chromosomal encode)
AmpC cephamycinases CMY and DHA
(plasmid encode)
D Broad spectrum f- OXA-1 and OXA-9
lactamases
ESBL OXA- type OXA-2 and OXA-10
Carbapenemases OXA-48 and OXA-23
Metallo B-lactamases B Metallo B-lactamases VIM and IMP

1.2433.1TEM
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The largest group of ESBL enzymes is the TEM family (Bradford, 2001). According to

Ambler scheme classification, which is based on the nucleotide and amino acid sequences in

TEM enzymes, TEM belongs to class A. TEM-1 was first reported in 1965 from an E. coli

isolate from a patient in Greece (Datta and Kontomichalou, 1965). TEM-1 is the most common

B-lactam inactivating enzyme found in enteric bacilli, especially in E. coli and K. pneumoniae,

and is also seen with increasing frequency in other gram-negative species (Bradford, 2001; Hujer

et al.,, 2009). TEM is inhibited by clavulanic acid and can hydrolyse ampicillin more than

carbenicillin, oxacillin or cephalothin (Paterson and Bonomo, 2005). When ceftazidime first

became available for clinical use in 1982, only TEM-1, TEM-2 and SHV-1 were known. Now,

over 170 modified derivatives of TEM-1 and TEM-2 are being circulated and demonstrate



25

resistance to monobactams and 2nd and 3rd generation cephalosporins. They may also resist the

activity of p-lactamase inhibitors (Bush and Jacoby, 2010; Salverda et al., 2010).

1.2.43.3.2 AmpC

AmpC B-lactamase is clinically significant though it is not an ESBL (Jacoby, 2009). It
has been suggested that this enzyme is an archetypal -lactamase on a structural basis (Burman
et al., 1973; Jaurin and Grundstrom, 1981). Though it is structurally different from penicillinases
and TEM, its active site also contains serine (Jaurin and Grundstrém, 1981). Chromosomes of
Enterobacteriaceae and some other bacteria contain genes for these enzymes (Jacoby, 2009). Still,
plasmid-borne AmpC genes like CMY-8, CMY-9 and CMY-19 have also been reported, and
these must have contributed in the spread of these enzymes to other bacteria with a poor

expression of the blaAmpC gene.

AmpC-type B-lactamases are under molecular class C in Ambler’s classification scheme.
AmpC B-lactamases mediate resistance to most penicillin antibiotics, as well as extended-
spectrum cephalosporins and [-lactamase inhibitor-p-lactam combinations (Jacoby, 2009).
Cefoxitin resistance is used as an indicator of AmpC-mediated resistance, but it can also be an
indication of loss of outer membrane permeability (Philippon et al., 2002). AmpC is usually
encoded on the chromosome of gram-negative bacteria, including Citrobacter freundii,
Enterobacter cloacae and Morganella morganii. The chromosomal AmpC gene expression in
these organisms is inducible by B-lactam antibiotics, such as cefoxitin and imipenem, however
poorly induced by third- or fourth-generation cephalosporins. In E. coli and Shigella spp., AmpC
is usually constitutive, minimal and poorly expressed, whereas in Klebsiella and Salmonella spp.,
the AmpC gene is missing from the chromosome (Schmidtke and Hanson, 2006; Jacoby, 2009).
AmpC enzymes have been named according to the resistance produced to antibiotics, such as the

resistance provided to cephamycins (CMY), cefoxitin (FOX) and moxalactam (MOX); according
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to the site of discovery, such as the Dhahran Hospital in Saudi Arabia (DHA); and according to

the patient name Bilal (BIL) (Philippon et al., 2002).

1.2.4.3.3.3 OXA-48

OXA pB-lactamases belong to class D according to Ambler classification (Ambler et al.,
1991). The OXA group usually occurs in Acinetobacter and Pseudomonas spp. OXA B-
lactamases attack oxyimino-cephalosporins and have a higher hydrolytic activity against
oxacillin, methicillin and cloxacillin more than against benzylpenicillin (Rasmussen and Hgiby,
2006). Presently, over 180 different variants of OXA enzymes have been identified based on the

protein level (http://www.lahey.org/studies/). Most OXA-types -lactamases are not regarded as

ESBLs because OXA does not hydrolyse extended-spectrum cephalosporins. OXA-11 is the first
extended spectrum of P. aeruginosa isolated in October 1991 from the blood cultures of a burns
patient in Turkey (Hall et al., 1993). OXA-10, as well as its derivatives, have been found around
the world (Al-Agamy et al., 2012; Vatcheva-Dobrevska et al., 2013; Farshadzadeh et al., 2014;
Hansen et al., 2014). Most OXA-type ESBLs derive from OXA-10 (OXA-11, OXA-13, OXA-
14, OXA-16, OXA-17 OXA-19 and OXA-28); from OXA-2 (OXA-15 and OXA-32) to a lesser
extent; or others unrelated to any recognised broad-spectrum OXA enzymes (OXA-18 and
OXA-45) (Naas et al., 2008). Rasmussen and Hoiby sub-classified carbapenem-hydrolysing
OXA enzymes into eight distinct branches or subgroups, namely, OXA-23, OXA-24, OXA-48,

OXA-50, OXA-51, OXA-55, OXA-58 and OXA-60 (Walther-Rasmussen and Hgiby, 2006).

An increment in resistance to carbapenem involves the role played by OXA-derivatives
(Bush and Jacoby, 2010; Evans and Amyes, 2014). A number of bacterial species all across the
globe have been found to contain the OXA carbapenemases which have been categorized into
sub-divisions namely OXA-23, OXA-24/40, OXA-48, OXA-51 and OXA-58 (Carrer et al., 2010;

Castanheira et al., 2011; Kalpoe et al., 2011; Evans and Amyes, 2014; Smith et al., 2014;
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Alyamani et al., 2015; Cakirlar et al., 2015; Kamolvit et al., 2015; Shrestha et al., 2015;

Tsiatsiou et al., 2015).

Horizontal Gene Transfer (HGT) always occurs between E. coli strains and is the most
common cause of increasing virulence potential and antimicrobial resistance (Juhas, 2015). The
crystal structure of OXA-48 has been demonstrated, showing how this enzyme has a different
mechanism for carbapenem hydrolysis. OXA-48 does not possess a hydrophobic bridge across
the active site. The active-site cleft of OXA-48 has a larger hydrophobic region that allows the

hydroxyethyl group of meropenem greater mobility (Evans and Amyes, 2014).

1.2.4.3.4 Epidemiology of ESBL positive bacteria

The CTX-M ESBL group has turned into the most common ESBL type in the family of
Enterobacteriaceae in community-acquired as well as nosocomial infections since the early
2000s. Previously, ESBL variants of TEM and SHV held this position (Cantén et al., 2012). Still,
different regions of the world have different predominant ESBL types. Reports have indicated
transmission of ESBL-carrying infections in healthcare centres and community (Burke et al.,

2012; Baraniak et al., 2013; Valenza et al., 2014).

Western Europe was the first to apply the utilisation of extended-spectrum pB-lactam
antibiotics clinically; this was followed by rapid increment and spreading of ESBL strains in
Europe and then in the United States and Asia (Bradford, 2001). The incidence of ESBL
infections was found to be lesser in European healthcare centres in comparison to other regions.
This incidence of ESBL infections has been reported by a study conducted in 2007 that analysed
nosocomial infections in 266 healthcare centres in Europe, Latin America, North America and
Asia (Reinert et al., 2007). The highest prevalence of ESBL in Enterobacteriaceae was reported

by Greece and Poland. Since that time, clinical isolates with ESBLs have been reported in many
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countries which seemed to be free from ESBL enzymes Germany (Valenza et al., 2014), France
(Ruppé et al., 2012; Arnaud et al., 2015), the United Kingdom (Wickramasinghe et al., 2012;
Horner et al., 2014), Ireland (Burke et al., 2012), Finland (Nyberg et al., 2007), Norway
(NASEER et al., 2009), Sweden (Brolund et al., 2014), Denmark (Hansen et al., 2012) and

Austria (Huemer et al., 2011).

Prevalence of antibiotic resistance and particular those mediated by ESBL has increased
in Saudi Arabia and rest of the Middle East just like other regions of the globe (Jean and Hsueh,
2011; Zowawi et al., 2013). Researchers in Saudi Arabia have been exploring ESBL-mediated
antibiotic resistance in different settings in the community as well as healthcare centres (Zowawi
et al., 2013). Besides the detection of common genes like OXA-48 in community-acquired as
well as nosocomial isolates (Carrer et al., 2010; Jean and Hsueh, 2011; Newire et al., 2013;
Zowawi et al., 2013; Zamani et al., 2015). In general, ESBLs have been found in clinical isolates
of Enterobacteriaceae (Al-Agamy et al., 2012; Zowawi et al., 2013; Somily et al., 2014;
Alyamani et al., 2015). Al-Agamy et al. researched two hospitals of Riyadh (The capital of
Kingdom of Saudi Arabia) involving analysis of 400 samples of K. pneumoniae and found that
prevalence of ESBL strains was 55% and SHV enzymes were predominant (Al-Agamy et al.,
2009). Conversely, another study by Tawfiq checked 430 isolates of K. pneumoniae in Al-
Qassim and reported a lesser prevalence of ESBLs (Tawfik et al., 2011). In particular, 89.1%
isolates contained genes for SHV, and most of them contained SHV-12. 70.9% isolates
possessed the TEM genes. Al-Agamy et al. checked 152 isolates of E. coli and prevalence of
ESBL was found to be 20.39%. Out of 31 isolates, 30 possessed CTX-M-15 (Al-Agamy et al.,
2014). A distressing trend noticed in Saudi Arabia is the evolution of new p-lactamase genes
which are responsible for carbapenems resistance in species other than P. aeruginosa. blaOXA-
51, for instance, OXA-48 has been detected in K. pneumonia isolates in Riyadh. These isolates

demonstrated lesser sensitivity to carbapenem. OXA-23-like gene has been detected in Eastern
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part of Saudi Arabia in Acinetobacter calcoaceticus-baumannii complex strains which are

resistant to carbapenem (Shibl et al., 2013; Alyamani et al., 2015; EI-Mahdy et al., 2017).

Oman, UAE and Kuwait have also witnessed elevation in resistance to carbapenem in
Enterobacteriaceae strains. Majority of the OXA-48 has been isolated from specimens collected
from individuals who had not travelled to other regions of the world which implies that
autochthonous infections are predominant. Moreover, these states can serve as reservoirs of these
strains, and from these regions, the strains demonstrating resistance to carbapenems can spread
to the rest of the world (Sonnevend et al., 2015). Considering these trends, it is most necessary
that efforts are made for better surveillance of Enterobacteriaceae strains which are resistant to

carbapenem in the Middle East and the Arabian Peninsula (Jamal et al., 2016).

In a nutshell, Saudi Arabia, as well as other parts of the Middle East, is witnessing
serious developments in antibiotic resistance such as increment in the prevalence of CTX-M and
OXA-48 ESBL genes. In particular, the CTX-M-15 and OXA-48 genes found in
Enterobacteriaceae, mostly in E. coli, are getting more prevalent in community-acquired as well

as nosocomial infections.

1.2.4.3.5 Treatment

Treating infections caused by ESBL producing bacteria has proved to be a challenge for
clinicians. Usually used antibiotic classes, such as penicillins, third-generation cephalosporins
and monobactams, are often rendered ineffective for these types of infections. A study by Auer
et al. explained this point (Auer et al., 2010). The oral therapy is given to community patients
having urinary tract infections caused by ESBL producing E. coli. The resistance rates to
ciprofloxacin and trimethoprim-sulfamethoxazole were above 70% while those for gentamicin

were around 21%. Also, in this study, these included fosfomycin, for which the bacteria
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exhibited 97% susceptibility, nitrofurantoin, 94% susceptibility and ertapenem, 100%
susceptibility (Auer et al., 2010). Pivmecillinam is an oral antibiotic that has been used
extensively within Nordic countries. Evidence suggests that pivmecillinam has activity against
ESBL producing organisms (Dewar et al., 2014). Carbapenems, for example, meropenem and
imipenem, are the treatment of choice for patients suffering from ESBL related urosepsis and

severe sepsis (Pallett and Hand, 2010).

Increased reports of carbapenemase activity have also been noted in areas such as
London, an outbreak between 2008 and 2010 described 20 K. pneumoniae isolates carrying the
OXA-48 determinant in 13 patients (Thomas et al., 2013). OXA-48 resistance has increased
from one confirmed case in 2007 to 179 confirmed cases in 2013 (Public Health England, 2016a).
Many studies were initiated to determine relationships between antibiotic overuse and the

potential to forecast future outbreaks.

1.2.5 Bacterial interaction and invasion of cells

1.2.5.1 Normal Human Urothelial Cell Line (TRET-NHUC)

Normal human urothelial cell line (TRET-NHUC) was kindly provided by Prof. Knowles,
from Cancer Research UK Clinical Centre, St. James’s University Hospital in Leeds. Normal
human urothelial cells (NHUC) are cells covering the mucosal layer of the urinary tract
(Hickling et al., 2015). At the molecular level, NHUC covering the ureters, bladder and the
urethra are morphologically similar but have different embryological derivations (Al-Kurdi,
2017). Data from recent studies indicate some degree of difference with regards to the
morphological and biochemical features of NHUC lining different parts of the urinary tract

(Hickling et al., 2015).
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1.2.5.2 Bacterial interaction with cells

Usually, the urinary tract is a sterile environment, using different host mechanisms to
prevent bacterial colonisation and survival. The most pathogenic bacteria that cause UTlIs are
flora from the bowel, which enters the bladder by the urethra. UTI strains have a repertoire of
adhesins that enable the bacteria to adhere to the cellular surfaces (Bien et al., 2012). Therefore,
the first line of host defence against UTIs is focused on preventing bacterial adherence to the

bladder mucosa.

At first, the bacteria make a reversible contact which later becomes irreversible through
physical and chemical changes. Yet, the contact is formed only when adhering bacteria reach
near the surface. Bacteria may reach the surface through different physical forces such as
hydrophobic interactions, van der Waal’s forces and Brownian motion. They may also have
utilised certain other mechanisms like sedimentation, active and convective transport utilising
turbulent flow and flagella (Gottenbos et al., 2002; Palmer et al., 2007). Many factors affecting
these interactions include the surrounding solution, the surface of the substrate and surface of
bacterial cells (Parent and Velegol, 2004). Also, adhesion of bacteria is dependent on several

other factors from host, bacteria and environment.

The gram-negative bacterium which is mostly isolated from UTI patients is the UPEC.
Motility proves to be a crucial factor for interacting the bacteria to the cells. Using its flagella,
UPEC is capable of swimming in the fluid as well as semi-fluid media. Type 1 fimbriae, P
fimbriae and S fimbriae are the surface virulence factors that facilitate adherence of bacteria and
hence are involved in bringing about UTI. Virulence of UPEC also involves the role of
lipoprotein a-HIyA. Hlya is common in gram-negative uropathogens. Also, Hlya is a toxin which

is discharged by bacteria and transmitted to the site of activity (Bien et al., 2012).
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1.2.5.3 Invasion and colonisation

The urinary bladder is formed of mucosal, submucosal, muscular and a perivesical soft
tissue layer. The mucosal layer is known as NHUC. Usually, the bladder urothelium renews
itself every 3 to 6 months, however during bacterial infection damage; the urothelium
regenerates completely within 72 hours (Ho et al., 2012). Attachment and invasion happen by
specific interactions between UPEC’s FimH adhesion and urothelial cell proteins (UPs)
(Thumbikat et al., 2009). UPs are important integral membrane proteins. They are mediators in
UPEC cell invasion and also used as biomarkers for differential diagnosis of urothelial cancer

(Wu et al., 2009).

Many studies (Justice et al., 2004; Garofalo et al., 2007; Rosen et al., 2007; Thumbikat et
al., 2009; Robino et al., 2013) have been conducted to explore the mechanism of action of UPEC
on bladder epithelial cells. In a mouse model of UTI, it has been proved that UPEC interacts with
urothelial cells by a multi-step pathogenic pathway to establish bacterial colonisation. UPEC
uses type 1 pili as a receptor to adhere to the bladder mucosa. After attachment, the bacteria are
able to invade and replicate within the cytoplasm of the facet cells. Within these cells, UPEC
forms intracellular bacterial communities (IBCs), which that help adhere to other cells and
promote establishment and recurrence of UTI (Rosen et al., 2007). In a study, Scott and others
have characterised three phases of IBC formation in a mouse model. The first phase consists of
attachment and invasion of uropathogens into NHUC. In the second phase, IBCs mature and
form closely packed tight junctions. The last phase is characterised by fluxing and release of
uropathogens (Scott et al., 2015). Moreover, uropathogens can form reservoirs in the layers of
NHUC. In addition to pathogenic virulence factors that promote colonisation, various other
predisposing factors assist pathogenic adherence. These include alterations to the host’s immune
system like as seen in immunocompromised patients, anatomical and physiological factors, and

antimicrobial use (Behzadi et al., 2010).
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1.2.5.4 Programmed Cell Death (PCD)

Intracellular bacteria have the ability to induce host cell cytotoxicity by secreting
different types of virulence factors and by repressing host survival pathways (Lu et al., 2013).
Cellular cytotoxicity can lead to cell death by apoptosis or necrosis. Both apoptosis and necrosis
are a programmed form of cell death; however, there are significant differences between them.
Apoptosis is a programmed form of cell death which is required for the growth and the survival
of multicellular organisms. It can happen under both physiological and pathological conditions.
On the other hand, necrosis is a pathway of cell death related to cell injury and is always
pathological (Kumar et al., 2015). When comparing with the necrosis, apoptosis does not
enhance inflammatory responses which are induced with the necrosis process, such as, loss of
cell membrane integrity and an uncontrolled release of products of cell death into the
extracellular space (Rathmell and Thompson, 2002). Also, in the apoptotic cells, there are
programmed effects on the cellular content, such as mitochondria, lysosomes and Golgi bodies.
In contrast, the necrotic cell's membrane is lysed and ruptured; therefore, all the cell contents are
released to cause inflammatory responses (Negroni et al., 2015). It is well known that apoptosis
and necrosis can coexist in the same cell type (Lu et al., 2013). Early apoptotic cells are
characterised by an intact cell membrane with cell surface expression of phosphatidylserine (PS)
to aid recognition by phagocytes. When the membrane becomes permeabilised, early apoptotic

cells become late apoptotic cells, which can then progress on to necrotic cells (Poon et al., 2010).

There are morphological differences between apoptosis and necrosis. Apoptosis is
characterised by shrinkage of cells, nuclear changes such as nuclear fragmentation and no
adjacent inflammation. However, swelling of cells, chromatin condensation, disrupted plasma
membrane, leakage of cellular contents is characteristic of necrosis (Kumar et al., 2015). These

morphological markers are useful in determining the stages of apoptotic cell death.
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Depending on the type of virulence factor, cell death can happen via different
mechanisms. In apoptosis, cell death can occur by signalling cascade pathways. One pathway is
caused by the imbalance of B-cell lymphoma-2 (Bcl-2) family proteins causing increased
mitochondrial permeability, leakage and caspase activation whereas the extrinsic or death
receptor pathway is caused by the engagement of plasma membrane death receptors on cells
leading to the formation of death-including signalling complex and lastly caspase activation. On
the other hand, in necrosis, the mechanism of cell death is associated with its specific pathology.
Phagocytosis and significant immune response are also characteristic of necrosis

(Vanlangenakker et al., 2008; Kumar et al., 2015).

UPEC is responsible for most of UTIls. UPEC is known to affect apoptosis by the
secretion of haemolysins (Lu et al., 2013), especially a pore-forming toxin known as HIyA
(Nagamatsu et al., 2015). HIyA forms a pore in cell membranes causing urothelial cell toxicity

and finally cell lysis.

In 2009, Santos and his colleagues concluded that Acanthamoeba, free-living amoebae
were found in 26% of urine samples under investigation. Previous studies showed that the
pathogenic E. coli K1 interact with Acanthamoeba and have the ability to invade and remain
viable inside Acanthamoeba (Alsam et al., 2006). Acanthamoeba resembles macrophages in
many ways like the cell surface receptors. From the previous, that suggests Acanthamoeba may
offer a good model for studying E. coli pathogenesis and learning about its immune evasion

mechanisms (Cardas et al., 2012).
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1.3 Acanthamoeba

1.3.1 Background

Acanthamoeba is an opportunistic microscopic single-celled living organism, which was
isolated before 1930. However; a definitive description was presented by Castellani in 1930
(Siddiqui and Khan, 2012). Also, in 1930 Douglas named the amoeba isolated by Castellani,
Hartmanella castellanii, and in 1931 Volkonsky returned it to the genus Acanthamoeba (Nero et
al., 1964). Acanthamoeba has unfolded everywhere the planet, and is isolated from soil, air,
natural and treated water, from dental treatment units, hospitals and dialysis units, eyewash
stations (De Jonckheere, 1991; Karamati et al., 2016). There are two stages in the life cycle of
Acanthamoeba were trophozoites or cysts. There are many species of Acanthamoeba including
genotypes T1, T2, T3, T4, T5,T6, T10, T11, T12 and T15 can cause severe infections such as
keratitis and encephalitis. They feed on bacteria and act as a Trojan horse for them (Santos et al.,
2009; Siddiqui and Khan, 2012; Guimaraes et al., 2016). However, Acanthamoeba feeds on

yeasts, algae and fungi.

1.3.2 Ecology

Acanthamoeba strains have spread all over the world, and have been isolated from air, soil,
and water (De Jonckheere, 1991; Kreuzer et al., 2006; Reyes-Batlle et al., 2014; Todd et al.,
2015; Karamati et al., 2016). They have been isolated from natural and treated water, seawater,
swimming pools, sewage, bottled water, and drinking water (Jeong and Yu, 2005; Lorenzo-
Morales et al., 2006; Visvesvara et al., 2007; Siddiqui and Khan, 2012; Al-Herrawy et al., 2014;
Maschio et al., 2015; Sente et al., 2016). Additionally, Acanthamoeba have been isolated from
contact lenses (Martin-Navarro et al., 2008; Ibrahim et al., 2009; Gomes et al., 2016), also
isolation from the healthcare environment includes dental treatment units, hospitals, dialysis

units, and eyewash stations (Dendana et al., 2008; Niyyati et al., 2009; Siddiqui and Khan, 2012;
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Retana-Moreira et al., 2015; Fukumoto et al., 2016; Castro-Artavia et al., 2017). Moreover, they
have been isolated from dust, yeast, and air conditioning systems (De Jonckheere, 1991; Astorga
et al., 2011; Ozpinar et al., 2017). Acanthamoeba has been isolated from mammalian cell

cultures, and from humans (Marciano-Cabral and Cabral, 2003).

1.3.3 Life Cycle

There are two stages in the life cycle of Acanthamoeba, the first stage is vegetative
trophozoite stage with a diameter of 13-23um, and the second stage is the dormant cyst stage of
5-20um (Figure 1.6). During the trophozoite stage, Acanthamoeba feed on microbes, and the
optimal conditions include the food supply, neutral pH (6-8), temperature around ~30°C, and 50-
80mOsmol. Harsh conditions for Acanthamoeba result in cellular differentiation into a double-
walled cyst form. Acanthamoeba has shown a cyst wall contains 33% protein, 4 - 6% lipid, 35%
carbohydrates, and 20% unidentified materials (Dudley et al., 2008; Khan, 2009) In trophozoite
stage they have spine-like structures on their surfaces called acanthopodia, hence the name
Acanthamoeba. The acanthopodia are formed from the cytoplasm (Bowers and Korn, 1968). In
addition, the primary function of the acanthopodia is their importance in adhesion to surfaces and

cellular movement (Siddiqui and Khan, 2012).

The trophozoites have a single nucleus with a nucleolus, cytoplasm with multiple elongated
mitochondria, lysosomes, endoplasmic reticulum, ribosomes, Golgi apparatus and vacuoles. The
inner wall consists of cellulose, while the outer wall possesses proteins and polysaccharides
(Neff and Neff, 1969). The method of reproduction in trophozoites is by binary fission. On the
other hand, under unfavourable conditions, such as lack of nutrients, overcrowding of cells in
culture, high temperature and different pH and osmolarity, the trophozoite transform into
inactive cysts. The cysts are double walled, composed of fibrous ectocysts and fine fibrils in a
granular matrix, and called endocysts (Dudley et al., 2008). Under favourable conditions, the

cysts stage change to trophozoites to complete their life cycle (Lloyd, 2014).
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Figure 1.6 Micrographs showing the life cycle stages of Acanthamoeba spp. Bar = 10pum

(Cardas et al., manuscript in preparation).

1.3.4 Feeding

The main food of Acanthamoeba is bacteria, but it also feeds on yeasts, algae and fungi.
They may use their acanthopodia to capture the food particles (Alsam et al., 2006). Digestion
happens in the food vacuoles and phagolysosomes (Abd et al., 2009). Acanthamoeba actively
feeds in their trophozoite, and there are two pathways to uptake food: the nonspecific pathway of

pinocytosis, which takes up soluble material, and specific receptors as in phagocytosis (Bowers
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and Olszewski, 1972; Khan, 2009). They can uptake solutes of varying molecular weights such
as albumin (Alsam et al., 2005). It is known that Acanthamoeba preferentially feeds on gram-
negative bacteria (Rosenberg et al., 2009). Amongst gram-negative bacteria, E. coli, serves as an

excellent food source (Huws et al., 2005; Alsam et al., 2006).

1.3.5 Classification of Acanthamoeba

Based on 18S rRNA gene sequences, the genus Acanthamoeba has been divided into 22
different genotypes (T1 — T22) (Adamska, 2016; Behera et al., 2016; Taher et al., 2018).
Genotypes have 5% or more sequence divergence. Also, some researchers are trying to classify
Acanthamoeba based on its small mitochondrial subunit ribosomal RNA (16S rRNA) gene
sequences (Ledee et al., 2003; Rahman et al., 2013). The most common human infections due to
Acanthamoeba have been associated with the T4 genotype. For example, more than 90% of
Acanthamoeba keratitis (AK) cases due to T4 genotype (Arnalich-Montiel et al., 2014). In
addition, T4 has been associated with non-keratitis infections such as cutaneous infections

(Siddiqui and Khan, 2012).

1.3.6 Acanthamoeba human infections
Acanthamoeba can cause severe infections, such as keratitis that can result in blindness,
and Acanthamoeba Granulomatous Encephalitis (AGE), which involves the central nervous

system (Alsam et al., 2003; Sciences, 2008; Siddiqui and Khan, 2012; Padzik et al., 2018).
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1.3.6.1 Acanthamoeba keratitis (AK)

Acanthamoeba Keratitis is associated with the production of tears, inflammation with
redness, photophobia, stromal infiltration, and stromal opacity together with excruciating pain
due to radial neuritis, epithelial loss and stromal abscess formation. Without proper treatment, it
may lead to corneal ulcers or even blindness. As shown in pictures below (Figure 1.7), the
patient who suffered from AK, lost 80% of his vision in one month of infection (Alsam et al.,

2008).

The treatment of AK is problematic because of its recurrence. Until now, no chemotherapeutic
has been described as a single effective treatment against AK, regardless of the isolate or
genotype that causes it. This problem is because there are different factors, including the many
virulence traits that different strains possess, which makes it almost impossible to establish a
correlation between in vitro and in vivo efficacies. Treatment usually includes a biguanide in
combination with a diamidine. This disease occurs most often in contact lens with wearers who
do not disinfect their lenses. However, in some cases, Acanthamoeba has been reported in
patients who are not lens wearers (Yousuf et al., 2013; Lorenzo-Morales et al., 2015; Omafia-

Molina et al., 2018; Padzik et al., 2018).



Figure 1.7 Cornea infected by Acanthamoeba keratitis.

(A) A picture of early epithelial infection with Acanthamoeba keratitis. (B) A picture for
improvement of Acanthamoeba keratitis after six months of treatment with
polyhexamethylene biguanide, propamidine- isethionate and neomycin. (C) A picture is
displaying the affected area of the eye (cornea) (Alsam et al., 2008).

40
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1.3.6.2 Acanthamoeba Granulomatous Encephalitis (AGE)

Acanthamoeba Granulomatous Encephalitis is a rare occurrence resulting in a fatal
infection. The clinical features of this disease include stiff neck, headache, fever, nausea,
hemiparesis, lethargy, vomiting, cranial nerve palsies, and then, death. Susceptible hosts include
immunocompromised patients, as well as those with excessive use of steroids, diabetes,
pneumonitis, renal failure, and liver cirrhosis. The pathology of autopsied brains shows severe
oedema and haemorrhagic necrosis with this disease (Alsam et al., 2003; Siddiqui and Khan,
2012; Coven et al., 2017; Rodriguez-Pérez et al., 2017; Matsui et al., 2018; St et al., 2018). It
is difficult to diagnose AGE, because of the similarities of the symptoms with bacterial
meningitis and viral encephalitis, however, scans by Magnetic Resonance Imaging (MRI)
(Figure 1.8) (Matsui et al., 2018). There are several drugs to treat AGE, such as ketoconazole,
amphotericin-B, rifampicin, fluconazole, sulfadiazine, and trimethoprim-sulfamethoxazole

(Kaushal et al., 2008; Zamora et al., 2014).

Figure 1.8 Brain imaging by MRI for a patient with granulomatous amoebic encephalitis
caused by Acanthamoeba (Matsui et al., 2018). Brain imaging demonstrates changes of
cerebritis visible as T2 hyperintensity with the mass effect that involves the anterior
temporal lobe progressing to affect most of the multiple areas of necrosis.
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1.3.7 Acanthamoeba pathogenesis

The Acanthamoeba killing starts by adhesion to the host cells, followed by phagocytosis
through the secretion of extracellular proteases and the killing of the host cell. The pathogenicity
of Acanthamoeba infections is a complex process that includes greater adhesion properties,
secreted cytotoxic products, invasion mechanisms and survival mechanisms (Arnalich-Montiel et
al., 2014; Omaina-Molina et al., 2017). The pathogenesis of Acanthamoeba can be divided by
using two mechanisms: contact-dependent and contact-independent mechanisms (Alsam et al.,

2003).

1.3.7.1 Contact-dependent mechanisms
The essential step of infection is adhesion. Adhesion in Acanthamoeba to host cells is
used during initial step when proceeding to the inside tissue (Sissons et al., 2005; Alsam et
al., 2006; Gonzéalez-Robles et al., 2017; Lee et al., 2017). Mannose-Binding Protein (MBP)
helps in adhesion of Acanthamoeba to the host. Phagocytosis is the next step; it leads to host
cell damage (Alsam et al., 2003; Imbertbouyer et al., 2004; Yoo and Jung, 2012; Kang et al.,

2018).

The MBP is a 400kDa transmembrane protein consisting of multiple subunits in the
range of 130kDa (Panjwani, 2010; Kang et al., 2018), and has been identified as being a
major virulence protein for Acanthamoeba infection especially in AK (Garate et al., 2005;
Kang et al., 2018). In addition, many studies have shown that Acanthamoeba binding is
inhibited by free mannose (Morton et al., 1991; Alsam et al., 2003). Also, this way is
associated with the uptake of food, and it is still essential in pathogenesis (Alsam et al.,

2005).
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1.3.7.2 Contact-independent mechanism

The most virulent of the contact independent factors of Acanthamoeba is extracellular
proteases that lead to the death of the host cells (Garate et al., 2004; Khan, 2009). The proteases
are a group of enzymes which leads to breaking down the peptide bonds on fibrinogen, albumin,
haemoglobin, chemokines and cytokines. There are various types of proteases present in
Acanthamoebae such as serine proteases, Metallo-proteases, and cysteine proteases (Dudley et
al., 2008; Lorenzo-Morales et al., 2013). One of the proteases recognised was a 107 kDa serine
protease (Khan et al., 2000). However, serine proteases of differing molecular weight: 12, 40, 42,
55, 70, 85, 97, 130, 133 and 230 kDa are the predominant type of proteases secreted by many of
Acanthamoeba genotypes (Dudley et al., 2008). Serine protease plays an important role in tissue
invasion (Khan et al., 2000) catabolism of host proteins and both stimulation and evasion of host
responses (Sissons et al., 2006). They degrade glycoproteins and induce damage to collagen (de
Souza Carvalho et al., 2011). Also, metalloproteases play a role in Acanthamoeba pathogenicity,
special in human infections. It has been suggested that a metalloprotease of approximately
150kDa produced by Acanthamoeba, it is responsible for increasing blood-brain barrier

permeability (Alsam et al., 2005).

Although serine proteases are predominant, another type of contact-independent
mechanism is the secretion of phospholipases (PLs). There are many studies suggested that PLs
may be involved in cell membrane disruption and cell lysis because of their ability to hydrolyse
ester bonds in glycerophospholipids (Lorenzo-Morales et al., 2015). There are five main types of
PLs known Al, A2, B, C, and D (Matin and Jung, 2011). One study by Tripathi has shown that
PL A2 from Acanthamoeba trophozoites induces apoptosis in corneal epithelial cells (Tripathi et
al., 2013). Pathogenic strains of Acanthamoeba produce increased levels of protease activity and

bring about higher levels of cytotoxicity than non—pathogenic strains.
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1.3.8 Bacterial correlation with Acanthamoeba

Bacteria can develop different relationships with amoeba, and the nature of this
relationship is determined by environmental conditions and virulence of the two organisms.
According to Jeon, there can be three outcomes of the association between amoeba and bacteria,
i.e. symbiosis, destruction of amoeba or destruction of bacteria (Jeon, 1995). Researchers have
found that certain bacterial species demonstrate greater virulence when grown with amoeba in
comparison to the same bacterial species living in the natural environment. Some bacterial
species which may develop a relationship with amoeba include E.coli (Alsam et al., 2006),
Campylobacter jejuni (Bui et al., 2012), Vibrio cholerae (Abd et al., 2009), Shigella sonnei
(Jeong et al., 2007), Legionella pneumophila (Cirillo et al., 1994), and Mycobacterium avium

(Cirillo et al., 1997).

1.3.8.1 Bacteria and Acanthamoeba interactions

Acanthamoeba is known to be bacterial predators, and they play a crucial role in
controlling the number of bacteria in the soil (Rodriguez-Zaragoza, 1994). Soil-inhabiting
Acanthamoeba generate enzymes which cause lysis of cell wall of various bacteria (Weekers et
al., 1995). Several factors influence the survival and growth of amoebae such as the time in
which bacterial cell is engulfed, the bacterial potential for binding with trophozoite stages

(Marciano-Cabral and Cabral, 2003) and feeding tropism of amoeba (Bottone et al., 1994).

Environmental conditions and virulence of bacteria determine if Acanthamoeba can
interact with bacteria. The pathogenic strain of E. coli K1 has been found to remain alive and
even multiply inside Acanthamoeba as mentioned earlier. On the contrary, non-pathogenic strain
K12 of E. coli was destroyed by the amoeba. Conversely, when there was food in the

environment, strain K1 caused lysis of amoeba and demonstrated exponential growth as
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compared to strain K12 which demonstrated minimal growth in the same condition (Alsam et al.,

2006).

Acanthamoeba can offer habitat to numerous different bacteria which can enter,
proliferate and leave amoeba (Hundt and Ruffolo, 2005). Some examples are Listeria
monocytogenes which causes Listeriosis (Akya et al., 2009) and E. coli 0157 (Barker et al.,
1999). Researchers have reported an increase in a number of bacteria when living inside
Acanthamoeba cells in comparison to bacterial cultures grown in the absence of Acanthamoeba.
Acanthamoeba may offer protection to bacterial cells against negative factors like antibiotics and

chlorination (Declerck et al., 2010).

1.3.8.2 Acanthamoeba used as a Trojan horse to carry pathogenic bacteria

An intriguing fact regarding these relationships is that bacteria are capable of utilising
amoeba not only as a host but as a vehicle for transference from one host to another. In order to
distinguish these relations, researchers use different terms. “Carrier” is the term used when
bacteria get attached to the amoebic surface. Conversely, “Trojan horse” is the term used when
bacteria reside inside Acanthamoeba (Khan, 2008; Mengue et al., 2017). The presence of
Acanthamoeba in critical patients may be helping pathogenic bacteria in urine, protecting them
against antimicrobial drugs, disinfectants, and host immunity. Inside Acanthamoeba, the
pathogenic multi-drug resistant bacteria survive and replicate (Cardas et al., 2012). In harsh
conditions, Acanthamoeba becomes cysts which act as a carrier for spreading bacteria. Therefore,
Acanthamoeba may help the multidrug-resistant bacteria to re-infect the urinary tract. Even in
harsh conditions notably, the presence of medication bacteria will multiply inside Acanthamoeba
and burse them. It was discovered that the pathogenic bacteria become more virulent and more

resistant to antibiotics if they infect an amoeba and then emerge from it (Moon et al., 2011;
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Guimaraes et al., 2016). Re-recurrence of UTIs is more common, with 27% of patients suffering
another infection within six months and 44% of patients experiencing another infection within
one year. Between one-third and one-half of the recurrent infections are caused by the same
strain that initiated the infection. Thus, the recurrent infections will help the bacteria to become

more resistant to antimicrobials (Hilbert, 2013).

1.4 Current treatment

The utilisation of antibiotics in future is at risk owing to the ongoing increase in
resistance to antibiotics, recurrent UTIs (rUTIs) and ESBL+ve strains. For that reason, treatment
and prophylactic measures for UTIs that lack use of antibiotics has attracted researchers and
clinicians (Beerepoot and Geerlings, 2016). Adherence and colonisation of bacteria are the
processes which are mainly targeted by the latest preventive measures (Beerepoot and Geerlings,

2016).

Foxman and Buxton have successfully used Lactobacillus preparations for inhibiting the
uropathogens to colonise the bowel. In this way, the risk of getting UTI through the ascending
route is minimised. The efficiency of Lactobacillus preparations in reducing rUTIs has also been
reported by clinical trials performed in the United States and the Netherlands (Foxman and
Buxton, 2013). Similarly, Barber has reported quite fruitful results of using pilicides and
mannosides in their in vitro experiments for targeting type 1 pili and adhesion protein FimH
respectively leading to inhibition of bacterial adhesion (Barber et al., 2013). Researchers have
also found that when a postmenopausal female receives oestrogen replacement therapy, it
enhances the number of Lactobacilli in the vagina which is accompanied by a reduction in
vaginal colonisation by Enterobacteriaceae. Based on the previous discussion, that leads to a

reduction in UTI incidence (Beerepoot and Geerlings, 2016). Moreover, adherence of E. coli to
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the urothelial cells has been reported to be inhibited by fructose and a polymeric substance found
in cranberries like Flavan-3-ols and Proanthocyanidins (Blumberg et al., 2013). A number of
research studies have reported the utilisation of several different medicinal herbs owing to their

activities against bacteria (Lthje and Brauner, 2016).

1.4.1 Alternative therapeutic techniques

A promising strategy which is still under research is incorporation of QACs into
polymers for making antibacterial biomaterials (Abs) (Jiao et al., 2017). In general, QACs
represent a large group of cationic surfactants which are utilised as components of several
industrial and household products (Zhang et al., 2015). N+R1R2R3R4X~ is the formula which
represents the structure of all QACs. In this formula, N represents the Nitrogen atom covalently
linked with four distinct groups. Moreover, R can be a hydrogen atom, an alkyl group or a
substituted alkyl group. Finally, X stands for an anion which is a halide in most cases. The
majority of QACs are bromide or chloride salts while some are iodide salts as well (Jiao et al.,

2017).

The current literature also contains evidence for the antimalarial (Basilico et al., 2015),
and anticandidal (Xian et al., 2016) activity of QACs. Besides their antibacterial activity against
a broad range of bacteria, QACs can be structurally altered for different functions. That is the
reason why they are increasingly used in various consumer products. For the same purpose,
numerous generations of QACs have been formed (Melin et al., 2014). Also, QACs was an

effect on the growth of Acanthamoeba (Shirai et al., 2000).

QACs mostly target the cytoplasmic membrane of the bacterial cell. Through their alkyl
side chains, the QACs link to the cell membrane and damage it (Sitterlin et al., 2008). All QACs

are known to cause damage to cell membranes leading to leakage (loannou et al., 2007). The
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electron density of the ammonium nitrogen atom and the adsorbability and hydrophobicity of
QAC:s are the factors that determine their AB activity (Kourai et al., 2006). loannou et al., (2007)
reported that the efficiency of QACs containing a hydrophobic chain of 16-carbon atoms in
damaging the cell wall of gram-negative bacteria is greater than the efficiency of QACs with

shorter chains.

1.4.2 Cetylpyridinium chloride (CPC)

Cetylpyridinium chloride (CPC) is a cationic quaternary ammonium salt of the
pyridinium group used in different types of antiseptic mouthwash and lozenges (Savas et al.,
2015). Besides this, CPC is also employed as a disinfectant in public as well as private areas
(Imai et al., 2017). CPC has the molecular formula C21H3sNCI and a melting point of 77°C when
anhydrous or 80-83°C in its monohydrate form, as shown in Figure (1.9) (Zarei et al., 2013). It
is an antimicrobial agent that kills bacteria and other microorganisms, and with 0.07% and 0.05%
concentration has shown antibacterial activities (Chandrdas et al., 2014). The effect of CPC
happens by combining with negatively charged proteins on bacterial cells and breaking their cell
membrane by disturbing the electrical balance (Savas et al., 2015). Some bacteria, such as
Streptococcus spp., Staphylococcus aureus and E. coli showed higher minimum inhibitory
concentration (MICs) from 100uM to 2mM, these studies help CPC-containing drugs possibly

useful for the treatment or the prevention of transmission of the pathogen (Bereswill et al., 1999).
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Figure 1.9 The chemical structure of cetylpyridinium chloride (CPC) (Zarei et al., 2013).

The mode of action of CPC is dependent upon the capacity of this positively charged
molecule to interact with negatively charged anionic sites on the cell walls of bacteria. Usually,
bacterial cells carry a net negative charge. When bacteria are exposed to CPC, the positively
charged molecule associates with the negative charge on the surface of the bacterial cell allowing
the hydrophobic portion of CPC to interact with the cell membrane resulting in leakage of
cellular components, inhibition of cell growth, and finally cell death (Cutter et al., 2000; Mehall

et al., 2015).

In recent years, the antimicrobial activity of CPC has been studied in two main fields
which are poultry processing (Arritt et al., 2002; Waldroup et al., 2010) and oral care (Hwang et
al., 2013). Based on findings from this project, it is believed that CPC can be studied for its

utility in treating UTIs, specifically ESBL+ve strains.
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1.5 Aims and objectives

ESBL positive and negative strains of E. coli are uropathogens which are commonly
associated with UTIs including rUTIs. The main pathogenetic mechanisms are by intracellular
bacterial in urothelial cells. Acanthamoeba is a Free-living amoeba (FLA) widely distributed in
the environment and acts as a reservoir for a range of pathogens. It causes life-threatening human
infections and has also been isolated from apparently healthy people. The role of Acanthamoeba
in UTIs is a new topic and studying the interaction of ESBL+ve strains of E. coli with

Acanthamoeba and urothelial cell line will shed some light on this field.

The development of increased resistance against available antibiotics is a major global
concern and is a major threat to the successful treatment of infectious diseases. The
indiscriminate use of various antimicrobial drugs for infectious disease treatment has resulted in
the drug resistance in pathogens in recent years. Therefore, looking for new or additional
methods and compounds for treatment is urgent. Also, using novel compounds CPC for therapy
of both Acanthamoeba and ESBL+ve strains may help many patients suffering from prolonged
and recurrent of UTIs. The results of the study will help create awareness about the problem of
ESBLs production. Identification of specific proteins that contribute to pathogenicity by protein
profiling in ESBLs producing bacteria can assist in the selection of appropriate novel compounds
for the treatment of infection. So, this will lead to a reduction in length of hospital stay and

reduce treatment costs for the patient.

The main issue explored in this thesis is the relationship between uropathogens
(ESBL+ve strains) and pathogenic Acanthamoeba (T4), and to determine if this association may

be one of cause and effect with regards to UTIs and rUTIs.
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The major aims of this thesis were to

Investigate the role of ESBL producing strains of E. coli in recurrent urinary tract

infections.

= Check the presence of Acanthamoeba in ESBL+ve urine samples collected from
patients diagnosed with UTI.

= Explore the interaction of ESBL producing strains of E. coli with Acanthamoeba
castellanii (T4 genotype).

= |nvestigate the effect of bacterial and amoebic infections on the urothelial cell line.

= Explore the effect of cetylpyridinium chloride (CPC) on bacterial and amoebic

infections on the urothelial cell line.
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CHAPTER TWO 9

2. Characterisation of E. coli multi-drug resistant
bacteria (TEM, AmpC, and OXA-48)
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2.1 Introduction

It is well established in the medical community that Urinary Tract Infections (UTIs) are
the most common bacterial infections seen in clinical practice in Europe and North America
(Kucheria et al., 2005). A study by Plowman et al. found that over 12 months, UTIs had the
highest incidence (35%) of all nosocomial infections in a district general hospital in the United
Kingdom, in patients over 60 years of age (Plowman et al., 2001). Females are the most
commonly affected group (around 50-60% of women will develop UTIs in their lifetimes (Al-
Badr and Al-Shaikh, 2013), while other high-risk groups include children, the elderly, people
with structural abnormalities of the urinary tract, and those having a urinary tract intervention

such as catheter insertion (Ali et al., 2009).

Many different factors can increase the incidence of UTIs, for example, frequent
intercourse spermicide usage, injuries from trauma or surgery, as well as the insertion of urinary
catheters (Nicolle, 2001, 2014; Morgan, 2007). The organisms that cause UTIs are found in
many species of gram-negative Enterobacteriaceae and are often related to the
lipopolysaccharide (LPS) layer of the gram-negative bacterial cell envelope (Madigan et al.,
2009). UTIs are caused by a variety of pathogens including E. coli (Flores-Mireles et al., 2015).
E. coli that cause UTIs are classified as uropathogenic E. coli (UPEC), and these strains account
for 75-90% of uncomplicated UTIs, and can also cause bacteraemia, sepsis, and meningitis

(Ahmed et al., 2014).

Resistance to B-lactams is mostly conferred by enzymatic hydrolysis of the antibiotic, and
this mechanism is used by different gram-negative bacteria including Enterobacteriaceae. The
enzymes responsible for the hydrolysis are -lactamases like OXA, CTX-M, TEM and AmpC
(Iredell et al., 2016; Xia et al., 2016). Extended-Spectrum Beta-Lactamases (ESBLS) are

enzymes that can be carried on bacterial plasmids and produced by different gram-negative
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bacteria, especially by E. coli that cause UTIs, and they confer increased resistance to a large
number of antibiotics. It has been established that the ESBL-related infections have played a
significant role in worsening the issue of antibiotic resistance all across the globe (Davies and
Davies, 2010; Canton et al., 2012; Winkler et al., 2015). B-lactam antibiotics have been
categorised into some groups based on the chemical structure of the pB-lactam ring. Susceptibility
to enzymatic hydrolysis is conferred by the p-lactam ring structure. The fused ring structure

increases this susceptibility (Bush and Jacoby, 2010; Lewis, 2013).

Based on the Ambler scheme classification, TEM belongs to class A according to the
nucleotide and amino acid sequences of TEM enzymes (Shapiro, 2017). More than 170 modified
TEM-1 and TEM-2 derivatives currently have phenotypes which include resistance to second-
generation cephalosporins like (Cefaclor) and third-generation cephalosporins like (Cephalexin),
monobactams like (tigemonam), and to B-lactamase inhibitors (Bush and Jacoby, 2010; Salverda
et al., 2010). TEM is inhibited by clavulanic acid and can hydrolyse ampicillin more than
carbenicillin, oxacillin, or cephalothin (Paterson and Bonomo, 2005). As of 2015, more than 130

TEM-type p-lactamases have been isolated (Bonnet, 2004; Bajaj et al., 2016).

AmpC [B-lactamases provide resistance to many penicillin antibiotics, as well as
extended-spectrum cephalosporins (Jacoby, 2009). Cefoxitin resistance is used as an indicator of
AmpC-mediated resistance. However, it can also be an indication of the loss of outer membrane
permeability (Philippon et al., 2002). The chromosomal ampC gene expression in these
organisms is inducible by B-lactam antibiotics, such as cefoxitin and imipenem; however, it is
poorly induced by third-generation cephalosporins or fourth-generation cephalosporins like

(cefepime).

Oxacillin-hydrolyzing (OXA) B-lactamases belong to class D, according to Ambler

(Ambler et al., 1991). OXA B-lactamases attack oxyimino-cephalosporins and have a higher
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hydrolytic activity against oxacillin, methicillin, and cloxacillin than against benzylpenicillin
(Walther-Rasmussen and Hgiby, 2006). Most OXA-type B-lactamases are not regarded as
ESBLs because OXA does not hydrolyse extended-spectrum cephalosporins. The enzyme
kinetics of OXA-48 shows a low level of hydrolytic activity against carbapenems and better
activity with imipenem than with meropenem. OXA-48 contains a larger hydrophobic region in
the active-site cleft, which allows meropenem’s hydroxyethyl group better movement. Moreover,
OXA-48 hydrolyses carbapenems at a low level but penicillins at a high level; consequently,
OXA-48 producers may be either susceptible or resistant to broad-spectrum cephalosporins and

carbapenems (Evans and Amyes, 2014).

The Polymerase Chain Reaction (PCR) is one of the most techniques in molecular
biology. This technique is currently widely used by clinicians and researchers to diagnose
diseases, clone and sequence genes, detection of pathogens, and carry out sophisticated

quantitative and genomic studies in a rapid and very sensitive manner.

Two-dimensional gel electrophoresis (2-D gel) is a method for the analysis and
separation of complex protein mixtures extracted from a microbe or other biological samples. 2-
D gel technique consists of two steps, instituted to two independent properties. The first
dimension is isoelectric focusing (IEF) that separates proteins according to their isoelectric
points (pl). And the second dimension is SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
that separates proteins based on to their molecular weights (MW). In this method, the large mass
range and complete amount of proteins can be analysed at one-time, high resolution of the
protein by (pl) and molecular mass, Comparison between resolved proteins spots for different
conditions and use them for mass spectrometry (MS) analysis (Aebersold and Cravatt, 2002; Zhu

etal., 2010).
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Development of mechanisms of antibiotic resistance in bacterial cells is almost as old as
the development of antibiotics that includes the development of B-lactams as well (Davies and
Davies, 2010; Iredell et al., 2016). Bacteria have devised different mechanisms of antibiotic
resistance due to selective pressures intensified by unnecessary use of antibiotics. Determinants
of resistance are chromosomal as well as extra-chromosomal. More importantly, mobilisation of
these determinants is possible through transformation, transduction and conjugation. Antibiotic
resistance has spread among bacteria all across the globe mostly because of the exchange of
mobile resistance determinants occurring mostly through transmission of plasmids (Davies and
Davies, 2010). Several different mechanisms of antibiotic resistance have been evolved by gram-

negative as well as gram-positive bacteria (Iredell et al., 2016).

Since 1980, B-lactam antibiotics have been widely used for the treatment of infections,
especially with gram-negative bacteria. ESBLs confer resistant to penicillins, first-, second-, and
third-generation cephalosporins. Clavulanic acid inhibits aztreonam, but through the hydrolysis
of these antibiotics (Paterson and Bonomo, 2005; Rawat and Nair, 2010a). In 2011, the European
Centre for Disease Control and Prevention (ECDC) stated that the spread of ESBL +ve E. coli
had increased in more than half of the 28 European countries over the previous four years

(Beytur et al., 2015).

In this chapter, bacterial strains isolated from patients diagnosed with UT1 were identified
using polymerase chain reaction analysis. Also, to characterise ESBL+ve and —ve E. coli strains
cellular and extracellular protein profiles by SDS-PAGE and 2-D gel electrophoresis, and their

antimicrobial susceptibility patterns were explored.
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2.2 Materials and methods
All the chemicals for this study were purchased from Sigma Laboratories and

Thermofisher unless otherwise stated.

2.2.1 Bacterial culture

Four clinical strains of E. coli (ESBL +ve (TEM, AmpC, and OXA-48) and ESBL-ve as
a control) were used in this study. They were isolated from patients with UTIs and provided by
Dr Tony Elston from Colchester General Hospital. The bacterial strains were grown on Cysteine
Lactose Electrolyte Deficient agar (CLED) plates. Before each experiment, bacteria were
inoculated in Luria-Bertani (LB) medium and incubated at 37°C for 6h (log or exponential
growth phase). Their optical density (OD) was measured in LB broth using a spectrophotometer

(Cecil CE 2041) at a wavelength of 595nm and adjusted to give an OD of 0.22 (~ 108 CFU/m).

2.2.2 Bacterial DNA extraction

Bacterial DNA was extracted according to the manufacturer’s instructions (Qiagen
563044). After LB incubation, broths were collected in the eppendorf tubes and centrifuged for
10min at 5000 x g then, washed twice with (PBS) X1 and pellets were lysed in 180ul of tissue
lysis buffer (ATL). Samples were placed in a water bath at 56°C for 4h. Then, 200ul of AL
buffer were mixed with 1ul of carrier RNA (carrier RNA enhances binding of DNA to the
QlAamp MinElute column membrane, especially if there are very few target molecules in the
sample). The mixed solutions were vortexed, and 200ul of ethanol (95-100%) were added to the
mixed solutions, and the resulting samples were mixed and left for 5min at RT. Samples were
centrifuged and transferred to the QlAamp MinElute column and centrifuged for 1min at 8000 x

g. About 500ul Buffer AW1 was added to the QlAamp MinElute column, and samples were
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centrifuged for 1min at 8000 x g when 500ul Buffer AW2 was added to samples, and then
centrifuged for 1min at 8000 x g. The tubes were centrifuged for 3min at 14,000 x g to dry the
membrane and 20-100ul of Buffer AE were added to the mid-point of the membrane, and
samples were placed on the bench for 5min at RT and then centrifuged for 1min at 14,000 x g.
The final products contained the DNA that had been extracted from the bacteria. Usually, the

final products were stored at -20°C for one month.

2.2.3 Bacterial plasmid detaching

To extract the plasmid DNA from AmpC E. coli strain, QlAamp Spin Miniprep Kit was
used. The bacteria were harvested by centrifugation at 3000 x g for 10min. The pelleted bacteria
were re-suspended in 250ul of Buffer P1 and transferred to a micro-centrifuge tube before
adding 250ul of Buffer P2 and gently inverting the tubes six times to mix the contents, and then
continuing to invert the tubes until the solutions became viscous and slightly clear. However, the
lysis stage should last for no longer than Smin. After that, 350ul of Buffer N3 were added, and
the tubes were inverted immediately (but gently) six times to mix the contents so that the
solutions became cloudy before centrifuging the contents for 10min at 13,000 x g in a tabletop
microcentrifuge. The supernatants were applied to the QIlAprep spin column by pipetting,
centrifuged for 45s, and the flow-through was discarded. The QIlAprep spin columns were
washed by adding 0.75ml Buffer PE and centrifuged for 45s. Then the flow-through was
discarded, and the samples were centrifuged for 1min. Finally, the QIlAprep columns were
placed in a clean 1.5-ml microcentrifuge tubes, 50ul Buffer EB (10 mM Tris-Cl, pH 8.5) were
added to the centre of the QIAprep spin column, and the samples were centrifuged for 1min at

13,000 x g, which contains the plasmid DNA.
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2.2.4 Bacterial protein extraction

To ascertain differences in the protein profiles of the bacterial strains, both the
extracellular and intracellular proteins of the bacterial strains were extracted following which
they were analysed. Bacterial strains were grown onto CLED plates at 37°C overnight. Then,
bacteria were inoculated into LB broth and incubated at 37°C overnight. The next day, samples
were centrifuged for 10min at 5000 x g. Then, supernatants were used to extract extracellular

protein and pellets were used to extract intracellular proteins.

2.2.4.1 Bacterial extracellular protein extraction

The extracellular protein extraction was employed to study the extracellular proteases
produced by different strains of E. coli. The culture supernatants (from bacterial broths) were
passed through the filters with a diameter of 0.2um and stored in 15ml tubes. 400ul of methanol,
200l of chloroform, and 300ul of distilled water (dw) were added to the 500ul of sample
filtrates. The samples were then shaken and centrifuged for 7min at 5000 x g. There were three
layers; the top layer was carefully removed, and then 300ul of methanol were carefully added.
The samples were centrifuged again at 5000 x g for 7min and the supernatant removed with the
precipitated proteins then air dried and stirred after the addition of 25ul of SDS-sample buffer

(Sci et al., 2000).

2.2.4.2 Bacterial intracellular protein extraction

To analyse cellular proteins, the pellets from the previous step were used, and 1ml of
PBS was added in each sample, then samples were centrifuged again for Smin at 14,100 x g.
After centrifugation, 1ml of lysis buffer (7M urea, 2M thiourea, 4% CHAPS, 15 mM pH8.5 Tris)

was added in each sample, and the mixtures were vortexed well then, samples were left for
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15min at RT and centrifuged for 25min at 14,100 x g. Finally, supernatants were collected which

contain the desired proteins for analysis (Zhou et al., 2006).

2.2.5 Genomic analysis

2.2.5.1 Polymerase Chain Reaction (PCR)

To characterise the bacteria used in this study, specific primers (E. coli 16S rRNA, TEM,
AmpC, OXA-48, CTX-M, and Usp - Table 2.1) were used in PCR to confirm the identities of the
strains. Each PCR reaction was carried out in 50ul reaction volumes in the PCR tube by adding
the following: Buffer 10X containing 5ul (KCI, Tris)-MgCls, 3ul MgClz, 1ul 10mM dNTPs, 1-
10ng of reverse primer, 1-10ng of forward primer, 1ul DNA, 0.5ul Taq polymerase, and 38ul dw.
The PCR cycling setup was different for each gene as listed in (Table 2.2). The PCR products
were then kept at 4°C for analysis. Using 0.5% agarose gels (The 0.5% agarose gels were
prepared by dissolving 400mg of agarose in 40ml of TAE 1X buffer (4.84 g Tris base, 2ml 0.5M
EDTA, and 1.14ml pH eight glacial acetic acid)). Gels were heated to the boiling point and left
at RT to cool down then 5ul from safeview were added to the gel. The gel was placed in the
system and samples were loaded after mixing with the sample-loading buffer (L0mM Tris-HCL
(pH7.6), 60% glycerol, 60mM EDTA) at 5:1. Gels were run constantly at 150 V for 15min,
depending on the size of the observed fragments. Finally, gels were checked under the

Ultraviolet light (UV).
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Target Primer (nucleotide sequence) reference Product
gene length (bp)
E.coli 16S | F 5’ -CCCCCTGGACGAAGACTGAC-3> |(Wang et al., [450bp
rRNA R 5’ -ACCGCTGGCAACAAAGGATA- 3 | 2002)
TEM F 5’-ATGAGTATTCAACATTTCCG-3’ (Chroma and 850 bp
R 5-CCAATGCTTAATCAGTGAGC-3" Kolar, 2010;
Kolar et al., 2010)
AmpC F5 -GATCGTTCTGCCGCTGTG-3' (Corvec et al., 271-bp
R 5 -GGGCAGCAAATGTGGAGCAA- 3" | 2002)
OXA-48 | F5-TTGGTGGCATCGATTATCGG-3’ (Poirel et al., 750 bp
R 5-GAGCACTTCTTTTGTGATG GC-3' | 2012)
CTX-M F 5 -ATG TGC AGY ACC AGT AAR GT- | (Ramadanetal., |544 bp
3’ 2016)
R 5 -TGG GTR AAR TAR GTS ACC
AGA- 3’
Usp F- 5 - ACATTCACGGCAAGCCTCAG- 3’ | (Johnson and 440 bp
R- 5’ -AGCGAGTTCCTGGTGAAAGC- 3 | Stell, 2000)




Table 2.2 The setup of PCR cycling for the different genes under investigation.

. Time
E.coli 16S rRNA Temperature -
min S
Initial Denaturation 95°C 08 00
Denaturation 95 °C 00 30
Annealing 58 °C 00 30
Extension 72°C 00 30
Final Extension 72°C 07 00
Cycles 30
Time
TEM Temperature -
min S
Initial Denaturation 95°C 05 00
Denaturation 94°C 00 30
Annealing 55°C 00 60
Extension 70°C 00 60
Final Extension 75°C 10 00
Cycles 30
Time
AmpC Temperature -
min S
Initial Denaturation 94 °C 10 00
Denaturation 94 °C 00 30
Annealing 55°C 00 45
Extension 72°C 01 00
Final Extension 72°C 10 00
Cycles 30
Time
OXA-48 Temperature -
min S
Initial Denaturation 94 °C 05 00
Denaturation 94°C 00 60
Annealing 56 °C 00 45
Extension 72°C 01 00
Final Extension 72°C 07 00
Cycles 35
Time
CTX-M Temperature -
min S
Initial Denaturation 94 °C 05 00
Denaturation 94 °C 00 45
Annealing 50°C 00 40

62
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Extension 72°C 01 00
Final Extension 72°C 10 00
Cycles 32
. . Time
AmpC with plasmid Temperature -
min S
Initial Denaturation °C 10 00
Denaturation °C 00 30
Annealing °C 00 45
Extension °C 01 00
Final Extension °C 10 00
Cycles 30
Time
Usp Temperature -
min S
Initial Denaturation 95°C 15 00
Denaturation 94 °C 00 30
Annealing 58 °C 00 30
Extension 72°C 01 00
Final Extension 72°C 05 00
Cycles 30

2.2.5.2 Purification of PCR product

To further identify the isolates sequence and definition the strains, the PCR products
were purified by using the QIAquick PCR purification kit using a microcentrifuge (QIAGEN
Ltd., Crawley, UK). In brief, 5ul of the PCR products were mixed with 25ul of buffer PB. The
mixture was further mixed with 10ul of 3M sodium acetate (pH 5.0), and when the colour of the
mixtures turned yellow, they were applied to a QIAquick column and centrifuged at 17900 x ¢
for 60s. The flow-through was discarded, the products were washed with 750ul of buffer PE and
centrifuged at 17900 x g for the 60s. Again, the flow-through was discarded, and the QlAquick
columns were centrifuged at 17900 x g for another 60s. Then, the QlAquick columns were

placed in clean 1.5ml microcentrifuge tubes, and DNA was eluted by adding 30ul elution buffer
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to the centre of the QIAquick membrane. The columns were allowed to stand at RT for 1min and

centrifuged at 17900 x g for 60s.

2.2.5.3 Gene sequencing

To characterise the isolates, purified PCR products were commercially sequenced by
using Sanger Sequencing Services (Source Bioscience Sequencin, Nottingham, UK). One-way of
E. coli 16S (5 -CCCCCTGGACGAAGACTGAC- 3’), TEM 5 -
ATGAGTATTCAACATTTCCG-3"), and OXA-48 (5> -TTGGTGGCATCGATTATCGG- 3%)

primers were used to obtain the sequences.

2.2.5.4 BLAST search and phylogenetic analysis

Sequences were identified by using the nucleotide Basic Alignment Search Tool (n-
BLAST). Nucleotide collection database from GenBank was used, and the program selection
was optimised for highly similar sequences (megablast). DNA quality check, and DNA
sequencing was performed by FinchTV program (Mohamudha et al., 2012). Phylogenetic
analysis based on the sequences obtained was performed using MEGA with default settings and
configured for highest accuracy and phylogeny.fr platform (Dereeper et al., 2008). MUSCLE
(v3.8.31) was used to align the sequences with default settings and configured for highest

accuracy. Finally, the tree was graphically represented and edited with TreeDyn (v198.3).
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2.2.6 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To determine the protein profile of the three ESBL +ve and —ve strains of E. coli, SDS-
PAGE was performed. All clinical strains were plated onto CLED agar plates and incubated at
37°C overnight. All bacteria were inoculated in LB medium broth and incubated at 37°C
overnight. For every bacterial strain, the OD was measured at 595nm. The running buffer for the
SDS-PAGE was prepared: 3gm Tris, 14.4gm glycine, and 1gm SDS in 1000ml of dw. Then, the
sample buffer (0.06M Tris, 2.5% glycerol, 0.5% SDS, 1.25% 2-mercaptoethanol, and 0.001%
bromophenol blue) (pH6.8) and 10% SDS-PAGE gel (4.2ml dw, 3.3ml Bis/acrylamide solution,
0.Iml 10% SDS, 2ml 1.5M pH 7.4 Tris, 400ul 10% ammonium persulphate, and 6ul
Tetramethylethylenediamine (TEMED) solution) was prepared. Also, a 4% stacking gel (4.75ml
dw, 0.75ml BIS/acrylamide, 1.88ml 0.5M pH 6.8 Tris, 75ul 10% SDS, 75ul 10% ammonium
persulphate, and 3.2ul TEMED solution) was also prepared ready to run the samples.
Electrophoresis was performed by using a Bio-Rad mini-protein apparatus with a vertical slab
gel of 7cm (L) x 8cm (W) x 0.75mm (T). The concentration of the bacterial extract was
determined in a Bradford protein assay following which sample buffer was added to the extracts
before loading on the gel. The gel was run at a constant voltage of 100 V for 45min, and the
voltage was then increased to 150 V. Then, the gel was stained using a silver staining method
(Bio-Rad, UK). After running, the gel was placed in the fixative enhancer solution (50%
methanol, 10% acetic acid, 10% fixative enhancer, and 30% dw) with gentle agitation for 20min
at RT on the shaker. Then, the fixative enhancer solution was removed, and the gel was washed
twice with dw for 10min. The gel was stained with silver staining solution (35ml deionised water,
5ml silver complex solution, 5ml reduction moderator solution, 5ml image development reagent,
and 50ml development accelerator solution) until the desired staining intensity was reached.
Finally, the reaction was stopped by adding stop solution (5% acetic acid solution) for 15min.

After that, the gel was washed with water for 5min and photographed.
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2.2.7 Two-dimensional gel electrophoresis (2D Gel)
2D gel electrophoresis is another tool for the analysis of complex protein mixtures
extracted (Intracellular protein and extracellular protein) from bacteria (Chevallet et al., 2006).

This process involves the followings:

2.2.7.1 First dimensional gel isoelectric focusing (1EF)

The immobiline dry strip gel (IPG) (11cm, pH 4-7) (Bio-Rad, UK) was rehydrated in an
immobiline dry strip reswelling tray, following the outlined protocol by (Bio-Rad, UK). The dry
strip was rehydrated for 24h at RT with the sample proteins (after measuring the protein
concentrations via the Bradford protein assay). The samples were dissolved in 300ul of
rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 1X protease inhibitor cocktail, 20mM
DL-Dithiothreitol (DDT), 1% ampholyte, 0.1% bromophenol blue, and 0.05% SDS). After
rehydration, the IPG strip was gently rinsed with dw to remove any crystallised urea. The strip
was then subjected to isoelectric focusing (IEF) by using the IPG-Phor3 control software. The
IPG-Phor manifold was covered with an immobiline PlusOne dry strip to cover the fluid, and the
rehydrated strip was then placed in individual lanes of the Ettan IPG strip holder. The lid was
closed, and the IPG-Phor program was run according to the program instructions. At the end of
the program, the IPG strip was placed in a petri dish, rinsed with dw, labelled, and stored at —

80°C for a maximum of one year.

2.2.7.2 Second SDS-PAGE gel preparation
For the second-dimensional gel electrophoresis, the IPG strip was incubated at RT for
15min with 10ml of equilibration buffer (6M urea, 0.375M pH 8.8 Tris-HCI, 4% SDS, 20%

glycerol, H20, and phenol red) containing 100mg of Dithiothrietol (DTT). Then, the strip was
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incubated for 15min at RT with 10ml of equilibration buffer containing 400mg of iodo-
acetamide. The IPG strip was rinsed with 1X electrophoresis buffer (3gm Tris, 15gm glycine,
10ml 10% SDS, and dw up to 1L) before placing it on the second-dimensional gel. The IPG strip
was placed into the well containing 12% SDS-PAGE gel and sealed with agarose sealing
solution, avoiding any air bubbles. Electrophoresis was carried out first at 50 V for 30min and
then at 100 V till completion. Then, the gel was fixed with a gel-fixing solution (50% ethanol, 12%

acetic acid, and 0.05% formalin).

For visualisation of protein spots, a modified silver staining protocol was constructed
(Yan et al., 2000; Gromova and Celis, 2006). The gel was washed with 20% methanol three
times and then sensitised with 0.02% sodium thiosulfate and washed with dw twice. Staining
was done with 0.2% silver nitrate solution for 20min, followed by a careful wash twice with dw
for a maximum of 1min each time. The gel was developed with 6% sodium carbonate and
0.0004% sodium thiosulfate for 3min or until spots appeared. Finally, the reaction was stopped
by adding 12% acetic acid and shaking it for 10min. The gel was stored in 5% acetic acid at 4°C
and scanned using the scanner (Epson image scanner Il1) with LabScan 6.0 software. The gel

images were saved as MEL and TIFF files.

2.2.8 Susceptibility testing by disc diffusion (EUCAST Method)

Several antibiotics were used to determine bacterial sensitivity testing. They were
gentamicin (CN/10pg), ampicillin (Amp/10pg), clavulanic acid- amoxycillin (AMC 2/10pg),
ceftazidime (CAZ/30pg), imipenem (Ipm/10pg), ciprofloxacin (Cip 5mcg), cefotaxime (Acg
5mcg), and cefoxitin (FOX/30ng) (EUCAST, 2017). Briefly, the bacterial strains were grown on
CLED agar plates at 37°C overnight. A few colonies were inoculated in LB broth and incubated

at 37°C for 6h. The OD was measured to give 1x10% bacteria /ml. Mueller-Hinton agar plates
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(2.0g beef extract, 17.5g casein hydrolysate, 1.5g starch, 17.0g agar, and dissolved in 1L of dw)

were inoculated, discs were applied, and plates were incubated at 37°C overnight (16-20h).

2.2.9 Susceptibility testing by minimum inhibitory concentration (MIC) (E-Test)

Antibiotic strips were used to determine the Minimum Inhibitory Concentration (MICs)
of Amoxycillin/clavulanic acid (AMC 256ug/ml-0.015pug/ml) against bacteria under test
(EUCAST, 2017). A few colonies were inoculated in LB and incubated at 37°C for 6h. The OD
was measured to give 1x108 bacteria /ml. Mueller-Hinton agar was inoculated, antibiotic strips

were applied, and plates were incubated at 37°C overnight.
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2.3 Results

2.3.1 Polymerase Chain Reaction (PCR)

Six sets of primers (E. coli 16S rRNA, TEM, AmpC, OXA-48, CTXM, and Usp) were
used to amplify the E. coli 16s rRNA, TEM, AmpC, OXA-48, and Usp genes. PCR amplification
was carried out on the chromosomal DNA of the clinical strains of E. coli. Additionally, PCR
amplification of AmpC was carried out on plasmid DNA. The ESBL —ve E. coli was used as a
negative control. All strains (E. coli-ve, TEM, Ampc, and OXA-48) were confirmed as bacteria
when using 16S rRNA primer, as described in (Figure 2.1). The PCR products from the 16S
rRNA of all bacteria were observed, and corresponded to the expected results, with
approximately 450 bp being successfully amplified. The PCR products from the TEM, AmpC,
and OXA- 48 were observed, and corresponded to the expected results, with approximately 850
bp, as described in (Figure 2.2). On the other hand, for ESBL —ve E. coli, no band was observed.
To confirm the specificity of PCR product, OXA-48 primer was used with all bacteria under
testing. For the ESBL —ve E. coli, TEM, and AmpC strains, no products were observed. On the
other hand, only a PCR product from OXA-48 corresponded to the expected result, with
approximately 750 bp was successfully amplified, as described in (Figure 2.3). Gel analysis of
products following PCR with the CTXM primer showed that the expected 544 bp band was
absent in both the TEM, AmpC and ESBL-ve strains but was present in the OXA-48 strain
(Figure 2.4). All strains of E. coli-ve, TEM, and AmpC except OXA-48 were secreted
uropathogen specific proteins when using Usp primer, as described in (Figure 2.5). On the other
hand, gel analysis of the products from the PCR amplification of the Usp gene showed that the
said gene was present in ESBL -ve E. coli, TEM, and AmpC strains, i.e. DNA band
corresponded to the expected approximately 440 bp product. To find the relationships between
these strains, a phylogenetic tree was obtained. By using three controls, TEM, OXA-48 and

AmpC as well as the strains under testing. Figure 2.6 showed the phylogenetic tree generated by
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the MEGA program with default settings and configured for highest accuracy and phylogeny.fr
platform. Based on this phylogenetic tree, E. coli strains were grouped in 2 clusters. Interestingly,
E. coli strains from phylogenetic groups based on ESBL+ve were clustered within the same
phylogenetic groups. ESBL+ve from the phylogenetic group (B) were divided into 2 different
clusters in the constructed tree. ESBL-ve isolate, however, belonged to a phylogenetic group (A)

separate from that of the ESBL+ve isolates.

E. coli isolates
A

E.coli- ve TEM AmpC OXA-48

(

M

bp

450

16s rIDNA

Figure 2.1: PCR products amplified using 16S rRNA primer. Bands were observed in all
lanes with corresponded near to the expected approximately 450 bp. M — bp DNA ladder.

E. coli isolates
A

bp E.coli-ve TEM AmpC OXA-48

TEM

Figure 2.2: PCR products amplified using TEM primer. Bands were observed in TEM,
Ampc, and OXA 48 corresponded near to the expected approximately 850 bp. M — bp DNA
ladder.
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M E.coli- ve TEM AmpC OXA-48
bp

OXA

Figure 2.3: PCR products amplified using an OXA-48 primer. The band was observed in
OXA-48 corresponded near to the expected approximately 750 bp: M — bp DNA ladder.

E. coli isolates
A

bp E.coli-ve TEM AmpC OXA-48

CTX

Figure 2.4: PCR products amplified using CTX M primer. The band was observed in
OXA-48 corresponded near to the expected approximately 544 bp. M — bp DNA ladder.

71



72

E. coli 1solates
| &
M { i
bp E. colive n TEM AmpC OXA-48

440

Figure 2.5: PCR products amplified using Usp primer. Bands were observed in E. coli-ve,
TEM, and Ampc corresponded near to the expected approximately 440 bp. M — bp DNA
ladder.

gi_145261_E.coli_frd_operon_beta-lactamase_ampC_genes_complete_c

gi_391224411_Escherichia_coli_DNA _part_of_beta_lactamase_TEM_gen
S4_0XA-48
gi_743403301_Escherichia_coli_chromosome-mediated_OXA-48_carbape

S1_E.coli-ve

03

Figure 2.6: The phylogenetic tree of comparison of all samples (TEM, AmpC, and
OXA-48) and the three positive controls used as reference sequences (391224411 is TEM,
743403301 is OXA-48, and 145261 is AmpC). E. coli strains were grouped in 2 clusters.
ESBL+ve from the phylogenetic group (B) were divided into 2 different clusters in the
constructed tree. ESBL-ve isolate belonged to a phylogenetic group (A) separate from that

of the ESBL+ve isolates.
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To determine the AmpC gene PCR amplification with the 16s rRNA primer was carried
out on plasmid DNA, the product was observed. As expected, the results showed an approximate
band of 450 bp (Figure 2.7). PCR amplification with the AmpC primer was carried out on

plasmid DNA. As expected, the results showed an approximate band of 270 bp (Figure 2.8).

450

Figure 2.7: The AmpC strain with 16S rRNA primer, with PCR product approximately
450 bp. M — bp DNA ladder.
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Figure 2.8: The AmpC strain with AmpC primer. The PCR product from AmpC
corresponded to the expected result of approximately 270 bp. M — bp DNA ladder.

2.3.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
In this study, SDS-PAGE was used to further the characterising bacterial protein profiles
and to indicate the differences between the clinical strains. In addition, the procedure was

employed to study the extracellular proteases produced by different strains of E. coli.

All strains showed similar protein profiles when using SDS-PAGE. However, there were
a few differences between them as shown in (Figure 2.9). The comparison of the proteins in
conditioned medium of all strains of E. coli showed nearly a close correspondence. Several
differences can be seen in the patterns of the outer membrane proteins of all strains of E. coli, for
example, there were many bands seen for the TEM strain, such as the ones at ~ 60 KDa and = 17

KDa.
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Figure 2.9: Protein profile of E. coli strains by SDS-PAGE.

M: Marker. Lanes 1-4 cellular proteins (1- (E. coli-ve) ESBL —ve, 2- TEM, 3- AmpC and 4-
OXA-48). Lanes 5-8 Extracellular proteins in Bacterial Conditioned Media (5- (E. coli-ve)
ESBL —ve strain, 6- TEM, 7-AmpC and 8- OXA-48). The red arrow indicates some
differences in the appearance or absence of the bands.

2.3.3 Two-dimensional gel electrophoresis (2D Gel)

2.3.3.1 Extracellular protein extraction

In this study, 2D gel electrophoresis was used to study the extracellular proteases
produced by different strains of E. coli. In this technique, every spot is scattered according to its
molecular weight and pH, which is very helpful in identifying the protein. The total proteome
was separated by first-dimension isoelectric focusing on the proteins’ isoelectric points (pl).
Then, the isoelectrically focused proteins were resolved by second dimension SDS-PAGE.
Silver-stained protein spots in all are shown in Figure 2.10. The results of this proteomic analysis

revealed the resolution of some polypeptide spots. Forty-eight protein spots were resolved for a
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given pH (pl) and molecular weight (MW), as seen in (Figure 2.10). Gel images from all strains
were then analysed using the Progenesis SameSpot software (Nonlinear Dynamics Limited),
where the control (E.coli-ve) was used as a reference to find out differentially expressed proteins
(Figure 2.11) (Table 2.3). Differentially expressed protein spots are circled with a purple colour,
as seen in Figure 2.11. The results showed that many spots featured in AmpC (65.25% positive
spots) (Figure 2.12). In addition, some spots featured in OXA-48 (54.16% positive spots) and
TEM (52.08% positive spots). Moreover, there are many spots absent in ESBL —ve E. coli (41.66%
positive spots), as shown in Table 2.4, the negative spots highlighted in red. Further analysis
with 2D gel electrophoresis is needed to identify the sequence and identity the differentially

regulated polypeptide spots that were observed.

Figure 2.10: Representation of a reference image showing all differentially expressed
extracellular proteins of E. coli (ESBL-ve). The isoelectric points pl range is shown on the
top, while the second-dimension SDS-PAGE is represented by an arrow on the left.
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Figure 2.11: Representation of reference image showing all differentially expressed spots
after analysis extracellular of proteins for E. coli (ESBL-ve) (spots circled with the purple
colour). The reference image used for image analysis that was carried out with Progenesis

SameSpot software.



Table 2.3 The Forty-eight specific protein spots identified by pl and MW among the

clinical strains.

MW MW

Spot number| pl (pH) (kDa) Spot number| pl (pH) (kDa)
340 6.15 170 364 6.08 175
454 150 6.11 473 6.08 170
627 5.80 125 749 5.70 120
882 5.80 125 1106 6.08 83
1119 5.83 110 1127 5.87 90
1128 5.90 90 1136 5.53 98
1262 4.70 72 1295 6.40 85
1300 6.60 85 1318 6.70 85
1327 6.45 90 1386 6.23 75
1389 6.33 80 1400 6 80
1406 6.5 73 1418 5.96 72
1437 6.05 67 1440 5.28 71
1441 6.37 70 1467 6.10 68
1468 5.13 65 1770 6.21 54.5
1833 6.55 53 1862 6.44 50
1929 6.65 52 2067 5.70 41
2157 5.20 38,5 2193 5.32 39




2242 6.75 35.5 2294 5.84 375
2510 6.35 35 2529 6.07 34
2538 6.18 335 2634 6.28 31
2656 5.46 30 2675 6.68 31
2693 6.02 30 2750 6.15 29
2782 5.87 27 2800 6.51 27
3065 6.80 24 3449 6.45 19
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Table 2.4 the spot numbers identified with the Progenesis Same Spot software. The results

showed that the appearance of positive-signal spots is black and absent negative-signal

spots are red.

Spots number | E.coli - ESBL TEM AmpC OXA-48
340 Spot- Spot- Spot+ Spot-
364 Spot- Spot- Spot+ Spot-
454 Spot- Spot+ Spot+ Spot-
473 Spot- Spot+ Spot+ Spot-
627 Spot+ Spot+ Spot- Spot+
749 Spot+ Spot+ Spot- Spot+
882 Spot- Spot- Spot+ Spot-

1106 Spot- Spot- Spot- Spot+
1119 Spot+ Spot- Spot+ Spot-
1127 Spot+ Spot+ Spot+ Spot-
1128 Spot- Spot+ Spot- Spot+




1136 Spot- Spot+ Spot+ Spot-
1262 Spot- Spot- Spot- Spot+
1295 Spot+ Spot- Spot+ Spot+
1300 Spot+ Spot+ Spot- Spot+
1318 Spot- Spot- Spot+ Spot-
1327 Spot+ Spot+ Spot- Spot+
1386 Spot+ Spot+ Spot+ Spot-
1389 Spot+ Spot+ Spot- Spot+
1400 Spot- Spot- Spot+ Spot-
1406 Spot+ Spot+ Spot- Spot+
1418 Spot+ Spot+ Spot- Spot+
1437 Spot- Spot- Spot+ Spot+
1440 Spot+ Spot+ Spot- Spot+
1441 Spot+ Spot+ Spot- Spot+
1467 Spot+ Spot+ Spot- Spot+
1468 Spot- Spot- Spot+ Spot-
1770 Spot- Spot- Spot+ Spot-
1833 Spot+ Spot+ Spot- Spot+
1862 Spot- Spot- Spot+ Spot-
1929 Spot- Spot+ Spot- Spot+
2067 Spot+ Spot+ Spot- Spot+
2157 Spot+ Spot+ Spot+ Spot-
2193 Spot- Spot+ Spot+ Spot-
2242 Spot- Spot- Spot- Spot+
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2294 Spot- Spot- Spot- Spot+
2510 Spot+ Spot+ Spot+ Spot-
2529 Spot- Spot- Spot- Spot+
2538 Spot+ Spot+ Spot+ Spot-
2634 Spot- Spot- Spot+ Spot+
2656 Spot- Spot+ Spot+ Spot+
2675 Spot- Spot- Spot+ Spot-
2693 Spot- Spot- Spot- Spot+
2750 Spot+ Spot+ Spot+ Spot-
2782 Spot- Spot- Spot- Spot+
2800 Spot- Spot- Spot+ Spot-
3065 Spot- Spot- Spot+ Spot+
3449 Spot- Spot- Spot+ Spot-

Number of 20 25 27 26

positive spots
Number of 28 23 21 22

negative spots

81



82

{E.coh‘ Extracellular HTEM Extracellular

Figure 2.12: The 3D representations of spots identified by the Progenesis SameSpot

software.

The results show spots in (AmpC strain) or down-regulated (E. coli-ve, TEM, and OXA-48

strains) between different strains.
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2.3.3.2 Intracellular protein extraction

In this experiment, 2D gel electrophoresis was used to study the somatic proteins of E.
coli strains. The results of this proteomic analysis revealed the resolution of some polypeptide
spots. Forty-four protein spots were resolved for a given pH (pl) and molecular weight (MW), as
seen in (Figure 2.13). Gel images from all strains were then analysed using the Progenesis
SameSpot software (Nonlinear Dynamics Limited), where the control (E. coli-ve) sample gel
was used as a reference to find out differentially expressed proteins (Figure 2.14) (Table 2.5).
Differentially expressed protein spots are circled with a purple colour, as seen in (Figure 2.14).
The results showed that many spots featured in OXA-48 (56.82% positive spots) (Figure 2.15).
Also, some spots featured in TEM (34.10% positive spots) and AmpC (29.55% positive spots).
On the other hand, there are many spots absent in ESBL —ve E. coli (27.27% positive spots), as

shown in Table 2.6, the negative spots highlighted in red.

Uniprot was used to identify the proteins featured in all ESBL strains but absent in ESBL
-ve E. coli strains. The polypeptide spot number 932 correlates with the probable Fe (2+)-
trafficking protein (pl of ~5.71 and MW of ~110 kDa), which could be a mediator in iron
transactions between iron acquisition and iron-requiring processes, such as synthesis and/or
repair of Fe-S clusters in biosynthetic enzymes. Additionally, the spot number 1642 could be
related to the phosphatidylserine decarboxylase proenzyme that catalyses the formation of
phosphatidylethanolamine (PE) from phosphatidylserine at a pl of ~6.1 and has MW of ~60 kDa.
The spot number 1734 with a pl of ~5.25 and MW of ~55 kDa could be related to the putative
uncharacterised protein DDB_G0284813. The spot number 2460 could be related to the
conotoxin LeD51, which has a pl of ~6.15 and an MW of ~37 kDa and plays a role in toxin and
ion channel inhibitor activity. The spot number 2747, with a pl of ~5.38 and an MW of ~32 kDa,

could be related to the conotoxin flfl4c, which has toxin activity. Further analysis with 2D gel
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electrophoresis is needed to identify the sequence and identity the differentially regulated

polypeptide spots that were observed.

Figure 2.13: Representation of reference image showing all differentially expressed spot

after analysis intracellular protein for E. coli (ESBL-ve). The reference image used for
image analysis that was carried out with Progenesis SameSpot software.
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Figure 2.14: Representation of a reference image showing all differentially expressed
intracellular proteins of E. coli (ESBL-ve) (spots circled with the blue colour). The
isoelectric points pl range is shown on the top, while the second-dimension SDS-PAGE is

represented by an arrow on the left.
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Figure 2.15: The 3D representations of spots identified by the Progenesis SameSpot

software.

The results showed spots in (OXA-48 strain) or down-regulated (E. coli-ve, TEM, and

AmpC strains) among different strains.
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Table 2.5 The Forty-four specific protein spots identified by pl and MW between the

clinical strains.

MW MW

Spot number| pl (pH) (kDa) Spot number| pl (pH) (kDa)
710 6.25 130 932 5.71 110
974 5.86 100 1001 5.9 100
1130 5.7 90 1201 5.40 80
1280 6.1 80 1287 6 77
1450 5.85 68 1487 6.65 67
1508 4.8 65 1604 5.30 61
1642 6.1 60 1658 6.68 60
1734 5.25 55 1786 4.75 53
1954 5.6 52 2064 4.55 48
2126 55 48 2179 5.1 43
2208 5.7 42 2224 5.05 42
2228 6.85 42 2232 6.80 42
2239 4.96 40 2295 4,78 40
2308 4.55 40 2420 6.70 38
2460 6.15 37 2466 4.3 37
2489 6.10 37 2543 4.9 36
2550 5.6 37 2747 5.38 32




3013 6.5 26 3042 6.15 26
3451 6.05 17 3535 5.49 15
3866 4.50 13 3902 6.23 13
4040 5.95 12.5 4065 4.65 12
4254 6.30 10.5 4277 6.45 10.5
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Table 2.6 the spot numbers identified with the Progenesis Same Spot software. The results

showed that the appearances of positive-signal spots are in black colour and absent

negative-signal spots are red.

Spots number | E.coli - ESBL TEM AmpC OXA-48
710 Spot- Spot- Spot- Spot+
932 Spot- Spot+ Spot+ Spot+
974 Spot- Spot- Spot- Spot+

1001 Spot+ Spot- Spot- Spot-
1130 Spot- Spot- Spot+ Spot-
1201 Spot- Spot+ Spot- Spot+
1280 Spot- Spot- Spot- Spot+
1287 Spot- Spot- Spot- Spot+
1450 Spot- Spot- Spot- Spot+
1487 Spot+ Spot- Spot+ Spot-
1508 Spot+ Spot- Spot- Spot-
1604 Spot- Spot+ Spot- Spot-
1642 Spot- Spot+ Spot+ Spot+
1658 Spot- Spot- Spot+ Spot-
1734 Spot- Spot+ Spot+ Spot+
1786 Spot- Spot- Spot- Spot+
1954 Spot+ Spot- Spot- Spot+
2064 Spot- Spot- Spot- Spot+
2126 Spot+ Spot- Spot- Spot-




2179 Spot- Spot+ Spot- Spot-
2208 Spot- Spot- Spot- Spot+
2224 Spot+ Spot+ Spot+ Spot-
2228 Spot- Spot- Spot- Spot+
2232 Spot- Spot- Spot+ Spot+
2239 Spot- Spot- Spot- Spot+
2295 Spot+ Spot+ Spot+ Spot-
2308 Spot- Spot- Spot- Spot+
2420 Spot- Spot- Spot- Spot+
2460 Spot- Spot+ Spot+ Spot+
2466 Spot- Spot- Spot- Spot+
2489 Spot- Spot+ Spot- Spot-
2543 Spot+ Spot- Spot- Spot-
2550 Spot- Spot+ Spot- Spot-
2747 Spot- Spot+ Spot+ Spot+
3013 Spot+ Spot+ Spot+ Spot-
3042 Spot- Spot- Spot- Spot+
3451 Spot+ Spot- Spot- Spot-
3535 Spot- Spot- Spot- Spot+
3866 Spot+ Spot- Spot- Spot-
3902 Spot- Spot- Spot- Spot+
4040 Spot- Spot- Spot- Spot+
4065 Spot- Spot+ Spot- Spot-
4254 Spot- Spot+ Spot- Spot-
4277 Spot+ Spot- Spot+ Spot-
Number of 12 15 13 25
positive spots
Number of 32 29 31 19

negative spots
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2.3.4 Susceptibility testing by the disc diffusion method

The antimicrobial sensitivity using the EUCAST method for each of the clinical strains of
E. coli was determined using the disc diffusion method (EUCAST 7, 2017). After overnight
incubation, the diameter of inhibition zones around each antibiotic disc was measured as shown
in Table 2.7 and Figures 2.16-2.18. The zone sizes obtained were compared with the zone
diameter chart supplied by EUCAST (2017) and interpreted accordingly. This experiment
showed that ESBL —ve E. coli strain was sensitive to all antibiotics except ampicillin, to which it
was resistant, and gentamicin, with an intermediate sensitivity. TEM strain was sensitive to 70.0%
of the studied antibiotic and resistant to only 25.0% (Figure 2.16). AmpC strain was sensitive to
50.0% and resistant to 37.5% of the studied antibiotics; it however exhibited intermediate
sensitivity to gentamicin, (Figure 2.17). Finally, the OXA-48 strain was resistant to all antibiotics

except ciprofloxacin, and it showed intermediate sensitivity to imipenem (Figure 2.18).
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Table 2.7: susceptibility testing of ESBL +ve and —ve strains of E. coli against different
antibiotics (Zone diameter breakpoint (mm)). S: sensitive, R: resistant, and I: intermediate.

E. coli +ve E. coli +ve E. coli +ve
E. coli —ve
Code/ ESBL ESBL ESBL (OXA-
ESBL

Antibiotics Concentr (TEM) (AmpC) 48)

ation (ug) | Inhibition Inhibition Inhibition Inhibition

zone mm zone mm zone mm zone mm
Gentamicin CN/10 15 10 15 0 R
Ampicillin AMP /10 13 0 0 0 R
Co- AMC /30 19 19 11 0 R

amoxiclave

Ceftazidime | CAZ/30 27 30 23 19 R
Imipenem IPM /10 28 31 29 21 I
Ciprofloxacin | CIP/5 29 28 31 26 S
cefotaxim CTX/5 31 30 21 9 R
Cefoxitin FOX /30 26 24 15 15 R

% Resistance 12.5 25.0 375 75.0




Figure 2.16: TEM strain showing resistance to Gentamicin and Ampicillin antibiotics
compared with ESBL —ve strain which is resistant to Ampicillin antibiotic out of eight.
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Figure 2.17: AmpC strain showing resistance to Ampicillin, Co-amoxiclave, and Cefoxitin
antibiotics compared with ESBL —ve strain which is resistant to Ampicillin antibiotic out of
eight.
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Figure 2.18: OX-48 strain is showing resistant to all antibiotics except Ciprofloxacin, and it
showed intermediate sensitivity to Imipenem compared with ESBL —ve a strain which is

resistant to Ampicillin antibiotic out of eight.
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2.3.5 Susceptibility testing by minimum inhibitory concentration (MIC) (E- Test)

The antimicrobial sensitivity of each of the clinical strains was determined using the MIC
of amoxicillin/clavulanic acid (Augmentin) results showed that AmpC and OXA-48 strains were
resistant to Augmentin. As shown in Table 2.8, 128mg/l is the minimum concentration of
antibiotic to inhibit the growth of AmpC and OXA strains. However, TEM strain was sensitive,
with a MIC of 4mg/l, and the ESBL —ve E. coli strain was also sensitive with a MIC of 2mg/I,

(Table 2.8 and Figure 2.19).

Table 2.8: Susceptibility testing of ESBL +ve and —ve strains of E. coli against

amoxicillin/clavulanic acid antibiotic (MIC breakpoint (mg/L).

. E. coli +ve | E.coli+ve | E.coli +ve
Code/ E. coli —ve

e ESBL ESBL ESBL
Antibiotics C?onnc?ntr)at ESBL (TEM) (AmpC (OXA)
M9 "mic MIC MIC MIC
Amoxyecillin/ | 256pg/ml- 2 S 4 S 128 R 128 R

Clavulanic | 0.015ug/ml
Acid
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Figure 2.19: The MIC of Augmentin against ESBL +ve strains (TEM, AmpC, and OXA-48)
compared with the control ESBL —ve strain.



97

2.4 Discussion

To confirm the identity of the bacteria used in this study, as well as to show the
differences between them, molecular techniques such as PCR, protein profiles by SDS-PAGE
and 2-D gel electrophoresis were used. The results were compared with a control ESBL -ve
strain. Six sets of primers (E. coli 16S rRNA, TEM, AmpC, OXA-48, CTX-M and usp) were

used to amplify the E. coli 16s rRNA, TEM, AmpC and OXA-48 genes.

In this study, the PCR amplification of the 16S rRNA, TEM, AmpC and OXA-48 genes was
carried out on the chromosomal DNA of the clinical isolates of E. coli; an additional PCR
amplification of AmpC was carried out on plasmid DNA. These results of PCR were in
concordance with previous studies (Table 2.1) for all primers used, confirming that these strains
have unique characteristics and are different from one another. The OXA 48 isolate is known to
produce the CTX-M and TEM pB-lactamases (Cuzon et al., 2011). Results from PCR confirmed
that the OXA-48 strain used in this study bears both the CTX-M and TEM genes which are
responsible for the production of CTX-M and TEM beta-lactamases. Also, the usp gene is
considered an essential factor in infectivity (Yamamoto et al., 2001). Recently usp has been
described as a genotoxin with DNase activity that disrupts tight junctions and the actin
cytoskeleton of host cells (Nipi¢ et al., 2013). While usp has been identified in 80-94% of
urinary E. coli, this genotoxin appears to be absent from UPEC clones (Kurazono et al., 2000;
Johnson et al., 2009; Skjet-Rasmussen et al., 2013). In this study, all strains of E. coli -ve, TEM

and AmpC, except the OXA-48 strain, had usp gene, as described in Figure 2.5.

Proteomic research is a powerful study provides identification, structure and function of
proteome expressed in a specific type of cells under specific environmental conditions. In
addition, application of mass spectrometry (MS) in proteomics analysis has made it a potent tool

for protein characterisation (Cravatt et al., 2007). In this study, SDS-PAGE was used to further
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characterise the strains. The results of the protein profile were not decisive, and not showed
significant differences between strains. Therefore, the 2-D gel was employed to obtain
preliminary data about potentially different protein expression. The 2-D gel is considered one of
the most powerful tools for protein separation and fractionation since its introduction in 1975
(Klose, 1975; O’Farrell, 1975; Reed et al., 2012); indeed, this method has been proved the most
robust tool for proteome analysis. Protein spots in the gels were stained with silver staining and
analysed by the software Progenesis Same Spot, as previously used in a number of studies
(Brasier et al., 2012; Brioschi et al., 2013). Results obtained from this analysis were used as
preliminary data to identify differences among cellular and extracellular protein profiles of

ESBL+ve and -ve E. coli strains.

The results for extracellular proteases by 2-D gel showed that many protein spots
featured in both OXA-48 and AmpC strains, as compared with others. Some spots also featured
in TEM strains, with many spots absent in ESBL -ve E. coli strain. The results of this proteomic
analysis revealed the resolution of a number of polypeptide spots. Just one protein spot resolved
at a given isoelectric point (pl) and the molecular weights were then identified. The protein
search engine Uniprot used for protein identity analysis showed that the spot number 2656 was
present in all ESBL strains but absent in the ESBL -ve E. coli strain, revealing potentially useful
results. For example, the polypeptide spot number 2656 correlates with the potassium channel
toxin alpha-KTx 9.10 protein, which has a pl of ~5.46 and an MW of ~30 kDa and is involved in
blocks of shaker potassium channels. On the other hand, several other studies have also
documented the role of potassium channel toxin alpha-KTx, which is perhaps the toxin of most
uropathogenic E. coli strains. Alpha-KTx is expressed as a fusion protein with the mannose-
binding protein in E. coli (Huys et al., 2002; Nekrasova et al., 2018). Further studies should be
performed to sequence the protein spots to shed more light on the similarities/dissimilarities

between the E. coli strains under investigation.
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The intracellular protein results by 2-D gel indicated that many spots appeared on the
OXA-48 strain, in contrast with others Table 2.6. Some spots also featured in AmpC and TEM
strains; though many spots were absent in the ESBL -ve E. coli strains. The results of this
proteomic analysis revealed the resolution of a number of polypeptide spots. Five protein spots
resolved at a given pl, and molecular weights were identified. Uniprot was used to identify the
proteins featured in all ESBL strains but absent in ESBL -ve E. coli strains. The polypeptide spot
number 932 correlates with the probable Fe (2+)-trafficking protein (pl of ~5.71 and MW of
~110 kDa), which could be a mediator in iron transactions between iron acquisition and iron-
requiring processes, such as synthesis and/or repair of Fe-S clusters in biosynthetic enzymes.
Additionally, the spot number 1642 could be related to the phosphatidylserine decarboxylase
proenzyme that catalyses the formation of phosphatidylethanolamine (PE) from
phosphatidylserine at a pl of ~6.1 and has MW of ~60 kDa. Of note, the importance of PE
metabolism in mammalian health has emerged following its association with the virulence of
certain pathogenic organisms (Calzada et al., 2016), and it is the second most abundant
glycerophospholipid in eukaryotic cells. The spot number 1734 with a pl of ~5.25 and MW of
~55 kDa could be related to the putative uncharacterised protein DDB_G0284813. The spot
number 2460 could be related to the conotoxin LeD51, which has a pl of ~6.15 and an MW of
~37 kDa and plays a role in toxin and ion channel inhibitor activity. The spot number 2747, with
a pl of ~5.38 and an MW of ~32 kDa, could be related to the conotoxin flfl4c, which has toxin

activity.

Further mass spectrometry analysis is necessary to identify the sequence and identity of
the differentially regulated polypeptide spots observed. This would validate the findings of this

study and correlate with existing proteins identified in databases.

Molecular techniques are not usually utilised for the diagnosis of ESBL resistance in

clinical practice. The benefits of such molecular techniques include testing methodologies to
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identify the resistance determinant expressed when coupled with epidemiological resistance
information, the most appropriate agent to possibly improving patient diagnosis, care and

treatment.

The ESBLs are the most common groups of B-lactamases in clinical practice, as ESBL
producers have the ability to develop resistance to penicillin, and to first-, second- and third-
generation cephalosporins, but can be inhibited by B-lactamase inhibitors, such as a clavulanic
acid (Rawat and Nair, 2010a). However, disc diffusion and MIC tests alone are not enough to
identify ESBLs (Park et al., 2014). It has been confirmed that the OXA-48 strain producer
exhibits elevated MICs for broad-spectrum cephalosporins, such as cefotaxime and ceftazidime
(Oueslati et al., 2015). An earlier published reported that E. coli isolated from UTI infections
were resistant to frontline antibiotics, with increased resistance to ciprofloxacin and
trimethoprim (Croxall et al., 2011). Similar levels of antibiotic resistance were observed in E.
coli UTI isolates in this study, but higher levels of antimicrobial resistance were observed in the

E. coli (OXA-48) strain.

The most common antibiotics that are used to treat UTIs were employed in this work,
which include gentamicin, ampicillin, co-amoxycillin, ceftazidime, imipenem, ciprofloxacin,
cefotaxime and cefoxitin. In these results of the antimicrobial sensitivity using the EUCAST
method were in accordance with a previous study on the enzyme kinetics of OXA-48, which has
a low level of hydrolytic activity against carbapenems, and better activity against imipenem than
meropenem (Evans and Amyes, 2014). Our findings showed that the OXA-48 strain was
resistant to all antibiotics, but sensitive to ciprofloxacin and intermediately so to imipenem. The
MIC results indicated that the AmpC and OXA-48 strains were resistant to

amoxicillin/clavulanic acid, with a MIC of 128 mg/I.
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Resistance to ciprofloxacin by E. coli isolates has been reported in many studies, which
concluded that these elevated levels of resistance were observed in community-acquired E. coli
infections, due to drug misuse in outpatients and increased prescriptions selected for resistant
mutants (Cooke et al., 2010; Sahuquillo-Arce et al., 2011). In fact, infection with an ESBL-
producing E. coli isolate was one of the predictors of mortality due to community-acquired E.
coli bacteraemia (Kang et al., 2010; Bou-Antoun et al., 2016). Further studies to sequence and
analyse proteins on 2-D gel will shed more light on the identity and behaviour of multi-drug

resistant E. coli strains.
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CHAPTER THREE 3

3. Interaction of the uropathogenic bacteria with

Acanthamoeba and urothelial cell line.
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3.1 Introduction

Urinary Tract Infections (UTIs) usually start with periurethral infection, urethral
colonisation, and then migration to the urinary bladder. In the bladder, host-pathogen interactions
lead to successful colonisation or removal (Flores-Mireles et al., 2015). Colonisation results in
the formation of Intracellular Bacterial Communities (IBCs) (Rosen et al., 2007; Flores-Mireles
et al., 2015). The cycle of IBC pathogenesis is characterised by uropathogenic association,
invasion and survival within the urothelium (Rosen et al., 2007). IBCs act to protect bacteria
from the immune response and from antibiotic treatment, but also release intracellular bacteria
into the surrounding environment to initiate new IBC cycles (Robino et al., 2013). It has been
suggested that the primary source of recurrent infections might be because of the re-emergence
of bacteria from the intracellular communities and subsequent colonisation of new cells

(Anderson et al., 2004; Wright et al., 2007).

Organisms which cause UTIs are microbes such as bacteria, viruses, and fungi. Bacteria
are the most common kind of microorganisms to cause UTIs (Nicolle, 2001). Including many
species of gram-negative Enterobacteriaceae, related to the lipopolysaccharide (LPS) layer of the
gram-negative bacterial cell envelope (Madigan et al., 2009). E. coli that cause UTIs are
classified as uropathogenic E. coli (UPEC), and these strains account for 75-90% of
uncomplicated UTIs, and can also cause bacteraemia, sepsis, and meningitis (Ahmed et al.,
2014). Briefly, the UTIs are the result of the interaction between the pathogens and the host. E.
coli strains are highly adaptable, possessing a number of virulence factors which can enable the

bacteria to colonise, infect the urinary tract, and then lead to UTIs.

ESBLs are enzymes produced by different gram-negative bacteria, especially by E. coli
which can break down many types of antibiotics, leading to their inactivation. ESBLs have

contributed importantly to the worldwide problem of antibiotic resistance since infections caused
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by enzyme-producing organisms are linked with high morbidity and mortality rates and the
financial impact of resistance can be a costly treatment (Davies and Davies, 2010; Salverda et al.,
2010; Winkler et al., 2015). B-lactamases are hydrolytic enzymes which cleave the f-lactam ring
conferring bacterial resistance to [-lactam antibiotics, such as penicillins and cephalosporins
(Dhillon and Clark, 2012). In 2011, the European Centre for Disease Control and prevention
(ECDC) stated that the spread of ESBL +ve E. coli had increased in more than half of the 28

European countries over the previous four years (Beytur et al., 2015).

E. coli is considered the most general cause of UTIs, many studies having indicated that
there are individual virulence factors (VF) which enhance the ability of E. coli to cause disease
in a particular host (Moreno et al., 2005; Wiles et al., 2008). Actually, investigation of the VFs
in certain strains is essential to understand the mechanism of their actions and also to develop

specific anti-virulence factors to inhibit infection (Kawamura-Sato et al., 2010).

E. coli adhesins can be broadly categorised as fimbrial like type P or afimbrial. These
virulence factors give rise to the severe primary stage of infection: attachment to host cells or
tissues. This binding helps the establishment of a bacterial community, in order to initiate
infection. Type 1 fimbriae are the most common, typically identified in 88%-100% of E. coli
strains, plus other members of the Enterobacteriaceae family, with a higher incidence in virulent
strains (Blum et al., 1991; Johnson, 1991; Moreno et al., 2005; Cooke et al., 2010). These
fimbriae also help the establishment of intracellular reservoirs within bladder cells, which play a
role as a source for recurrent UTI (Anderson et al., 2004). On the other hand, P-fimbriae or pap
(pyelonephritis-associated pili) is the second-most prevalent fimbrial type (Blum et al., 1991,
Narciso et al., 2012; Norinder et al., 2012). There are three forms of these fimbriae, with
different binding affinities for the cells (uroepithelial and erythrocytes) and the host (human or
animal) that they bind (Stromberg et al., 1990). The Afa/Dr family of adhesins bind several

epitopes of collagen and blood group antigens in the attachment process (Nowicki et al., 1990;
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Servin, 2005, 2014). The increased serum survival (Iss) protein has been detected on colV
plasmids, with roles in serum resistance and surface exclusion (Johnson et al., 2006; Mahdi et al.,

2015; Xu et al., 2018).

The other microorganism of interest in this study is Acanthamoeba, is microscopic,
which exists in two forms: trophozoites or cysts, found in soil, dust, and water. Acanthamoeba
spp. Can cause severe infections such as keratitis, encephalitis, and Disseminated Infection (DI).
Previous studies showed that the pathogenic E. coli K1 strain interact with Acanthamoeba and
can invade and remain viable inside Acanthamoeba while the non-invasive E. coli K-12 was
killed (Alsam et al., 2006). Trophozoites can actively replicate, feeds on bacteria, and cause
infection in humans. In unfavourable conditions, for example, extreme temperature and pH,
Acanthamoeba forms a double-walled cyst, which is the dormant, resistant stage of its life cycle

(Khan, 2009; Siddiqui and Khan, 2012).

Acanthamoeba, in their trophozoite stage feed on bacteria, algae and fungi through
phagocytosis, a contact-dependent mechanism (Alsam et al., 2005; Khan, 2009). Conversely, the
intracellular environment of Acanthamoeba can protect some bacterial endosymbionts from
unfavourable conditions like the human immune response (lovieno et al., 2010). Based on Abd
et al., (2003) studies have shown that the highly infectious has the ability to grow and survive
intracellularly in Acanthamoeba castellanii. Also, many other studies have been conducted to
confirm the endosymbiotic relationship between Acanthamoeba and bacteria. For example,
Vibrio cholerae (Abd et al., 2004), E. coli (Alsam et al., 2006) and neuropathogenic E. coli

(Yousuf et al., 2014) have all been able to survive and multiply within Acanthamoeba.

Bacteria can develop different relationships with amoeba, and the nature of this
relationship is determined by environmental conditions and virulence of the two organisms.

According to Jeon (1995), there can be three outcomes of the relationship between amoeba and
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bacteria, i.e. symbiosis, destruction of amoeba or destruction of bacteria. Researchers have found
that certain bacterial species demonstrate greater virulence when grown with amoeba in
comparison to the same bacterial species living in another environment. Some bacterial species
which may develop a relationship with amoeba include E. coli (Alsam et al., 2006),
Campylobacter jejuni (Bui et al., 2012), Vibrio cholerae (Abd et al., 2009), and Shigella sonnei

(Jeong et al., 2007).

Researchers have found that bacteria can grow inside free-living Acanthamoeba as well
as in human macrophages implying that these two types of cells share certain features (Cardas et
al., 2012). In these cases, phagosomes do not fuse with lysosomes. After 8h, the bacteria cause
disruption of the membrane of the phagosome and enter the cytoplasm both in Acanthamoeba
and macrophages (Abu Kwaik et al., 1998). Intriguingly, the bacterial cells kept on proliferating
inside Acanthamoeba as well as macrophages even after disruption of the phagosome and
spreading of lysosomal constituents, cytoplasmic vesicles, mitochondria and amorphous entities

(Molmeret et al., 2004).

The urothelium lines the inner surface of the renal pelvis, ureters, bladder, and glandular
ducts of the prostate. It forms a common boundary between the urinary space and the underlying
tissues. The primary urothelial mediated response to infections is the exfoliation of superficial
cells and urothelial regeneration. Also, it can promote dissemination of bacteria into deeper

layers of the urothelium potentially benefiting both host and pathogen (Nagamatsu et al., 2015).

Finally, interaction assays were performed to study the ability of different E. coli strains
to interact with Acanthamoeba and TERT-NHUC cell line. PCR was conducted to investigate
the virulence factors of ESBL+ve and -ve E. coli strains determinants adhesins and increased

serum survival.
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3.2 Materials and methods
All the chemicals for this study were bought from Sigma Laboratories and Thermofisher

unless otherwise stated.

3.2.1 Bacterial culture
All strains were cultured onto CLED plates overnight, A few colonies were inoculated in

LB broth, and ODs were measured by using spectrophotometer as explained in chapter 2 (2.2.1).

3.2.2 Acanthamoeba culture

For this study, Acanthamoeba castellanii belonging to the T4 genotype (ATCC 30234)
was used. It is a clinical isolate from a keratitis patient, was kindly provided by Dr. S. Maciver,
University of Edinburgh, UK. Acanthamoeba was cultured in 10ml PYG medium [proteose
peptone 0.75% (w/v), yeast extract 0.75% (w/v) and glucose 1.5% (w/v)] in T-75 culture flasks
at 30°C (Alsam et al., 2006). Under these conditions, Acanthamoeba becomes confluent within

two days (~5x108 cells per ml).

3.2.3 Cell line and cell culture

Normal Human Urothelial Cell Line (TRET-NHUC) was kindly provided by Prof.
Knowles, from Cancer Research UK Clinical Centre, St. James’s University Hospital in Leeds.
The TRET-NHUC cell line was provided as a frozen sample. The frozen sample was in a
mixture of growth medium with 10% Dimethyl sulfoxide (DMSQO) and 10% fetal calf serum
(FSC). That freezing medium was removed by centrifuging the thawed sample (1000 x g for

5min). The cells were re-suspended in 5ml Keratinocyte Growth Medium 2 (KGM2) with
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supplements (purchased from Promo Cell). Finally, cells were passaged into T25 tissue culture
flasks and incubated at 37°C in a CO; incubator (95% humidity, 5% CO2). The medium was
changed every two days. Permanently, cells become confluent within 4 days (~1x10° cells/ml).
Then, the cells were ready to be seeded into 24-well plates or passaged into three new T25 flasks
(Kavaler, 2007; Chapman et al., 2008). All passages used in this study were between passage

numbers 4 to 8.

3.2.4 Artificial Urine Medium (AUM)

The Atrtificial Urine Medium (AUM) was prepared according to the analysis of human
urine constituents. All components in Table 3.1 were well mixed, and the pH was adjusted to 6.5.
Then, the medium was sterilised by passing through a 0.2pm nylon membrane filter under
vacuum suction. After that, the AUM was divided into 50ml tubes and freeze-stored (Brooks and
Keevil, 1997). To determine the effects of AUM and AUM without urea on bacteria (E. coli

(ESBL —ve), TEM, AmpC, and OXA-48) were used.



Table 3.1: AUM composition(Brooks and Keevil, 1997).

Component Quantity (g)
Peptone L37 1
Yeast extract 0.005
Lactic acid 0.1
Citric acid 0.4
Sodium bicarbonate 2.1
Urea 10
Uric acid 0.07
Creatinine 0.8
Calcium chloride (2H20) 0.37
Sodium chloride 5.2
Iron 11 sulphate (7H20) 0.0012
Magnesium sulphate (7H-0) 0.49
Sodium sulphate (10H20) 3.2
Potassium dihydrogen phosphate 0.95
Di-potassium hydrogen phosphate 1.2
Ammonium chloride 1.3
Distilled water To 1L

3.2.5 Interaction assays
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The percentage of bacteria interacted with Acanthamoeba and TERT-NHUC line was

calculated as follows:

The number of viable bacteria recovered (CFU/mI) /a number of bacteria in initial

inoculum x 100 (Alsam et al., 2006; Yousuf et al., 2013).
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3.2.5.1 Association assays

To determine the effect of urine on the interaction of bacteria with Acanthamoeba and
TERT-NHUC line, AUM was used as the growth medium, and association assays were
performed (Figure 3.1). Briefly, Acanthamoeba or TERT-NHUC line were cultured and grown
in 24-well plates in their own medium [PYG for Acanthamoeba and KGM2 for cell line] (~5x10°
cells per ml). Plates were incubated until confluency. Bacterial strains (~1x10°® CFU/ml and
~1x107” CFU/ml) were added onto Acanthamoeba and TERT-NHUC line in 24-well plates with
medium and incubated for one hour at RT. Supernatants were discarded, and wells were washed
with PBS once to remove non-adherent bacteria. Acanthamoeba or TERT-NHUC line were lysed
by adding 150ul Cell Lytic M for 2min. Finally, 20ul of the lysed solution was cultured onto
CLED agar and incubated overnight at 37°C. The bacteria associated with Acanthamoeba or
TERT-NHUC line were calculated as % bacteria associated with cells= no. of bacteria recovered

/ original number of bacteria in each well x 100 (Alsam et al., 2006).

3.2.5.2 Invasion assays

Invasion assays were performed to determine the ability of bacteria to invade
Acanthamoeba and TERT-NHUC line (Figure 3.1). In brief, Acanthamoeba or TERT-NHUC
line were cultured and grown in 24-well plates in own medium as mentioned in 3.2.5.1. Plates
were incubated until confluency. Bacterial strains at 10 and 100 bacteria/cell (~1x10%° CFU/mlI
and ~1x10” CFU/ml) were added onto Acanthamoeba or TERT-NHUC line with AUM medium
and incubated for 1h at RT. After that, wells were washed with PBS, and then antibiotics were
added to kill extracellular bacteria (meropenem with final concentration of 150ug/ml against
E.coli (ESBL-ve, TEM, and AmpC) meropenem with a final concentration of 200pug/ml against
E.coli (OXA-48) for 60min). Finally, wells were washed with PBS, and then cells were lysed by

adding 150ul Cell Lytic M for 2min, and 20ul of the lysed solution was cultured onto CLED
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agar, incubated overnight in the 37°C incubator. The intracellular bacteria were calculated as
follows: the number of bacteria invaded each cell = no. of bacteria recovered/no. of cells in each

well x 100 = percentage of intracellular bacteria (Alsam et al., 2006).

3.2.5.3 Intracellular survival assays

Intracellular survival assays were performed to determine the reproduction and growth of
bacteria inside Acanthamoeba or TERT-NHUC line (Figure 3.1). Briefly, Acanthamoeba or
TERT-NHUC line were incubated with bacteria, followed by the addition of antibiotic
(meropenem) for 60min, as described above in invasion assays section. After incubation, wells
were washed with PBS. Acanthamoeba or TERT-NHUC lines were incubated in 0.5ml AUM
medium for 24h at 30°C. Finally, Acanthamoeba or TERT-NHUC line were lysed as mentioned
earlier. Then, 20ul of the lysates were cultured onto CLED plates, and these were incubated
overnight at 37°C. The survival of intracellular bacteria after 24h incubations was calculated as

described in invasion assays section (Alsam et al., 2006).
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Figure 3.1 Steps of bacterial interaction assays (association, invasion and survival) with
Acanthamoeba (Alsam et al., 2006).

3.2.5.4 Statistical analysis

Microsoft Office Excel programme (v15.30) was used for general data analysis to prepare
graphs and to calculate the means, standard deviation and standard error. To find the significant
differences between bacterial strains, a one-tailed t-test was used to calculate P-value unless

otherwise stated.

3.2.6 Polymerase chain reaction
3.2.6.1 DNA extraction
Bacterial DNA was extracted according to the manufacturer’s instructions to perform

PCR as explained in chapter 2 (2.2.2).
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3.2.6.2 Polymerase Chain Reaction

In order to characterise and identify virulence determinants involved in adhesion and
Increased serum survival in the study strains, the presence or absence of multiple genes were
probed. PCR amplification using specific primers (PapA-F, PapC-F, FimH, Afa/draBC, and iss)
were performed (Table 3.2). Each one of the PCR reactions was carried out in 50 ul reaction
volumes in the PCR tube as described in chapter 2 (2.2.5.1). The PCR cycling setup was

different for each gene as listed in (Table 3.3).

Table 3.2 Gene and primer sequences for the virulence factors of E. coli.

Target gene | Primer (nucleotide sequence) Sequence (5'- reference Product
3) length (bp)
PapA F- ATGGCAGTGGTGTCTTTTGGTG (Johnson 717
and Stell,
R- CGTCCCACCATACGTGCTCTTC
2000)
PapC F- GTGGCAGTATGAGTAATGACCGTTA | (Johnson 205
and Stell,
R- ATATCCTTTCTGCAGGGATGCAATA
2000)
FimH F- TCGAGAACGGATAAGCCGTGG (Johnson 508
and Stell,
R- GCAGTCACCTGCCCTCCGGTA
(2000)
Afa/deaBC | F- GGCAGAGGGCCGGCAACAGGC (Johnson 559
and Stell,
R- CCCGTAACGCGCCAGCATCTC
2000)
Iss F- CAGCAACCCGAACCACTTGATG (Johnson 323
and Stell,
R- AGCATTGCCAGAGCGGCAGAA 2000)




Table 3.3 The setup of PCR cycling for the different genes under investigation.

PapA, PapC, FimH, Time
Temperature
and Afa min S
Initial Denaturation 95°C 12 00
Denaturation 94 °C 00 30
Annealing 63 °C 00 30
Extension 68 °C 03 00
Final Extension 72°C 10 00
Cycles 25
Time
ISs Temperature
min S
Initial Denaturation 95°C 15 00
Denaturation 94 °C 00 30
Annealing 68 °C 00 30
Extension 72°C 01 00
Final Extension 72°C 05 00
Cycles 30

114
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3.3 Results

3.3.1 Association assays of Acanthamoeba T4
Association assays were performed to determine the ability of bacteria to associate with
Acanthamoeba T4 in AUM. All bacterial strains were incubated in a 24- well microtiter plate

seeded with Acanthamoeba for one h at 30°C.

As shown in Figure 3.2, all strains displayed significant (p<0.05) ability to associate with
Acanthamoeba. The most striking result is that ten bacteria per amoeba associated with
Acanthamoeba more than 100 bacteria per amoeba. Our findings showed that E. coli (AmpC)
strain exhibited the least association with Acanthamoeba when using 10 or 100 bacteria/ amoeba
(4.43% and 3.53% bacteria per amoeba). The most significant in these results, the association of
OXA-48 with Acanthamoeba was much higher than other pathogenic lines. OXA-48 showed the
highest association with Acanthamoeba for 10 bacteria/amoeba (8.77% bacteria per amoeba) and
100 bacteria/amoeba (6.63% bacteria per amoeba) as described in (Figure 3.2). Overall, OXA-48
ESBL+ve strain displayed the highest ability to associate with Acanthamoeba T4 this was higher

than the control as well.
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Figure 3.2 The percentage of bacteria associated per Acanthamoeba T4. Results are the
mean of three autonomous experiments carried out in duplicate. Error bars represent
standard error. Statistical analysis: one-tailed t-test (P<0.05). The association of OXA-48
with Acanthamoeba was much higher than other pathogenic lines when using 10 or 100
bacteria/ amoeba. However, E. coli (AmpC) strain exhibited the least association with

Acanthamoeba when using 10 or 100 bacteria/ amoeba.

3.3.2 Association assays of TRET-NHUC line
Association assays were performed to determine the ability of bacteria to associate with
TRET-NHUC line in AUM. All bacterial strains were incubated in a 24-well microtiter plate

seeded with urothelial cells for 1h at 37°C in humidified 95% air and 5% CO..

As shown in Figure 3.3, all strains displayed significant (p<0.05) ability to associate with
urothelial cells. The most significant result that is ten bacteria per cell associated with urothelial
cells more than 100 bacteria per cell. E. coli (AmpC) strain exhibited the least significant
association with urothelial cells when using 10 or 100 bacteria/cell (6.33% and 3.5% bacteria per
cell). Association of E. coli-ve for 10 bacteria per cell with urothelial cells was significant much

higher than other strains it was 19.33% bacteria per cell (Figure 3.3).
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Figure 3.3 The percentage of bacteria associated per TRET-NHUC line. Results are the
mean of three autonomous experiments carried out in duplicate. Error bars represent
standard error. Statistical analysis: one-tailed t-test (P<0.05). E. coli (AmpC) strain
exhibited the least significant association with urothelial cells when using 10 or 100

bacteria/cell.

3.3.3 Invasion assays of Acanthamoeba castellanii

To define whether bacteria were devoured by Acanthamoeba T4, invasion assays were
carried out. All bacterial strains were recovered from Acanthamoeba. Uropathogens associated
with Acanthamoeba T4 were treated with antibiotics to kill extracellular bacteria. The results
obtained from the invasion assays are shown in Figure 3.4. It is apparent from this figure that all
bacterial strains were able to invade Acanthamoeba albeit at different levels (p<0.05 in

comparison with the initial inoculum).

These results have been shown; ten bacteria per amoeba invade Acanthamoeba more
than 100 bacteria per amoeba. The highest level of invasion with Acanthamoeba was with OXA-
48 10 bacteria/amoeba (0.337% bacteria per amoeba) (P<0.05 using paired t-test, one-tailed

distribution). TEM strain displayed less invasion compared with the other strains for 10 or 100
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bacteria/amoeba (0.18% and 0.061% bacteria/amoeba). AmpC strain 10 or 100 bacteria/amoeba
displayed less invasion compared with the higher strain it was (0.21% and 0.116%

bacteria/amoeba).

Association of bacteria with Acanthamoeba T4
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Figure 3.4 The percentage of invaded bacteria per Acanthamoeba T4. Results are the mean
of three autonomous experiments carried out in duplicate. Error bars represent standard
error. Statistical analysis: one-tailed t-test (P<0.05). Ten bacteria per amoeba invade
Acanthamoeba more than 100 bacteria per amoeba. The highest level of invasion with
Acanthamoeba was with OXA-48 10 bacteria/amoeba.

3.3.4 Invasion assays of TRET-NHUC line

To determine the ability of uropathogens to invade TERT-NHUC line, invasion assays
were performed. All bacterial strains were recovered from TERT-NHUC line. Uropathogens
associated with TERT-NHUC line were treated with antibiotics to kill extracellular bacteria. The
results obtained from the invasion assays are shown in Figure 3.5. It is apparent from this figure
that all bacterial strains were able to invade TERT-NHUC line albeit at different levels (p<0.05

in comparison with the initial inoculum).
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These results have been shown; 10 bacteria per cell invade with TERT-NHUC line more
than 100 bacteria per cell. The highest level of invasion with TERT-NHUC line was with OXA-
48 10 bacteria/cell (0.013% bacteria per cell) (P<0.05 using paired t-test, one-tailed distribution).
AmpC strain displayed less invasion compared with the other strains for 10 or 100 bacteria/cell
(0.009% and 0.05% bacteria/ cell). E. coli-ve and TEM strains with 10 bacteria/cell displayed
similar invasion with urothelial cells; there were 0.01% 10 bacteria/cell. However, TEM strain
with 100 bacteria/cell (0.009% bacteria/cell) displayed higher than E. coli-ve strain with 100

bacteria/cell (0.05% bacteria/cell).

Invasion of bacteria into TRET-NHUC line
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Figure 3.5 The percentage of invaded bacteria per TRET-NHUC line. Results are the mean
of three autonomous experiments carried out in duplicate. Error bars represent standard
error. Statistical analysis: one-tailed t-test (P<0.05). Ten bacteria per cell invade with
TERT-NHUC line more than 100 bacteria per cell. The highest level of invasion with
TERT-NHUC line was with OXA-48 10 bacteria/cell.

3.3.5 Intracellular survival assays of Acanthamoeba castellanii
Survival assays were carried out to determine the fate of bacteria inside Acanthamoeba

by incubating with internalised bacteria for 24h. Acanthamoeba T4 invaded with bacteria were
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incubated at 30°C for 24h. Data obtained (Figure 3.6) from the survival assays reveal that not all

uropathogens were able to survive within Acanthamoeba.

Our results showed that OXA-48 was the only strain which survived and multiplied
inside the Acanthamoeba. OXA-48 at 10 bacteria/amoeba had the highest survival inside the
Acanthamoeba (13.5% bacteria per amoeba) than OXA-48 on 100 bacteria/amoeba (6.767%

bacteria/amoeba) (P<0.05 using paired t-test, one-tailed distribution).
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Figure 3.6 The percentage of bacteria survive inside Acanthamoeba T4. Results are the
mean of three autonomous experiments carried out in duplicate. Error bars represent
standard error. Statistical analysis: one-tailed t-test (P<0.05). OXA-48 was the only strain
which survived and multiplied inside the Acanthamoeba. OXA-48 at 10 bacteria/amoeba
had the highest survival inside the Acanthamoeba than OXA-48 on 100 bacteria/amoeba.

3.3.6 Intracellular bacterial survival assays in TRET-NHUC line

Survival assays were carried out to determine the fate of bacteria inside TRET-NHUC
line by incubating with internalised bacteria for 24h. Urothelial cells invaded by bacteria were
incubated at 37°C in humidified 95% air and 5% CO> for 24h. Data obtained (Figure 3.7) from

the survival assays reveal that not all uropathogens were able to survive within urothelial cells.
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The significant in these results showed that OXA-48 was the only strain which survived
and multiplied inside the cell line. OXA-48 at 10 bacteria/cell had the highest survival inside the
cell line (0.017% bacteria per cell) compared to OXA-48 at 100 bacteria/cell (0.013%

bacteria/cell). (P<0.05 using a paired t-test, one-tailed distribution).
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Figure 3.7 The percentage of bacteria surviving inside TRET-NHUC line. Results are the
mean of three autonomous experiments carried out in duplicate. Error bars represent
standard error. Statistical analysis: one-tailed t-test (P<0.05). OXA-48 was the only strain
which survived and multiplied inside the cell line. OXA-48 at 10 bacteria/cell had the
highest survival inside the cell line compared to OXA-48 at 100 bacteria/cell.

3.3.9 Polymerase Chain Reaction (PCR)

Results obtained from this study showed a variation in the virulence factors borne by the
ESBL strains under study (Table 3.4). The ESBL strains were investigated for E. coli (VFs),
using an updated version (personal correspondence from Prof. James) of Johnson and Stell’s
PCR assays (Johnson and Stell, 2000; Johnson et al., 2013). Five sets of primers (PapA, PapC,
FimH, Afa/deaBC, and Iss) were used to study the VFs amplified from the genomic DNA of the

strains under study (ESBL +ve (TEM, AmpC, and OXA-48) and ESBL-ve). PCR amplification
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was carried out on the chromosomal DNA of the clinical strains of E. coli. The PCR cycling

setup was different for each gene as listed in (Table 3.3).

All the strains under study are seen to bear the FimH gene. The most important of these
results is that just the OXA-48 strain was seen to have Iss gene; this gene was absent from the
other strains under study. The PCR products from the FimH Primer to ESBL —ve E. coli, TEM,
AmpC, and OXA-48 were observed, and corresponded to the expected results, with
approximately 508 bp being successfully amplified. The PCR products from the PapA primer
amplified by just ESBL-ve E. coli was observed as a band, corresponding to the expected results,
with approximately 717 bp successfully amplified, as described in (Figure 3.8). On the other
hand, for TEM, AmpC, and OXA-48 no band was observed. The PCR products when using the
PapC primer were amplified for the ESBL —ve E. coli and TEM strains with correspondence to
the expected result, with approximately 205 bp successfully amplified, as described in (Figure
3.8). The PCR products when using the Afa/deaBC primer were amplified. For the ESBL —ve E.
coli and AmpC strains, no band was observed. On the other hand, just a band from TEM and
OXA-48 corresponded to the expected result, with approximately 559 bp successfully amplified,

as described in (Figure 3.8).

Table 3.4: Summary of virulence factors genes amplified from the genomic DNA of the

strains under study (ESBL-ve and ESBL +ve (TEM, AmpC, and OXA-48).

Strains PapA PapC FimH Afa/ Iss
deaBC
E. coli-VE + + + - -
TEM - + + + -
AmpC - - + - -
OXA-48 - - + + +
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Figure 3.8: PCR products amplified using PapA, PapC, FimH, Afa/deaBC, and Iss primers.
Bands were observed in all lanes corresponding to the expected (PapA (717bp), PapC
(205bp), FimH (508bp), Afa/deaBC (559bp), and Iss (323bp). M: Marker. Lanes 1- E. coli
ESBL —ve, 2- TEM, 3- AmpC and 4- OXA-48.
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3.4 Discussion

This study set out with the objective of exploring the inter-relationship between
uropathogens and Acanthamoeba T4, and the interrelationship between uropathogens and the

TERT-NHUC cell line.

It is scientifically known that Acanthamoeba is pathogenic to humans, mainly causing
AGE and AK. Previous studies have shown the presence of Acanthamoeba in ocular clinical
samples (Spanakos et al., 2006; Ozkoc et al., 2008; Cave et al., 2014). Also, Acanthamoeba has
been found in brain tissue (Yagi et al., 2007), cerebrospinal fluid samples (Sheng et al., 2009),
sputum samples (Bradbury et al., 2014). Also, of great interest in the present context, in 2009,
Santos et al. found in 26% of urine samples under investigation Acanthamoeba spp in urine

samples.

A fundamental question is how bacteria interact with urothelial cells of the urinary tract
causing infections. Furthermore, the presence of Acanthamoeba with the urothelial cells could
contribute to the exacerbation of urinary tract infections. For this reason, in this study,
Acanthamoeba T4 trophozoites, human urothelial cells (TRET-NHUC line), and four pathogenic
E. coli types of bacteria (ESBL -ve, TEM, AmpC, and OXA-48) isolated from UT]I patients were
studied. To identify if bacteria interact with Acanthamoeba or urothelial cells, interaction assays
were carried out. Proteases produced by Acanthamoeba are used as significant markers to
differentiate between pathogenic and non-pathogenic Acanthamoeba species (Khan et al., 2000;
Sissons et al., 2006; Dudley et al., 2008). Acanthamoeba proteases have antimicrobial effects
against different types of bacteria (Igbal et al., 2014). Our findings indicate that Acanthamoeba
(genotype T4), was able to host E. coli (OXA-48). Moreover, bacteria can remain and multiply
inside Acanthamoeba within a harsh environment, where they can turn to cysts that may help

transmit bacterial pathogens to susceptible hosts and also to cause reinfection. The results clearly
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showed that all bacteria used have the ability to associate and invade with Acanthamoeba T4 and
host cells. However, only OXA-48 was able to survive within Acanthamoeba T4 and urothelial

cells.

Acanthamoeba acts as a host and trojan horse for several bacteria especially pathogenic
strains that can live and multiply inside (Cardas et al., 2012; Cardas, 2014). The relationship for
the interactions between Acanthamoeba and bacteria are complex, diversified and depend on the
number and species of bacteria. However, the mechanisms associated with bacteria—amoebae
interactions are still incompletely understood (Alsam et al., 2006; Siddiqui and Khan, 2012). It is
possible to lead to amoebic destruction, bacterial destruction or the development of a symbiotic
relationship (Marciano-Cabral and Cabral, 2003). Alsam et al. (2006) proved that E. coli
interactions with Acanthamoeba depend on the virulence of the bacteria. To assess the nature of
this relationship, interaction assays were performed. The current findings indicate that all
uropathogens tested here are able to associate with and invade Acanthamoeba T4 albeit to

different degrees. However, just OXA-48 was able to survive within Acanthamoeba T4.

The most surprising result, which is ten bacteria per amoeba associated with
Acanthamoeba more than 100 bacteria per amoeba. Our findings showed that the OXA-48 strain
had exhibited a higher capability for associating with Acanthamoeba T4 compared with the other
uropathogens under study (Figure 3.2). A similar trend can be seen in the invasion assays (Figure
3.4), both when using 10 or 100 bacteria/Acanthamoeba. Moreover, OXA-48 seems to exceed
the other uropathogens in their ability to survive and multiply with amoebae (Figure 3.6).
According to Khan (2009), several bacteria including E. coli were more resistant to free chlorine
in the presence of Acanthamoeba suggesting an increase in virulence. Also, many studies have
reported similar findings as mentioned in the literature review (Chapter one). From this study,

the results of interaction assays support the hypothesis that uropathogens possibly use
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Acanthamoeba to survive under severe conditions and cause recurrent infections in the urinary

tract.

As discussed above, the IBC cycle consists of association, invasion, and survival. IBC
pathogenic cycle has been investigated in vitro studies but has not yet been investigated in
humans (Rosen et al., 2007). In a previous study conducted on urine samples collected from
women with cystitis, Rosen et al., (2007) have found evidence of IBCs and filamentous bacteria
in 18% and 41% of urine samples respectively, suggesting evidence of an IBC pathway in
humans. Also, many studies have documented the interaction of bacteria with urothelial cells

(Garofalo et al., 2007; Rosen et al., 2007; Berry et al., 2009; Robino et al., 2013).

Results from the current study (Figure 3.3), indicate that all uropathogens under study are
able to interact with TERT-NHUC line with ESBL negative strain of E. coli, displaying higher
levels of interaction than ESBL+ve strains of E. coli. Our findings showed that E. coli-ve and
OXA-48 strains exhibited a higher capability for associating with urothelial cells compared with
the other uropathogens under study (Figure 3.3). However, the OXA-48 strain with 100 bacteria
per cell has a higher capability for associating with urothelial cells than E. coli-ve and the rest of
the uropathogens under study. For the invasion assays also OXA-48 when using 10 bacteria/cell
has a higher ability to invading onto urothelial cells compared with the other uropathogens under
study (Figure 3.5). Moreover, OXA-48 when using 10 or 100 bacteria/cell seems to exceed the

other uropathogens in their ability to survive and multiply with urothelial cells (Figure 3.7).

These findings showed that the highest level of association with Acanthamoeba and
TRET-NHUC line was with E. coli-ve and OXA-48 with both infection dose (10 and 100
bacteria/amoeba or cell line). However, it was higher with infection dose 10 bacteria/amoeba or
cell line than 100 bacteria/amoeba or cell line. In invasion assays, it was found that

Acanthamoeba had a higher bacterial strains recovery rate than TRET-NHUC line. In addition,
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results indicated that E. coli-ve, TEM, and AmpC were not able to survive and multiply in
Acanthamoeba as well as TRET-NHUC line while OXA-48 had a higher level of survival with
Acanthamoeba than TRET-NHUC line. It is evident from these results that OXA-48 strain has
the highest level of association with Acanthamoeba and TRET-NHUC line, and this is consistent
with previous findings where OXA-48 was found to be more virulent and resistant than the other
strains. Previous studies (mostly with uropathogenic E. coli) have documented the interaction of
bacteria with NHUC, thus, contributing to the pathogenesis of urinary tract infection (Bower et

al., 2005; T. J. Wiles et al., 2008; Bang et al., 2014).

In the present study, several virulence genes (for adhesins and increased serum survival)
were compared between four clinical strains of E. coli (ESBL +ve and ESBL-ve). Results
obtained from this study showed a variation in the VFs borne by the ESBL strains under study
(Table 3.4). The ESBL strains were investigated for E. coli (VFs) by using five sets of primers
(PapA, PapC, FimH, Afa/deaBC, and Iss) (Johnson and Stell, 2000; Valat et al., 2012; Raeispour
and Ranjbar, 2018). PCR amplification was carried out on the chromosomal DNA of the clinical
strains of E. coli. Each PCR reaction was carried out in 50pul reaction volumes in the PCR tube.
The PCR cycling setup was different for each gene as listed in (Table 3.3). Then, the size of the

fragments was observed under a UV light.

Pathogenic E. coli strains, cause different infections, including (UTI). One of the reasons
these strains cause diseases is because they have many VFs that may play a role in infection by
enabling the bacterial cells to move into the host and disseminate. E. coli VFs include adhesion
molecules and toxins (Mora-Rillo, Ferndndez-Romero, Francisco, et al., 2015). Adherence to the
host cells can be done by fimbriae or pili, however; they are complex structures and thus
encoded by gene clusters coding for instance by fimbrial subunits, assembly and secretion
machinery. These fimbriae contain a rod, composed hundreds to thousands of different major

subunits, and the adhesive tip, formed by single or few minor subunits. Inside the periplasmic
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space, the chaperon facilitates folding of the subunits, which are then assembled and secreted in

the outer membrane (Waksman and Hultgren, 2009).

P-fimbriae or pap (pyelonephritis-associated pili) is the second-most prevalent fimbrial
type causing pyelonephritis in UPEC (Blum et al., 1991; Narciso et al., 2012; Norinder et al.,
2012). There are three forms for these fimbriae, with different binding affinities affecting the
cells (uroepithelial and erythrocytes) and the host (human or animal) that they bind (Stromberg
et al. 1990). Type 1 fimbriae are a critical VFs in Uropathogenic E. coli (UPEC), although these
pili are not restricted to pathogenic strains (Vejborg et al., 2011; Norinder et al., 2012). Type 1
fimbriae are essential to colonise the urinary tract in humans (Bahrani-Mougeot et al., 2002),
however, alone they are not enough to establish a long-term infection (Mulvey et al., 2001).
FimH is one of these type 1. The adhesive tip of these fimbriae, FimH, binds to a-D-

mannosylated proteins like UPs, which are expressed by the differentiated urothelium.

E. coli strains that carry coding for Afa/Dr adhesins are referred to as diffusely adherent.
Usually, this VF is associated with intestinal infections especially in young children, but also it is
found among strains from extra-intestinal infections including UTI (Le Bouguénec and Servin,
2006). So far, the complete receptor repertoire of all Afa/Dr adhesin subtypes has not been fully
identified, but some of it may influence the association of certain strains to different tissues. For
instance, Afa/Dr subtype afaE8 has been found highly concentrated between UPEC from

pyelonephritis (Le Bouguénec et al., 2001).

The primary function of Iss protein is to increased serum survival. (Iss) Protein plays
roles in serum resistance and surface exclusion (Binns et al., 1982; Waters and Crosa, 1991;
Pitout, 2012). Iss is less diffuse in strains causing bacteraemia (23% vs 68%), UTI (17% vs 65%)
(Waters and Crosa, 1991; Johnson et al., 2005; Olesen et al., 2012; Skjgt-Rasmussen et al.,

2013). The most important in these results, just the OXA-48 strain was seen to have the Iss gene,
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and this gene was absent from the other strains under study. The PCR products from the FimH
gene were seen to occur in all the strains under investigation, the PapC gene was seen on ESBL
—ve E. coli and TEM strains (Figure 3.8). The PapA gene was just demonstrated in ESBL —ve E.
coli strain. On the other hand, the Afa/deaBC gene was observed on TEM and OXA-48 strains.
The higher rate of survival and multiplication observed in the OXA-48 strain can also be
attributed to horizontal gene transfer which always occurs between E. coli strains (Juhas, 2015).
This is because OXA-48 may have acquired virulence genes which enhance its survival and
multiplication. For instance, the Iss gene, a plasmid (colV) bore gene which is responsible for
survival in serum, was found in the OXA-48 but not in the other strains (Figure 3.8). The
presence of this gene may be the reason why the OXA-48 strain survived and multiplied better
than others (sections 3.3.5 and 3.3.6). The observed differences in survival and multiplication
could also be a function of strain variability, i.e. differences in the genome-encoded virulence

determinants of the different strains.

In conclusion, the findings from this chapter primarily suggest that OXA-48 strain can
survive and multiply with Acanthamoeba (T4). Therefore, it is reasonable to hypothesise that
Acanthamoeba may play a crucial role in causing rUTIs. By using the PCR method in the present
study, it was demonstrated that just OXA-48 strain has the Iss gene and that only OXA-48 can
survive in Acanthamoeba and TRET-NHUC line. The dissemination of bacteria from their
intracellular reservoirs is a clinically important stage of the IBC cycle, because of their relevance
to recurrent UTIs (Robino et al., 2013). The dissemination stage of the IBC cycle can play an
essential role in initiating new IBC cycles through colonisation of new cells and thereby causing
recurrent UTIs. Nevertheless, the results from this chapter should provide the basis for further
studies, particularly in vivo, to clarify the exact mechanism of host-pathogen interaction
specifically for OXA-48. The next chapter aims to explore the cytotoxic effect of uropathogens

and Acanthamoeba (T4) on NHUC.
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Chapter four 4

4. Determination of cytotoxicity and
Programmed Cell Death of uropathogens and

Acanthamoeba on the urothelial cell line.
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4.1 Introduction

Once attachment to host cells has been initiated, E. coli secrete toxins which damage host
cells, facilitate invasion or destroy host tissues, so completing the second and last step of
infection. Uropathogenic E. coli (UPEC) are involved in the great majority of UTIs. Most
intracellular bacteria have the ability to stimulate host cell cytotoxicity by secreting different
virulence factors (Lu et al., 2013). Cellular cytotoxicity can lead to cell death by apoptosis
and/or necrosis. Apoptosis is a programmed form of cell death used to eliminate cells that are not
required and to maintain normal cell populations. Moreover, it can happen under both
physiological and pathological conditions. Necrosis, by contrast, is cell death, which is non-
apoptotic in nature. It is pathological and a pathway of cell death related to cell injury (Kumar et

al., 2015).

In apoptosis, cell death can happen by the intrinsic or extrinsic pathways also known as
signalling cascades. The intrinsic or mitochondrial pathway is caused via the imbalance of B-
cell lymphoma-2 (Bcl-2) family proteins causing increased mitochondrial permeability, leakage
and caspase activation. The extrinsic or death receptor pathway is initiated by the engagement of
plasma membrane death receptors on cells leading to the formation of ‘death-inducing signalling
complex’ and finally caspase activation. On the other hand, in necrosis, the mechanism of cell
death is associated with its specific pathology. In addition, the release of immunomodulatory
factors, a significant immune response and phagocytosis are also characteristic of necrosis
(Vanlangenakker et al., 2008; Guicciardi et al., 2013; Kumar et al., 2015). Moreover, apoptosis
and necrosis differ morphologically. The former is characterised by shrinkage of cells, nuclear
changes such as pyknosis (nuclear shrinkage), and karyorrhexis (nuclear fragmentation). The
characteristics of necrosis are swelling of cells, chromatin condensation, disrupted plasma
membrane, leakage of cellular contents, and frequent adjacent inflammation (Kumar et al., 2015).

Apoptosis and necrosis morphological markers are essential to determine the stages of apoptotic
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cell death. It is known that apoptosis and necrosis can coexist in the same tissue or cell type (Lu
et al., 2013). Early apoptotic cells are characterised by an intact cell membrane with cell surface
expression of phosphatidylserine (PS) which promotes recognition by phagocytes. Early
apoptotic cells become late apoptotic cells when the membrane becomes permeabilised, which
can then progress on to secondary necrotic cells. Necrotic cells are characterised by membrane
permeability; this is because of direct exposure of viable cells to trauma like chemical insults

rather than a transition from apoptosis (Poon et al., 2010).

Usually, Flow cytometry is used to differentiate dying cells. It is the favourite method for
single-cell analysis of multiple cellular attributes (Wlodkowic et al., 2009). Flow cytometry
measures many characteristics of apoptotic cells like changes in the cell membrane, membrane
permeability (cell and mitochondrial), caspase activation and DNA damage. It helps to quantify
cells based on the stages of apoptotic cell death (Macey, 2007). Many studies have employed the
use of Annexin V/Propidium lodide for assessment of cell death. In early apoptotic cells,
annexin V (Cax+ dependent phospholipid-binding protein, which has a high affinity for PS)
binds to PS expressed on the outer leaflet of cell plasma membranes. However, in late apoptosis
and necrosis, membranes of dead and damaged cells are permeable to propidium iodide (DNA
stain). Flow- cytometric detection of apoptosis and necrosis depends on this differential staining.
An alternative from flow cytometry for investigating cellular cytotoxicity with regards to the
necrotic pathway is a measurement of lactate dehydrogenase (LDH). LDH is a soluble
cytoplasmic enzyme released into the extracellular space through damaged cell membranes. The
formazan product can be colourimetrically measured to give an estimate of the percentage of

necrotic cells in a sample (Chan et al., 2013).

The pathogenicity of Acanthamoeba infections is a complex process that includes greater
adhesion properties, secreted cytotoxic products, invasion mechanisms and survival mechanisms

(Arnalich-Montiel et al., 2014). Although the secretions are not fully characterised, several
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studies have highlighted their role in host pathology. Other studies have also investigated their
antimicrobial potential (Alfieri et al., 2000; Khan et al., 2000; Harrison et al., 2010). The
pathogenesis of Acanthamoeba can be divided into two classes of mechanisms: contact-

dependent and contact-independent mechanisms (Alsam et al., 2003).

The most virulent of the contact independent factors of Acanthamoeba are extracellular
proteases which lead to the death of the host cells (Garate et al., 2005). The proteases are a group
of enzymes which break down the peptide bonds on fibrinogen, albumin, haemoglobin,
chemokines and cytokines. There are different types of proteases present in Acanthamoebae such
as serine proteases, Metallo-proteases, and cysteine proteases (Dudley et al., 2008). Also, there
are different factors contributing directly to Acanthamoebae pathogenicity like Ecto-ATPases,
Neuroaminidases, Superoxide dismutases, Elastases, and Glucosidases. Pathogenic strains of
Acanthamoeba produce increased levels of protease activity and bring about higher levels of
cytotoxicity than non—pathogenic strains. One of the proteases recognised was a 107 kDa serine

protease (Khan et al., 2000; Alsam et al., 2005).

Most strains of E. coli cause UTIs and bacteraemia, neonatal meningitis, intra-abdominal
infections, and others. Also, they have been characterised by the presence of specific virulence
factors such as P-fimbriae, type 1 fimbriae, haemolysin, secreted autotransporter toxin (sat),
serine protease (Pic), type Il capsule, serum resistance proteins and cytotoxic necrotizing factor 1
(CNF1) (Johnson and Stell, 2000; Russo and Johnson, 2000; Smith et al., 2007; Venier et al.,

2007; Johnson et al., 2012).

Haemolysin A (HIyA) lyses erythrocytes allowing the producing strain to obtain iron for
growth and survival in the absence of siderophores (Beutin, 1991; Mitsumori et al., 1999;

Norinder et al., 2012). HIyA is perhaps the principal toxin of most E. coli strains, identified in
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29%-52% of strains (Johnson and Stell, 2000; Moreno et al., 2005; Cooke et al., 2010; Mahjoub-

Messai et al., 2011).

The function of CNF1 is generating multinucleated cells that develop into necrotic
lesions (Caprioli et al., 1983; Johnson, 1991). CNF1 has been detected in 15%-54% of human E.
coli strains causing UTI and bacteraemia (Johnson et al., 2005; Venier et al., 2007; Cooke et al.,

2010; Mahjoub-Messai et al., 2011).

Secreted autotransporter toxin (Sat) is another most common E. coli toxin, which had
been identified in 39%-94% of investigated strains (Pitout et al., 2005; Johnson et al., 2008;
Mahjoub-Messai et al., 2011). Although this toxin has rarely been screened for, likely due to its
recent discovery (Guyer et al., 2000). This toxin interferes with the cytoskeleton of epithelial

cells and acts as a serine protease (Guyer et al., 2000; Dobrindt et al., 2002).

Pic plays a role in lysing mucin as part of diarrheal disease and mediates serum resistance
(Henderson et al., 1999; Olesen et al., 2012). Moreover, Pic has also been identified in some

strains of E. coli causing cystitis and pyelonephritis (Heimer et al., 2004).

E. coli produces more than 80 different capsule types, or K antigens, which consist of
acidic polysaccharides. The essential functions of the capsules are to facilitate the invasion of
tissues and evasion of the host immune system (Huang et al., 1999; Ananias and Yano, 2008).
Previously, based on thermostability during serotyping, biochemical and genetic characteristics
of E. coli capsules were categorised into three groups (1-3). However, there is a new capsule
classification which includes four capsular groups (1-4) composed of O-antigens and/or K
antigens. Not all strains of E. coli express K antigens, but many of the strains are capsulated,
supporting the idea of capsules as an essential virulence factor (Orskov and Orskov, 1992;

Whitfield and Roberts, 1999).
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Finally, work in this chapter elucidates the cytotoxic effect of intracellular bacteria, and
Acanthamoeba conditioned media by using flow cytometry and LDH assays to differentiate
between apoptotic and necrotic cytotoxicity. Moreover, PCR was conducted to investigate the
virulence factors of ESBL+ve and —ve E. coli strains determining their toxins and uropathogenic

specific proteins.
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4.2 Materials and methods

All the chemicals for this study were bought from Sigma Laboratories and Thermofisher

unless otherwise stated.

4.2.1 Cell line and cell culture
Normal human urothelial cell line (TRET-NHUC) was grown and cultured as mentioned

in section (3.2.3).

4.2.2 Bacterial culture
All strains were cultured onto CLED plates overnight, A few colonies were inoculated in

LB broth, and ODs were measured by using spectrophotometer as explained in chapter 2 (2.2.1).

4.2.2.1 Heat-killed bacteria

Heat-killed bacteria were prepared to check whether the bacterial body has a role in cell
death. All strains were refreshed onto CLED plates and incubated overnight. Next day, a few
colonies were inoculated in LB broth and incubated overnight at 37°C incubator.
The OD was measured using spectrophotometer as described in section (2.2.1). Then, 1mL of
bacterial broth (containing 108 CFU) was heated in a water bath at 65°C for 90 min. About 20uL
of heat-killed bacteria were cultured onto CLED plates and incubated overnight at 37°C in the air
to be sure no bacteria were still alive, and no bacterial growth was detected after incubation

(Worgall et al., 2002).
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4.2.2.2 Bacterial Conditioned Media (BCM)

BCM were prepared to explore the ability of proteases, other enzymes, and toxins which
were produced by E. coli strains used in this study to have any role in cytotoxicity on the TERT-
NHUC line. Bacterial strains (10 and 10’ CFU) were inoculated in the 5ml of cell media of
(Keratinocyte Growth Medium 2) in tubes. The tubes were then incubated at 37°C overnight.
After incubation, tubes were centrifuged at 5000 x g for 10min, and the supernatants were
filtered twice by using syringe and filter pore size (0.20um) to get conditioned media which
contained the proteins and external virulence factors from all strains. Usually, BCM were stored

at -20°C no longer than two weeks (Igbal et al., 2014).

4.2.3 Acanthamoeba culture

Acanthamoeba T4 strain was grown and cultured as described in section (3.2.2).

4.2.3.1 Acanthamoeba Conditioned Medium (ACM)

Acanthamoeba T4 was used to study the cytotoxic role of it is ACM on the TERT-NHUC
line. The culture medium from a confluent T75 flask of Acanthamoeba T4 (-5 x 108 amoeba/ml),
obtained as described in section 3.2.2, was discarded. Afterwards, fresh KGM2 medium was
added to the flask, and the cells were then incubated overnight at 30°C. After that the medium
was collected in 15ml tubes and centrifuged at 3000 x g for 5min; the supernatant was then
filtered twice using 0.2uM filters to get conditioned medium which contained the proteins and
external virulence factors of Acanthamoeba T4. Usually, ACM was stored at -20°C no longer

than two weeks (Dudley et al., 2008; Igbal et al., 2014).
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4.2.4 Programmed Cell Death (PCD) assays by flow cytometry

To study the ability of living, heat-killed and BCM of ESBL-ve and ESBL+ve bacterial
strains used in this study, and CM of Acanthamoeba to induce cell death on TRET-NHUC cell
line, flow cytometry assays were performed. TRET-NHUC were cultured and grown in 24-well
plates in KGM 2 (~5x10° cells per well) in a CO2 incubator (95% humidity, 5% CO,) at 37°C
until 100% confluence was attained. The growth medium was then discarded following which
cells were washed with PBS to remove non-adherent cells. KGM 2 and the required
concentrations of the bacterial strains were added to all wells as required. Live or heat-killed
bacteria were used at concentrations of 10/cell and 100/cell, while the BCM as prepared in
section 4.2.2.2 was used. Control wells had KGM 2 added. Plates were subsequently incubated at
37°C for 24h in a CO- incubator (95% humidity, 5% CO>). CMA, as prepared in section 4.2.3.1,
was used (10ul and 100ul volumes). Plates were subsequently incubated overnight at 37°C in a
COg2 incubator (95% humidity, 5% CO.). Afterwards, cells were harvested by adding 100ul
Accutase (a cell detachment solution containing proteolytic and collagenolytic enzymes, it is an
alternative for Trypsin-EDTA solution) and collected with the supernatants in Eppendorf tubes
and centrifuged at 1000 x g for 5min. BioLegend's FITC Annexin V Apoptosis Detection Kit
with Zombie NIR was used as per the manufacturer’s instructions. Briefly, the cells were washed
twice with 200ul of cold cell staining buffer and centrifuged each time at 1000 x g for 5min
before being resuspended in 100ul of Annexin V binding buffer containing Sul of Annexin V
FITC and 1pl of Zombie NIR. Samples were gently vortexed and incubated for 20min at RT in
the dark. Then, samples were washed with cell staining buffer, centrifuged at 1000 x g for 5min,
and fixed with 450ul paraformaldehyde for 20min on ice. After fixation, the samples were
centrifuged at 1000 x g for 5min, supernatants discarded and the pellets were washed once with
cell staining buffer at 1000 x g for 5min. Then, the pellets were resuspended in 400ul of Annexin

V binding buffer. Next, cells were analysed by using a flow cytometer [BD AccuriTM C6] with
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each run restricted to 20000 moments, due to slow cell growth and that a large number of cell are

needed. (Worgall et al., 2002).

4.2.5 Cytotoxicity assays by lactate dehydrogenase (LDH)

These assays were performed to determine the cytotoxic effect of the bacterial strains
used in this study and the ACM on TRET-NHUC cell line. TRET-NHUC were cultured and
grown in 24-well plates in KGM2 (~5x10° cells per well) and incubated in a CO2 incubator (95%
humidity, 5% CO>) at 37°C until 100% confluence was attained. The growth medium was then
discarded following which cells were washed with PBS to remove non-adherent cells. KGM2
and the required concentrations of the bacterial strains were added to all wells. Live bacteria
were used to infect cells at the rate of 10 and 100 bacteria/cell. On the other hand, heat-killed
bacteria were generated by heating bacteria in a water bath at 65°C for 90min while cell-free
bacterial condition media were prepared as described in section 4.2.2.2. Only KGM2 was added
to designated high and low control wells. Plates were subsequently incubated for 24h at 37°C in
a COz incubator (95% humidity, 5% COz). CMA, as prepared in section 4.2.3.1, was used (10ul
and 100ul volumes). Only KGM2 was added to the designated high and low control wells. Plates
were subsequently incubated for 24h at 37°C in a CO; incubator (95% humidity, 5% COy).
Following this incubation, the cytotoxic effects were determined by measuring the amount of
lactate dehydrogenase -LDH (an enzyme released by dead cells) in the supernatants
(Cytotoxicity Detection Kitplus; Roche). Lysis buffer (solution 3) was added to high control
wells in order to bring about the release of a high amount of LDH from the cells while the low
controls were just cells in growth medium. Fifty ul of the supernatant were collected from each
well and loaded in a fresh 96-well plate. Fifty ul of a reaction mixture (solution 1 + solution 2)
were then added to all wells (sample and control) and incubated for 15min at RT. Next, stop

solution (solution 4) was added to stop all reactions. Lastly, absorbance in each well was read at
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a wavelength of 595 nm in a FLUOstar Omega Multiplate Reader (BMG Labtech). Percentage

cytotoxicity was calculated as follows:

[Sample value - Low control value]
[High control value — Low control value]

(% Cytotoxicity = X 100)

4.2.6 Software and statistics

FlowJo software (v10.1) was used to analyse and prepare flow cytometry graphs. In
addition, Microsoft Office Excel programme (v15.30) was used for general data analysis to make
graphs and to calculate the means, standard deviation and standard errors. To find the significant

differences between bacterial strains, a one-tailed t-test was used to calculate P-value.

4.2.7 Genomic analysis

4.2.7.1 DNA extraction
Bacterial DNA for use in PCRs was extracted from all the bacterial strains according to

the manufacturer’s instructions as described in chapter 2 (2.2.2).

4.2.7.2 ldentification of virulence determinants (toxins and capsule) by PCR

In order to characterise and identify virulence determinants, primers were used in PCR to
probe the presence or absence of multiple genes. PCR amplification using specific primers
(hlyD, CNF-1, pic, sat, and kbsll (Kii)) were performed (Table 4.1). Each one of the PCR
reactions was carried out in 50 pl reaction volumes in the PCR tube as described in chapter 2

(2.2.5.1). The PCR cycling setup was different for each gene as listed in (Table 4.2).



Table 4.1 Gene and primer sequences for the virulence factors of E. coli.
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Target gene | Primer (nucleotide sequence) reference Product
Sequence (5°-3") tength (o)

HlyD F- CTCCGGTACGTGAAAAGGAC (Johnson and Stell, | 904
R- GCCCTGATTACTGAAGCCTG 2000

CNF-1 F- GGGGGAAGTACAGAAGAATTA | (Tothetal., 2003) | 1112
R- TTGCCGTCCACTCTCACCAGT

Sat F- GCAGCTACCGCAATAGGAGGT | (Johnson and Stell, | 937
R- CATTCAGAGTACCGGGGCCTA 2000)

pic F- GGGTATTGTCCGTTCCGAT (Wallace-Gadsden | 1200
R- ACAACGATACCGTCTCCCG etal. 2007

Kbsll F- GCGCATTTGCTGATACTGTTG (Johnson and Stell, | 570
R- AGGTAGTTCAGACTCACACCT 2000)




142

Table 4.2 The setup of PCR cycling for the different genes under investigation.

hlyD, pic, and Time
Temperature
CNF-1 min S
Initial Denaturation 95°C 15 00
Denaturation 94 °C 00 30
Annealing 68 °C 00 30
Extension 72°C 01 00
Final Extension 72°C 05 00
Cycles 30
Time
Sat and KbsllI Temperature
min S
Initial Denaturation 95°C 15 00
Denaturation 94 °C 00 30
Annealing 58 °C 00 30
Extension 72°C 01 00
Final Extension 72°C 05 00
Cycles 30
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4.3 Results

4.3.1 Programmed Cell Death (PCD) assays by flow cytometry

Flow cytometry was used to determine the contribution of PCD to the cytotoxic effects of
live, heat-killed, BCM of (ESBL-ve E. coli as control and ESBL-ve E. coli bacterial strains) and
the CM of Acanthamoeba on TERT-NHUC cell line. Data from the flow cytometry images

(Figure 4.1, 4.4, 4.7, and 4.10), were extrapolated into graphs for analysis.

4.3.1.1 Programmed Cell Death assays on TRET-NHUC line exposed to live bacteria

This study analysed the effects of visible clinical strains of E. coli (ESBL +ve, and
ESBL-ve as a control) on urothelial cell line apoptosis and necrosis assays. As displayed in
Figure 4.1, unviable cells were determined to be in their early apoptotic, late apoptotic and
necrotic stages through differential staining. Early apoptotic cells were positive for Annexin-
FITC and negative for Zombie NIR. By comparison, while late apoptotic cells were positive for
both Annexin-FITC and Zombie NIR, necrotic cells were positive for Zombie NIR alone. Viable
cells were negative for both Annexin-FITC and Zombie NIR. As displayed in Figures 4.2 and
4.3, urothelial cells employed both apoptotic and necrotic pathways for cell death over 24h due
to cytotoxicity that was induced by live bacteria (10 or 100 bacteria/cell). The most significant
flow cytometric analysis of live bacteria (Figures 4.2 and 4.3) revealed that all the bacterial
strains induced a higher cytotoxic effect on urothelial cells at an infectious dose of 10
bacteria/cell than at an infectious dose of 100 bacteria/cell. In addition, the OXA-48 and TEM
strains were more toxic to the urothelial cells than the other strains for both infectious doses (10
and 100 bacteria/cell). As illustrated by differential staining, cell populations that included early
apoptotic cells (Figures 4.2 and 4.3) included all studied strains and revealed that low rates of

toxicity were less than 0.5%. Cells in the late apoptotic stages (Figures 4.2 and 4.3) were
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significantly highest with the TEM strain with ten bacteria/cell (1.2%), followed by the AmpC
and OXA-48 strains with ten bacteria/cell (1.05%). Cells in the late apoptotic stages were shown
with the OXA-48 strain with 100 bacteria/cell (1.05%), followed by the TEM and AmpC strains
with 100/bacteria cell (0.4%). Moreover, in infectious doses of 10 bacteria/cell, the OXA-48
strain induced the significantly highest percentage of necrosis (6.5%), the AmpC strain induced
the second highest rate of necrosis (5.7%) and the TEM strain induced the lowest percentage of
necrosis (5.35%). By comparison, infectious doses of 100 bacteria/cell, the OXA-48 strain
induced highest percentage of necrosis (5.7%) significantly, the TEM strain induced the second
significantly the highest percentage of necrosis (3.5%) and the AmpC strain induced the lowest

(2.75%).
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Figure 4.1: Cytotoxic effects of visible strains of E. coli (ESBL+ve and ESBL-ve).

This is an image showing viable, early apoptotic, late apoptotic and necrotic cells.
Apoptosis and necrosis were induced on TERT-NHUC line by live bacteria over 24h of
incubation. In each panel, the lower left quadrant shows viable cells (LL - negative for both
Zombie NIR and Annexin V), the lower right quadrant shows necrosis (LR - Zombie NIR
positive cells). The upper right quadrant shows late apoptosis (UR - positive for both
Zombie NIR and Annexin V), and the upper left quadrant shows early apoptosis (UL -
Zombie NIR positive cells). Images were obtained from FlowJo (v3.05470) and are

representative of results obtained from at least three independent experiments.

A — Cells without live bacteria (control), 1 to 8 — cells with live bacteria. 1- E. coli-ve (10
bacteria/cell). 2- E. coli-ve (100 bacteria/cell). 3- TEM (10 bacteria/cell). 4- TEM (100
bacteria/cell). 5- AmpC (10 bacteria/cell). 6- AmpC (100 bacteria/cell). 7- OXA-48 (10
bacteria/cell). 8- OXA-48 (100 bacteria/cell).
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Cytotoxic effect of 10 bacteria live/cell on TERT-
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Figure 4.2: Cytotoxic effects of 10 bacteria live/cell on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic and necrotic cells were extrapolated from
flow cytometry images. The percentages of the viable cell are not shown in this figure.
Results are obtained from at least three independent experiments that were performed in
duplicate. Error bars represent the standard error. P values of < 0.05 were accepted to be
significantly different based on the paired one-tailed t-test.
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Figure 4.3: Cytotoxic effects of 100 bacteria live/cell on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic and necrotic cells were extrapolated from
flow cytometry images. The percentages of the viable cells are not shown in this figure.
Results are obtained from at least three independent experiments performed in duplicate.
Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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4.3.1.2 Programmed Cell Death (PCD) assays for TRET-NHUC line exposed heat-killed
bacteria

This study analysed the effects of Heat-killed strains of E. coli (ESBL +ve and ESBL—ve)
on urothelial cell line apoptosis and necrosis assays. As displayed in Figure 4.4, unviable cells
were determined to be in their early apoptotic, late apoptotic and necrotic stages through
differential staining. Early apoptotic cells were positive for Annexin-FITC and negative for
Zombie NIR. By comparison, while late apoptotic cells were positive for both Annexin-FITC
and Zombie NIR, necrotic cells were positive for Zombie NIR alone. Viable cells were negative
for both Annexin-FITC and Zombie NIR. As displayed in Figures 4.5 and 4.6, urothelial cells
employed both apoptotic and necrotic pathways for cell death over 24h due to cytotoxicity that
was induced by heat-killed bacteria (10 or 100 bacteria/cell). The most significant flow
cytometric analysis of heat-killed bacteria (Figures 4.5 and 4.6) revealed that all the bacterial
strains induced a higher cytotoxic effect on urothelial cells at an infectious dose of 100
bacteria/cell than at an infectious dose of 10 bacteria/cell. In addition, OXA-48 and TEM strains
were more toxic to the urothelial cells than the other strains for both infectious doses (10 or 100
bacteria/cell). All strains displayed significant (P<0.05 using t-test, one-tailed distribution) than
the cytotoxic effect of the ESBL-ve strain on the cells. As illustrated by differential staining, cell
populations that included early apoptotic cells (Figures 4.5 and 4.6) revealed that low rates of
toxicity were less than 0.55%, except AmpC strain was 0.7% with infectious dose 10
bacteria/cell. Cells in the late apoptotic stages (Figures 4.5 and 4.6) were significantly highest
with OXA-48 strain using 10 bacteria/cell (0.95%). AmpC strain was significantly lower than the

ESBL-ve with 10 bacteria/cell (0.55%).

OXA-48 strain had significantly late apoptotic effects when using 100 bacteria/cell
(2.05%), and AmpC strains (1.2%) respectively then TEM strain with 100/bacteria cell (0.4%).

Moreover, in infectious doses of 10 bacteria/cell, TEM strain induced highest percentage of
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necrosis (3.95%) significantly, the OXA-48 strain induced the second significantly the highest
percentage of necrosis (3.5%). By comparison, in infectious doses of 100 bacteria/cell, the
AmpC strain induced the highest percentage of necrosis (5.7%) significantly, the OXA-48 strain

induced the second significantly the highest percentage of necrosis (5.5%).
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Figure 4.4: Cytotoxic effects of heat-killed bacteria strains of E. coli (ESBL+ve and ESBL-
ve).

This is an image showing viable, early apoptotic, late apoptotic and necrotic cells.
Apoptosis and necrosis were induced on TERT-NHUC line by heat-killed bacteria over 24h
of incubation. In each panel, the lower left quadrant shows viable cells (LL - negative for
both Zombie NIR and Annexin V), the lower right quadrant shows necrosis (LR - Zombie
NIR positive cells). The upper right quadrant shows late apoptosis (UR - positive for both
Zombie NIR and Annexin V), and the upper left quadrant shows early apoptosis (UL -
Zombie NIR positive cells). Images were obtained from FlowJo (v3.05470) and are

representative of results obtained from at least three independent experiments.

A — Cells without live bacteria (control), 1 to 8 — cells with heat killed bacteria. 1- E. coli-ve
(10 bacteria/cell). 2- E. coli-ve (100 bacteria/cell). 3- TEM (10 bacteria/cell). 4- TEM (100
bacteria/cell). 5- AmpC (10 bacteria/cell). 6- AmpC (100 bacteria/cell). 7- OXA-48 (10
bacteria/cell). 8- OXA-48 (100 bacteria/cell).
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Figure 4.5: Cytotoxic effects of 10 heat-killed bacteria/cell on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic and necrotic cells were extrapolated from
flow cytometry images. The percentages of the viable cells are not shown in this figure.
Results are obtained from at least three independent experiments that were performed in
duplicate. Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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Figure 4.6: Cytotoxic effects of 100 heat-killed bacteria/cell on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic and necrotic cells were extrapolated from
flow cytometry images. The percentages of the viable cells are not shown in this figure.
Results are obtained from at least three independent experiments performed in duplicate.
Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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4.3.1.3 Programmed Cell Death (PCD) assays for the CMB on TRET-NHUC line

Bacterial Conditioned Media (BCM) were prepared to investigate the potential roles of
enzymes, toxins and proteases produced by E. coli (ESBL +ve and ESBL-ve) in apoptosis and
necrosis assays. Unviable cells were determined to be in early apoptotic, late apoptotic or
necrotic stages through differential staining, as shown in Figure 4.7. Early apoptotic cells were
positive for Annexin-FITC and negative for Zombie NIR, late apoptotic cells were positive for
both Annexin-FITC and Zombie NIR, and necrotic cells were only positive for Zombie NIR.
Moreover, viable cells were found to be negative for both Annexin-FITC and Zombie NIR. As
depicted in Figures 4.8 and 4.9, urothelial cells followed both apoptotic and necrotic pathways to
cell death due to the cytotoxicity induced by BCM (at doses of 10 or 100 bacteria/cell) over a
24h incubation period. P values of < 0.05 were accepted to be significantly different based on the
paired one-tailed t-test. The most special from a flow cytometric analysis of BCM (Figures 4.8
and 4.9) revealed that at infectious doses of 10 bacteria/cell, all bacterial strains induced a less
cytotoxic effect on urothelial cells than they did at infectious doses of 100 bacteria/cell. In
addition, OXA-48 strains induced more cytotoxicity on urothelial cells than do the other strains
and the control (ESBL-ve) at both infectious doses. Following infection of cells with all the
strains, differential staining showed that less than 0.45% of the cells were in the early stage of
apoptosis (Figures 4.8 and 4.9). Contrastingly, toxicity was highest with the OXA-48 strain at
both infection doses of 10 and 100 bacteria/cell (0.55% and 0.65%, respectively). The highest
proportions of cells in late apoptotic stages with infection doses of 10 bacteria/cell were
significantly found in the AmpC strain (0.95%) and TEM strains (0.75% for both). Furthermore,
the most cells in upper late apoptotic stages at the infection dose of 100 bacteria/cell were
significantly found in the OXA-48 strains (1.7%, respectively) and the AmpC strain (0.9%). At
the infection dose of 10 bacteria/cell, AmpC strains induced the highest percentage of necrosis

significantly (4.5%), followed by the TEM strain (4.1%). At the infection dose of 100
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bacteria/cell, the ESBL —ve (6.13%) were significantly highest percentages of necrosis than the

other ESBL+ve strains, as shown in Figures 4.8 and 4.9.
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Figure 4.7: Cytotoxic effects of BCM of E. coli (ESBL+ve and ESBL-ve).

This is an image showing viable, early apoptotic, late apoptotic and necrotic cells.

Apoptosis and necrosis were induced on TERT-NHUC line by BCM over 24h of incubation.
In each panel, the lower left quadrant shows viable cells (LL - negative for both Zombie
NIR and Annexin V), the lower right quadrant shows necrosis (LR - Zombie NIR positive
cells). The upper right quadrant shows late apoptosis (UR - positive for both Zombie NIR
and Annexin V), and the upper left quadrant shows early apoptosis (UL - Zombie NIR
positive cells). Images were obtained from FlowJo (v3.05470) and are representative of

results obtained from at least three independent experiments.

A — Cells without live bacteria (control), 1 to 8 — cells with BCM. 1- E. coli-ve (10
bacteria/cell). 2- E. coli-ve (100 bacteria/cell). 3- TEM (10 bacteria/cell). 4- TEM (100
bacteria/cell). 5- AmpC (10 bacteria/cell). 6- AmpC (100 bacteria/cell). 7- OXA-48 (10
bacteria/cell). 8- OXA-48 (100 bacteria/cell).
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Figure 4.8: Cytotoxic effects of BCM of 10 bacteria/cell on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic, and necrotic cells were extrapolated
from flow cytometry images. The percentages of viable cells are not shown in this figure.
Results are obtained from at least three independent experiments that were performed in
duplicate. Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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Figure 4.9: Cytotoxic effects of BCM of 100 bacteria/cell on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic, and necrotic cells were extrapolated
from flow cytometry images. The percentages of viable cells are not shown in this figure.
Results are obtained from at least three independent experiments that were performed in
duplicate. Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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4.3.1.4 Programmed Cell Death (PCD) assays of ACM on TRET-NHUC line

ACM was prepared to investigate whether the enzymes, toxins and proteases produced by
Acanthamoeba have roles in apoptosis. Unviable cells were determined to be in early apoptotic,
late apoptotic or necrotic stages through differential staining, as shown in Figure 4.10. Early
apoptotic cells were positive for Annexin-FITC and negative for Zombie NIR, late apoptotic
cells were positive for both Annexin-FITC and Zombie NIR, and necrotic cells were positive
only for Zombie NIR. Moreover, viable cells were negative for both Annexin-FITC and Zombie
NIR. As displayed in Figures 4.11 and 4.12, urothelial cells followed both apoptotic and necrotic
pathways of cell death due to the cytotoxicity induced by ACM (10ul and 100ul volumes) over a
24h period. P values of < 0.05 were accepted to be significantly different based on the paired
one-tailed t-test. The most interesting finding reveals that ACM in volumes of 100ul can induce
higher cytotoxicity on urothelial cells than can ACM volumes of 10ul. As shown in the
differential staining results in Figures 4.11 and 4.12, none of the cells was in the early apoptotic
stage. However, more cells in late apoptotic stages were significantly higher found in ACM
(100ul; 0.4%) than in ACM (10ul; 0.15%). Moreover, ACM 10ul volumes revealed a
significantly lower percentage of necrosis (0.067%) than did doses at 100ul (0.65%), as shown in

Figures 4.11 and 4.12.
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Figure 4.10: Cytotoxic effects of ACM.

This is an image showing viable, early apoptotic, late apoptotic and necrotic cells.

Apoptosis and necrosis were induced on TERT-NHUC line by ACM over 24h of incubation.
In each panel, the lower left quadrant shows viable cells (LL - negative for both Zombie
NIR and Annexin V), the lower right quadrant shows necrosis (LR - Zombie NIR positive
cells). The upper right quadrant shows late apoptosis (UR - positive for both Zombie NIR
and Annexin V), and the upper left quadrant shows early apoptosis (UL - Zombie NIR
positive cells). Images were obtained from FlowJo (v3.05470) and are representative of

results obtained from at least three independent experiments.

A — Cells without ACM (control), 1- ACM (10ul). 2- ACM (100ul).
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Figure 4.11: Cytotoxic effects of ACM at 10ul on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic, and necrotic cells were extrapolated

from flow cytometry images. The percentages of viable cells are not shown in this figure.
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Results are obtained from at least three independent experiments that were performed in

duplicate. Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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Figure 4.12: Cytotoxic effects of ACM at 100pl on TERT-NHUC line.

The percentages of early apoptotic, late apoptotic, and necrotic cells were extrapolated
from flow cytometry images. The percentages of viable cells are not shown in this figure.
Results are obtained from at least three independent experiments that were performed in

duplicate. Error bars represent the standard error. P values of < 0.05 were accepted to be

significantly different based on the paired one-tailed t-test.
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4.3.2 LDH assays
In order to further differentiate cytotoxicity induced by uropathogenic bacteria (live,
heat-killed bacteria, BCM, and ACM) LDH assays were performed to determine the percentage

of cytotoxicity produced on TERT-NHUC line.

4.3.2.1 Cytotoxic effects of live bacteria on TRET-NHUC line

Cytotoxicity assays of live bacteria were performed to check the pathogenicity of ESBL
+ve strains and using ESBL-ve as a control on TRET-NHUC line. In these assays, visible
bacteria were used, and results were compared with the ESBL —ve strain. A low and higher
number of bacteria (10 or 100 bacteria/cell) were used to determine whether this will have any

impact on bacterial cytotoxicity after 24h incubation.

In general, unexpectedly, increased number of bacteria showed decreased cytotoxic effect
on the cell line. For example, the cytotoxicity of 10 live bacteria/cell after 24h were (TEM was
13.56%, AmpC was 12.93%, and OXA-48 was 15.52%), however, the cytotoxicity of 100 live
bacteria/cell after 24h were (TEM was 7.09%, AmpC was 6.08%, and OXA-48 was 7.84%).
These values are significantly higher than the cytotoxic effect of the live ESBL-ve (control)
isolate on the cells (P<0.05 using a paired t-test, one-tailed distribution). All ESBL+ve bacteria

showed a significant effect on cell line compared with the ESBL-ve (Figure 4.13).
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Figure 4.13 Cytotoxic effects of live bacteria on TRET-NHUC line at 10, 100 bacteria/cell
after 24h. These results are the mean of three independent experiments carried out in
duplicate. P values of < 0.05 were accepted to be significantly different based on the paired

one-tailed t-test.

4.3.2.2 Cytotoxic effects of heat-killed bacteria on TRET-NHUC line

To investigate whether the factors were causing cytotoxicity to have protein nature,
cytotoxicity assays were performed using heat-killed bacteria of ESBL +ve strains on TRET-
NHUC and using ESBL-ve E. coli as a control. In these assays, heat-killed bacteria were used,
and results were compared with the ESBL —ve strain. A low and higher number of bacteria (10
or 100 bacteria/cell) were used to determine whether this will have any impact on bacterial

cytotoxicity after 24h incubation.

The results showed that the increased number of bacteria showed an increased cytotoxic
effect on the cell line. For more details, the cytotoxicity of 10 heat-killed bacteria/cell after 24h
were significantly higher with ESBL+ve (TEM 5.77%, AmpC 5.92%, and OXA-48 5.33%) than
the cytotoxic effect of the ESBL-ve strain (3.16%) on the cells. In addition, the cytotoxicity of

100 live bacteria/cell after 24h were significantly higher with ESBL+ve (TEM 13.08%, AmpC
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11.15%, and OXA-48 16.07%) than the cytotoxic effect of the ESBL —ve strain (9.41%). These
values are significantly higher than the cytotoxic effect of the heat-killed ESBL-ve (control)
isolate on the cells (P<0.05 using a paired t-test, one-tailed distribution). All ESBL+ve bacteria

showed a significant effect on cell line compared with the ESBL—ve (Figure 4.14).
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Figure 4.14 Cytotoxic effects of heat-killed bacteria on TRET-NHUC line at 10, 100
bacteria/cell doses after 24h. These results are the mean of three independent experiments
carried out in duplicate. P values of < 0.05 were accepted to be significantly different based

on the paired one-tailed t-test.

4.3.2.3 Cytotoxic effects of the BCM on the TRET-NHUC line

Cytotoxicity assays of bacterial conditioned media were performed to confirm the
pathogenicity of the effects of ESBL +ve bacteria on the TRET-NHUC line compared with the
control ESBL —ve E. coli. BCM, as prepared in section 4.2.2.2, was used to determine whether
the bacteria contents of the conditioned media notably, proteins have any impact on cell line

cytotoxicity after 24h incubation.

The results showed that increasing the number of bacteria/cell produced a greater

cytotoxic effect on the cell line. As seen in Figure 4.15, in doses of 10 bacteria/cell, the
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cytotoxicity of TEM was 4.71%, in AmpC was 23.44%, in OXA-48 was 7.67%, and in
ESBL-ve was 3.47%. However, the cytotoxicity induced by doses of 100 bacteria/cell after 24h
of TEM was 17.73%, in AmpC was 32.20%, in OXA-48 was 10.2%, and in ESBL —ve was
9.22%. This was noted through a calculated p < 0.05 value for BCM using a paired t-test with a
one-tailed distribution. All ESBL +ve bacteria indicated a significant effect on the cell line
compared with the ESBL —ve bacteria (see Figure 4.15).
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after 24h

E.coli (ESBL-ve) E.coli (TEM) E. coli (AmpC) E. coli (OXA-48)

ty (%)
S8R E

Cytotoxici
=R N
o Ul oulo

Strains
m 10 bacteria/cell  m 100 bacteria/cell

Figure 4.15 Cytotoxic effects of the BCM on the TRET-NHUC line at 10 and 100
bacteria/cell doses after 24h. These results are the mean of three independent experiments

carried out in duplicate. P values of < 0.05 were accepted to be significantly different based

on the paired one-tailed t-test.

4.3.2.4 Cytotoxic effects of ACM on the TRET-NHUC line
Cytotoxicity assays were performed to assess the pathogenicity of conditioned ACM (T4)
on the TRET-NHUC line. ACM, as prepared in section 4.2.3.1, was used (10ul and 100ul

volumes) to determine whether the ACM would have an impact on Acanthamoeba cytotoxicity

after a 24h incubation.
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In general, unexpectedly, volumes of 100ul revealed a more significant cytotoxic effect
on the cell line than did volumes of 10ul. After 24h, the cytotoxicity of ACM at volumes of
100ul was found to be 5.77%; however, the cytotoxicity of ACM at volumes of 100ul was
observed to be 2.44%. This was noted as p < 0.05; the value was calculated through a paired t-

test with a one-tailed distribution (Figure 4.16).

The cytotoxicity of 10ul and 100pl ACM after 24h
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Figure 4.16 Cytotoxic effects of the ACM on the TRET-NHUC line at 10ul and 100pl after
24h. These results are the mean of three independent experiments carried out in duplicate.

P values of < 0.05 were accepted to be significantly different based on the paired one-tailed
t-test.

4.3.3 Polymerase Chain Reaction (PCR)

Results of this study showed dissimilarity in the virulence factors borne by the ESBL
strains under study (Table 4.3). The ESBL strains were investigated for E. coli virulence factors
(VF), using an updated version (personal correspondence from Prof. James Johnson, 2013) of
Johnson and Stell’s PCR assays (Johnson and Stell, 2000). Five sets of primers (hlyD, CNF-1,
pic, sat, and kbsll (Kii)) were used to study the virulence factors amplified from the genomic

DNA of the strains under study (ESBL-ve and ESBL +ve (TEM, AmpC, and OXA-48). All the
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strains under study are not seen to bear on the hlyD, CNF-1, and pic genes. The PCR products
from the kbsll (Kii) Primer to ESBL —ve E. coli, TEM, AmpC, and OXA-48 were observed, and
corresponded to the expected results, with approximately 570 bp were successfully amplified, as
seen in (Figure 4.17). The most important in these results that TEM and AmpC strains were
observed to have Sat gene with corresponding to the expected result, with approximately 937 bp

were successfully amplified, and this gene was absent from the other strains under study.

Table 4.3: Summary of virulence factors amplified from the genomic DNA of the strains
under study (ESBL-ve and ESBL+ve (TEM, AmpC, and OXA-48).

HIyA is lysing erythrocytes allowing the producing strain to obtain iron for growth and
survival in the absence of siderophores. The CNFL1 is generating multinucleated cells that
develop into necrotic lesions. Sat is a toxin interferes with the cytoskeleton of epithelial cells
and acts as a serine protease. Pic plays a role in lysing mucin as part of diarrheal disease
and mediates serum resistance. The essential functions of Kbsll are to facilitate the invasion

of tissues and evasion of the host immune system.

HIyD | CNF-1 Sat pic Kbsll
ESBL-ve - - - - +
TEM - - + - +
AmpC - - + - +
OXA-48 - - - - +
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E. coli 1solates
A
bp M 1 2 3 4

HlyD, Cnf-1, and Pic

937
Sat

570 Kbsll

Figure 4.17: PCR products amplified using hlyD, CNF-1, pic, sat, and kbslI (Kii) primers.
Bands were observed in Sat and Kbsll lanes with corresponded near to the expected (Sat

(937bp) and Kbsll (570bp). M: Marker. Lanes 1-E. coli (ESBL —ve), 2-TEM, 3-AmpC and
4-OXA-48.
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4.4 Discussion

This study set out with the aim of exploring the cytotoxicity among uropathogens
bacteria and Acanthamoeba onto TERT-NHUC cell line. Flow cytometry assays and cytotoxicity
assays by (LDH) were used to determine the contribution of PCD and the cytotoxic effects of
live and heat-killed of (ESBL positive E. coli bacterial strains and ESBL-ve E. coli as a control)
and the CM of bacteria and Acanthamoeba on TERT-NHUC cell line by using two different

doses (10 and 100 bacteria or amoeba/cell).

There are two forms of cell death in infections: apoptosis and necrosis. Cell death forms
are involved in infection as an immune response to clear the infection area by macrophages
(Serra et al., 2015). Moreover, it is well known that microorganisms have a role in cell death.
However, each organism has different virulence factors, including contact-dependent factors like
pili and flagella, also has contact-independent factors such as a-toxin and CNF-1 (Worgall et al.,

2002; Haslinger-Loffler et al., 2005; Khan, 2009).

Bacterial pathogens can also induce apoptosis and in some cases host cell necrosis (Kim
et al., 2008). Flow cytometry assays conducted in the present study revealed evidence of TERT-
NHUC apoptosis and necrosis induced by live, heat killed, and conditioned medium of all

bacteria under investigation and Acanthamoeba (Figure 4.1 to 4.12).

A high percentage of necrosis was seen with the low number of live bacteria. All live
bacterial strains induced a higher rate of late apoptosis and necrosis on urothelial cells with 10
bacteria/cell than at an infectious dose of 100 bacteria/cell. Moreover, data from LDH assays
Figure 4.13 were in line with flow cytometry results in Figure 4.2 and 4.3. For live bacteria, the
OXA-48 and TEM strains were significantly more apoptotic and necrotic with the urothelial cells
compared with the control with both infectious doses (10 and 100 bacteria/cell). In addition, with

infectious doses of 10 bacteria/cell, OXA-48 strain induced the highest percentage of late



166

apoptosis and necrosis (7.55%) compared with the control (0.40%) and the other ESBL+ve
strains (8% and 6.75% for TEM and AmpC respectively). On the other hand, in infectious doses
of 100 bacteria/cell, OXA-48 strain induced significantly the highest percentage of late apoptosis
and necrosis (6.75%), the TEM strain induced the second highest percentage of late apoptosis
and necrosis (3.9%) compared with the control (0.43%). Finally, cytotoxicity assays with LDH
revealed an increased number of bacteria and a decreased cytotoxic effect on the cell line. For
example, the cytotoxicity of 10 live bacteria/cell was significantly the highest after 24h with
OXA-48 strain (15.52%) compared with the control (9.24 %) and other ESBL+ve strains (13.56%
and 12.93% for TEM and AmpC respectively). Also, the cytotoxicity of 100 live bacteria/cell
was also the highest with OXA-48 strain (7.84%) than the control, (Figure 4.13). Previous
studies (mostly uropathogenic E. coli) have documented the interaction of bacteria with NHUC.
Thus, contributes to the pathogenesis of urinary tract infection (Bower et al., 2005; Wiles et al.,
2008; Bang et al., 2014). Bacterial pathogens, therefore, induce apoptosis and in some cases host

cell necrosis (Kouokam et al., 2006; Wiles et al., 2008; Garcia et al., 2013; Smith et al., 2015).

The most significant findings from the flow cytometric analysis of heat-killed bacteria (as
seen in Figures 4.5 and 4.6) revealed that at infectious doses of 10 bacteria/cell, all bacterial
strains induced less death in urothelial cells than did infectious doses of 100 bacteria/cell.
Moreover, data from LDH assays Figure 4.14 were in line with flow cytometry results in Figure
4.5 and 4.6. For heat-killed bacteria, OXA-48 strain was significantly more apoptotic and
necrotic on the urothelial cells compared with other ESBL+ve strains and the control with both
infectious doses (10 and 100 bacteria/cell). Furthermore, the most cells of late apoptotic and
necrosis stages at infectious doses of 10 bacteria/cell were significantly found with OXA-48
strain (4.9%) and the TEM strain (4.30%). On the other hand, doses of 100 bacteria/cell resulted
that most cells of late apoptotic and necrosis stages with OXA-48 strain (7.55%) and AmpC

strain (6.9%). Cytotoxicity assays by LDH showed that the higher dose of bacteria-induced an
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increased cytotoxic effect on the cell line. In particular, the cytotoxicity induced by doses of 10
heat-killed bacteria/cell was significantly highest with ESBL+ve (AmpC (5.92%), TEM (5.77%)
and OXA-48 (5.33%)) compared with the control. Also, the highest toxicity scores resulting
from doses of 100 bacteria/cell were significantly found with ESBL+ve (OXA-48 (16.07%),
TEM (13.08%) and AmpC (11.15%)) compared with the control. Many studies have documented
the effect of heat-killed bacteria. Heat-killed bacteria can trigger substantial molecular responses
and cause genomic instability (Koturbash et al., 2009). The interaction of the body bacteria with
NHUC contributes to the pathogenesis of urinary tract infection (Wiles et al., 2008; Bang et al.,
2014). Heat-killed bacteria showed immune-modulating effects that pro-inflammatory cytokine

production in the cells and affected intestinal metabolism (Sugahara et al., 2017).

The most special from flow cytometric analysis of the BCM (Figure 4.8 and 4.9)
confirms that at infectious doses of 10 bacteria/cell, all bacterial strains induce a less cytotoxic
effect on urothelial cells than do infectious doses of 100 bacteria/cell. Moreover, data from LDH
assays Figure 4.15 were in line with flow cytometry results in Figure 4.8 and 4.9. BCM at
infectious doses of 10 bacteria/cell, AmpC strain (5.45%) was more apoptotic and necrotic on
the urothelial cells compared with the ESBL-ve control (5.35%). However, ESBL-ve (control)
(7.91%) was more apoptotic and necrotic with the urothelial cells compared with the ESBL+ve
(OXA-48 (6.95%) and AmpC (6.20%). Finally, the results of cytotoxicity assays by LDH
showed that the higher dose of bacteria-induced an increased cytotoxic effect on the cell line.
The cytotoxicity of the 10 and 100 bacteria/cell doses were significantly higher with AmpC
strain (23.44% and 32.20%, respectively) compared with the control ESBL-ve (3.47% and
9.22%, respectively) and other ESBL+ve strains. These observations support the concept that
toxins, enzymes and proteases produced by pathogens may have a significant role in inducing
cytotoxic effects on cells (Mcllwain et al., 2013). Moreover, E. coli K1 conditioned medium

showed anti-amoebic effects (Igbal et al., 2014). It is evident from these results that
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uropathogens bacteria have exhibited severe cytotoxic effects on NHUC. The results showed that
the toxic effect of the conditioned medium of all the strains used on TRET-NHUC line was

higher with more number of bacteria compared with the low number of bacteria after 24h.

The higher toxicity rate observed in the OXA-48 strain can also be attributed to
horizontal gene transfer which always occurs between E. coli strains (Juhas, 2015). This is
because OXA-48 may have acquired virulence genes which enhance its toxicity (van Duin and
Doi, 2017). As was the case in this study, the OXA 48 strain was seen to bear plasmid-borne
CTX-M and TEM genes, that code for B-lactamases, both of which are known to play roles in the

virulence of OXA 48 (Cuzon et al., 2011).

Overall, the results from the current study suggest that uropathogens bacteria have the
ability to induce significant cytotoxicity during UTIs. Necrotic responses of human urothelial
cells to uropathogens bacteria were dependent on BCM, as they were higher than live bacteria
and heat-killed bacteria. Also, the other most interesting finding is that the infectious dose of 10
bacteria/cell for live bacteria has a higher cytotoxic effect than an infectious dose of 100
bacteria/cell. However, with an infectious dose of 10 bacteria/cell for BCM and heat-killed
bacteria, all the bacterial strains induced a less cytotoxic effect on urothelial cells than at an

infectious dose of 100 bacteria/cell.

Findings from this experiment have revealed that ACM volumes of 100ul induce greater
cell death on urothelial cells than ACM volumes of 10ul. Moreover, data from LDH assays
Figure 4.16 were in line with flow cytometry results Figure 4.11 and 4.12. As shown by the
differential staining results in Figures 4.11 and 4.12, more cells in the late apoptotic and necrosis
stages were found following ACM volumes of 100ul (1.05%) than following ACM volumes of
10ul (0.22%). Additionally, the results of the cytotoxicity assays by LDH showed that ACM

volumes of 100ul induced a more significant cytotoxic effect on the cell line than did ACM
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volumes of 10ul. The exact compilation of ACM is unknown, but in a recent study, Igbal et al.,
(2014) have indicated the presence of active components in the range of 5 to 10kDa. Different
studies have proved the ability of Acanthamoeba trophozoites and their lysate to cause cell death
(Zheng et al., 2004; Chusattayanond et al., 2010). Some types of Acanthamoeba trophozoites
produce Ecto-ATPases, which hydrolyse the extracellular adenosine triphosphate (ATP) to
adenosine diphosphate (ADP). ADP will be released as a result of Acanthamoeba binding with
host cells causing caspase-3 activation and then apoptosis (Khan, 2009). Acanthamoeba can
release a diversity of extracellular factors like proteases into their environment, either as a
protective mechanism or as part of their normal physiological process. As a result, these released
factors can potentially have a significant effect on other microorganisms living in the same
environment. In these finding, we found that Acanthamoeba by ACM 100ul can induce cell
death on urothelial cells higher than ACM 10ul. This finding supports the previous study, which
links extracellular Acanthamoeba proteases to the degradation of the extracellular matrix

(Sissons et al., 2006; Retana-Moreira et al., 2015).

In conclusion, Monolayer cultures were used in the investigations of the present study.
Conversely, the human urothelium is made of 3 layers, and the primary urothelial mediated
response to infections and toxicity is the superficial cell exfoliation and regeneration of the
urothelium (Nagamatsu et al., 2015). Thus, it is hard to inference these in vitro results to the
urinary tract. For further studies must be taken these variables into account. Nevertheless, the
results from this chapter should provide the basis for further investigations, especially in vivo, to

clarify the toxicity of uropathogens bacteria on human urothelial cells.

In the present study, we compared several virulence genes which belong to (the toxins
separated and capsule) between four clinical strains of E. coli (ESBL +ve and ESBL-ve as a
control). Results obtained from this study showed a variation in the virulence factors borne by

the ESBL strains under study (Table 4.1). The ESBL strains were investigated for E. coli VFs by
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using five sets of primers (hlyD, CNF-1, pic, sat, and kbsll (Kii)) (Johnson and Stell, 2000;
Rodriguez-Siek et al., 2005). PCR amplification was carried out on the chromosomal DNA of all

E. coli strains under investigation.

Pathogenic E. coli strains, cause different infections, including UTIs. One of these
reasons to help these strains to initiate diseases it is their virulence factors that may play a role in
infection by enabling the bacterial to attach, invade the host and disseminate. E. coli VFs include
adhesion molecules and toxins (Mora-Rillo, Ferndndez-Romero, Navarro-San Francisco, et al.,
2015). Once attachment to host cells have been started, E. coli secrete toxins that work to
damage host cells and destroy host tissues; completing the second stage of infection. The most
important in these results, AmpC and TEM strains were seen to have Sat gene and this gene
absence from the other strains under study. Secreted autotransporter toxin (Sat) is dominant
Extra-intestinal pathogenic E. coli (EXPEC) toxin, which had been identified in 39%-94% of
investigated strains (Pitout et al., 2005; Johnson et al., 2008; Mahjoub-Messai et al., 2011). This
toxin interferes with the cytoskeleton of epithelial cells and acts as a serine protease (Guyer et
al., 2000; Dobrindt et al., 2002). Furthermore, the PCR products from the kbsll (Kii) gene were
seen to bear in all the strains under investigation (Figure 4.17). The primary function of E. coli
capsules, are to facilitate the invasion of tissues and evasion of the host immune system (Ananias
and Yano, 2008). The majority of EXPEC strains are capsulated, supporting the idea of capsules
as an essential virulence factor (Whitfield and Roberts, 1999; Ovchinnikova et al., 2016). By
using the PCR method in the present study, it was demonstrated that AmpC and OXA-48 strains
are highly toxic more virulent and resistant than the other strains under study. From this
outcome, we can not generalise these findings to all strains as only three strains were used in this

project. In future, we may have different results using enough strains for statistical analysis.

The next chapter explores the antimicrobial efficacy of CPC; that is primarily used to treat oral

bacterial infections. Many studies have investigated the use of CPC in oral care but not UTIs.
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CHAPTER FIVE 5

5. The effects of cetylpyridinium chloride (CPC)
on the uropathogenic bacteria, Acanthamoeba,

and the urothelial cell line
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5.1 Introduction

Multidrug-resistant strains possessing Extended-Spectrum [-Lactamases (ESBLs) have
become an increasing problem all over the world. ESBLs are specific enzymes that can break
down many types of antibiotics, which leads to their inactivation. ESBLs cause global health
problems since infections caused by enzyme-producing organisms are associated with high
morbidity and mortality rates and the financial burden for treatment can be costly. - lactamases
are hydrolytic enzymes which cleave the - lactam ring conferring bacterial resistance to -
lactam antibiotics, like penicillins and cephalosporins (Dhillon and Clark, 2012). IBCs formed
inside bladder urothelial cells are associated with recurrent UTIs (Robino et al., 2013; Glover et
al., 2014; Scott et al., 2015). These IBCs allow the bacteria to avoid the host immune response
(Anderson et al., 2004) also IBCs offer them resistance to antibiotics (Hannan et al., 2012). It is
well known that major antibiotic resistance is exhibited by bacteria found within intracellular

bacterial communities (Stewart and Costerton, 2001).

In 2009, a study concluded that Acanthamoeba was found in 26% of urine samples under
investigation (Santos et al., 2009). Acanthamoeba is a protozoan which feed on bacteria and can
act as a trojan horse for them. Another previous study showed that the pathogenic E. coli K1
interact with Acanthamoeba and has the ability to invade and remain viable inside
Acanthamoeba. In addition, invasive E. coli K1 is able to enter human macrophages, survive and
replicate intracellularly (Alsam et al., 2006). The presence of Acanthamoeba in certain patients
may be helping pathogenic bacteria in urine, protecting them against antimicrobial drugs,
disinfectants, and host immunity. Inside Acanthamoeba, the pathogenic multi-drug resistant
bacteria survive and replicate (Cardas et al., 2012). It was discovered that the pathogenic bacteria
become more virulent and more resistant to antibiotics if they infect an amoeba and then emerge
from it (Moon et al., 2011). Re-recurrence of UTIs is very common, with 27% of patients

suffering another infection within six months and 44% of patients experiencing another infection
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within one year. Between one-third and one-half of the recurrent infections are caused by the
same strain that initiated the disease. Thus, the recurrent infections will help the bacteria to

become more resistant to antimicrobials (Hilbert, 2013).

The development of increased resistance against available antibiotics is a major global
concern and is a significant threat to the successful treatment of infectious diseases. Therefore,

looking for new or additional methods and compounds for treatment is urgent.

Quaternary ammonium compounds (QACSs) are cationic surfactants used as ingredients in
a variety of household and industrial products. Many types of QACs have a significant use as
antibacterial, antifungal and antiviral abilities, and they are an increasingly promising area of
research (Jiao et al., 2017). Cetylpyridinium Chloride (CPC) belongs to the group of QACs.
Most studies researched the effect of CPC only on oral care (Hwang et al., 2013) and poultry
processing (Arritt et al., 2002; Beers et al., 2006). Considering its useful antimicrobial activity
and its cost-effectiveness, CPC can be investigated for its possible use in treating UTIs. By using
CPC for treatment of both ESBL+ve strains and Acanthamoeba may help many patients

suffering from prolonged and recurrent of UTIs.

This chapter has been divided into three parts. The first part deals with the antimicrobial
effects of CPC on bacteria. Secondly, cytotoxicity assays were performed to explore the
cytotoxic effects of CPC on Acanthamoeba and TERT-NHUC line. Then the last part deals with

antimicrobial intracellular amoebic and urothelial cell survival assays.
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5.2 Materials and methods

All the chemicals for this study were bought from Sigma Laboratories and Thermofisher

unless otherwise stated.

5.2.1 Cell line and cell culture
Normal Human Urothelial Cell Line (TRET-NHUC) was grown and cultured as

mentioned in section (3.2.3).

5.2.2 Bacterial culture
All strains were cultured onto CLED plates and incubated at 37°C overnight. A few
colonies were inoculated in LB broth, and the following day, ODs were measured by using

spectrophotometer as explained in chapter 2 (2.2.1).

5.2.3 Acanthamoeba culture

Acanthamoeba T4 strain was grown and cultured as described in chapter 3 (3.2.2).

5.2.4 Artificial Urine Medium (AUM)
AUM was prepared based on the analysis of human urine constituents (Brooks and

Keevil, 1997) as mentioned in chapter 3 (3.2.4).
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5.2.5 CPC as an antimicrobial agent
A stock solution (1mg/ml) of CPC (Sigma C0732) was made in distilled water and stored
at RT no longer than one month. Different concentrations (1.5, 3, 5, and 10ug/ml) of CPC were

prepared from the stock solution for use in the experiments.

5.2.5.1 CPC as an antibacterial agent

To determine the effects of CPC on bacteria (E. coli (ESBL —ve), TEM, AmpC, and
OXA-48) CPC was prepared (Zarei et al., 2013). Firstly, a stock solution (1mg/ml) was made in
distilled water and stored at RT. Four different concentrations (1.5, 3, 5, and 10 pg/ml) of CPC
were prepared from the stock solution for use in the experiments. Two different infectious doses
of bacterial strains (~1x10° CFU/ml and ~1x10" CFU/ml) were used in this investigation.
Bacterial cultures were grown in AUM with different concentrations of CPC in a 24-well plate.
The plates were incubated at 37°C for 24h, diluted and cultured onto CLED agar plates and the

colonies were counted after 18h of incubation at 37°C.

5.2.5.2 CPC as antiamoebic agent

To determine the cytotoxic effect of CPC on Acanthamoeba (T4) CPC was prepared as
above. Acanthamoeba trophozoites from confluent flasks (~ 95%) were detached by placing the
flasks on ice for 20min. The separated Acanthamoeba in PYG were seeded (~ 5x 10° cells per ml)
in a 24-well plate and incubated at 30°C overnight. Next day, each well was washed once with
PBS and fresh AUM was added (control) or AUM with CPC (1.5, 3, 5, and 10ug/ml) and the
plates were incubated for 24h at 30°C in an incubator. After incubation, amoebae viability was
determined by adding 0.1% trypan blue and the number of live (non-stained) and dead (stained)

amoebae were counted by using a haemocytometer.
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5.2.6 Effects of CPC on intracellular bacteria

5.2.6.1 Effects of CPC on intracellular bacteria inside Acanthamoeba

Intracellular survival assays of uropathogens bacteria inside Acanthamoeba were
performed as described in section (3.2.5.3). However, after killing the extracellular bacteria, each
well was washed with PBS, and fresh AUM (control) or medium with CPC (1.5, 3, 5, and
10pg/ml) were added, and the plates were incubated for 24h at 30°C. After incubation, each well
was washed once with PBS and the Acanthamoeba were lysed using cell Iytic (Sigma C3228-

500ml) (150ul). Bacteria were quantified onto CLED agar plates (Alsam et al., 2006).

5.2.6.2 Effects of CPC on intracellular bacteria inside urothelial cell line

Intracellular survival assays of uropathogenic bacteria in TERT-NHUC line were
performed as described in section (3.2.5.3). However, after killing the extracellular bacteria, each
well was washed with PBS, and fresh KGM-2 (control) or medium with CPC (1.5, 3, 5, and
10pg/ml) were added, and the plates were incubated for 24h at 37°C in humidified 95% air and 5%
COs.. After incubation, each well was washed once with PBS and the cells were lysed using cell

lytic (150ul). Bacteria were quantified onto CLED agar plates (Alsam et al., 2006).

5.2.7 Cytotoxicity assays by LDH

To determine the cytotoxic effects of CPC on TERT-NHUC line CPC was used. Medium
was discarded from T25 flasks with confluent TERT-NHUC line, and the cells were washed with
2ml PBS. Accutase (0.5ml) was added, and the flasks were incubated at 37°C for 5min to detach
the cells after which the detached cells were resuspended in KGM-2 and centrifuged 1000 x g for
5min. The supernatants were discarded, and the cells were resuspended in fresh KGM-2 medium

and passaged into 24-well plates and incubated at 37°C in humidified 95% air and 5% CO:>
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incubator. Next day, each well was washed once with PBS and supplemented with fresh KGM-2
(control) and KGM-2 with CPC (1.5, 3, 5, and10ug/ml). The plates were incubated for 24h at
37°C in humidified 95% air and 5% CO. incubator. After the incubation period, LDH assays

were performed as described in chapter 4 (4.2.5).

5.2.8 Software and statistics
Microsoft Office Excel programme (v15.30) was used for general data analysis to make
graphs and to calculate the means, standard deviation and standard error. To find the significant

differences between bacterial strains, the one-tailed t-test was used to calculate P-value.
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5.3 Results

5.3.1 CPC as an antimicrobial agent

5.3.1.1 CPC as an antibacterial agent

Antibacterial assays were performed to determine the antimicrobial effects of CPC on
bacterial uropathogens. Four different concentrations of CPC (1.5, 3, 5, and 10ug /ml) were
tested for their antimicrobial efficacy over a period of 24h. A paired one-tailed t-test was used to
analyse the relationship between the control (bacterial growth in AUM only) and uropathogenic
bacteria under study at two different infectious doses (~1x10® CFU/ml and ~1x107 CFU/ml) of

bacteria.

Firstly, from the figures below (Figure 5.1 to Figure 5.4) we can see that CPC has
displayed potent antimicrobial effects at sufficient concentrations. Secondly, CPC antimicrobial
activity exhibited positive correlation with the number of bacteria, a decrease in bacterial growth
with an increase in concentration. At a concentration of 1.5ug/ml, CPC has significantly
(P<0.05) reduced bacterial growth to less than 50% whereas an 80% decrease (P<0.05) was seen
at a concentration of 3ug/ml. In addition, there was a meagre percentage of bacterial growth
(0.00041%) at a concentration of Spg/ml CPC. At 10ug/ml, CPC has wholly killed all
uropathogenic bacteria (Figure 5.1 to 5.4). As seen in Figure 5.1 in the presence of 1.5ug/ml of
CPC for an infecting dose of 10 bacteria /cell, the ESBL+ve strains of E. coli (TEM (36.59%
survival), AmpC (38.89% survival), and OXA-48 (54.70% survival)) have a higher percentage
of survival compared with their ESBL negative counterparts (34.91% survival). Furthermore, the
presence of 1.5ug/ml of CPC for an infecting dose of 100 bacteria/cell with ESBL+ve strains
(TEM (33.57% survival), AmpC (33.66% survival), and OXA-48 (49.25% survival)) have a
higher percentage of survival compared with their ESBL negative counterparts (22.91%).
However, the effect of 1.5ug/ml of CPC on an infecting dose of 100 bacteria/cell was less than

its effect on an infection dose of 10 bacteria/cell. As evident in Figure 5.2, the CPC has fully
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inhibited bacterial growth at both infectious doses at a concentration of 3ug/ml, in all cases
except that of OXA-48 at an infecting dose of 100 bacteria/cell (when 17.21% of bacteria
survived). Moreover, at a concentration of 5ug/ml, CPC has fully inhibited bacterial growth at
both infectious doses except for OXA-48 at infecting dose of 100 bacteria/cell where survival
was (0.00041%) as seen in Figure 5.3. These findings reveal that 10pug/ml of CPC fully inhibited

OXA-48 (Figure 5.4).

Effect of CPC (1.5pg/ml) on growth of uropathogens
bacteria in AUM

M 10 bacteria/ cell
M 100 bacteria/ cell

60

[
o

D
o

inoculum (%o)
&

Viable bacteria relative to initial

20 -
10 -
0
ESBL-ve AmpC OXA-48
strains

Figure 5.1 Effect of CPC (1.5pg/ml) on the growth of uropathogenic bacteria with two
different infecting doses of bacterial strains (~1x10® CFU/ml (10 bacteria/cell) and ~1x107
CFU/ml (100 bacteria/cell)) in AUM. Viable bacteria were counted after 24h of incubation
at 37°C. The percentage growth is calculated by comparing growth in AUM with CPC and
AUM without CPC (control). Results are the mean of three independent experiments
carried out in duplicate. Error bars symbolise standard error. Results are significant at
P<0.05 (paired one-tailed t-test).
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Effect of CPC (3ug/ml) on growth of uropathogens
bacteria in AUM
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Figure 5.2 Effect of CPC (3pug/ml) on the growth of uropathogenic bacteria with two
different infecting doses of bacterial strains (~1x10® CFU/ml (10 bacteria/cell) and ~1x10’
CFU/ml (100 bacteria/cell)) in AUM. Viable bacteria were counted after 24h of incubation
at 37°C. The percentage growth is calculated by comparing growth in AUM with CPC and
AUM without CPC (control). Results are the mean of three independent experiments
carried out in duplicate. Error bars symbolise standard error. Results are significant at
P<0.05 (paired one-tailed t-test).
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Effect of CPC (5ug/ml) on growth of uropathogens
bacteria in AUM
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Figure 5.3 Effect of CPC (5pug/ml) on the growth of uropathogenic bacteria with two
different infecting doses of bacterial strains (~1x10® CFU/ml (10 bacteria/cell) and ~1x10’
CFU/ml (100 bacteria/cell)) in AUM. Viable bacteria were counted after 24h of incubation
at 37°C. The percentage growth is calculated by comparing growth in AUM with CPC and
AUM without CPC (control). Results are the mean of three independent experiments
carried out in duplicate. Error bars symbolise standard error. Results are significant at

P<0.05 (paired one-tailed t-test).
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Effect of CPC (10png/ml) on growth of uropathogens
bacteria in AUM
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Figure 5.4 Effect of CPC (10pg/ml) on the growth of uropathogenic bacteria with two
different infecting doses of bacterial strains (~1x10® CFU/ml (10 bacteria/cell) and ~1x10’
CFU/ml (100 bacteria/cell)) in AUM. Viable bacteria were counted after 24h of incubation
at 37°C. The percentage growth is calculated by comparing growth in AUM with CPC and
AUM without CPC (control). Results are the mean of three independent experiments

carried out in duplicate. Error bars symbolise standard error.

5.3.1.2 CPC as antiamoebic agent
Trypan blue viability assays were performed to determine the activity effect of CPC on
Acanthamoeba (T4) over 24h. The cytotoxicity was measured based on differential staining;

dead amoebae take up the trypan blue stain, and the live amoebae remain (non-stained).

As shown in Figure 5.5, CPC at the concentrations tested has failed to induce sufficient
levels of cytotoxicity in amoebae. However, CPC antiamoebic activity increased with an
increase in concentration. The percentage of cytotoxicity is low for all tested concentrations of
CPC 1.5, 3,5, and 10pg/ml (0.35%, 1.07%, 1.63%, and 6.65% respectively) as seen in Figure 5.5.
It should also be noted that higher concentrations of CPC (>10ug/ml) caused the amoebae to

detach from the surface and turn to cysts.
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Effect of CPC on Acanthamoeba (T4)
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Figure 5.5 The cytotoxicity effect of CPC on Acanthamoeba (T4).

Amoebae were incubated with CPC for 24h and cytotoxicity was assayed using trypan blue.
Percentage cytotoxicity relative to control cells is shown. CPC 1.5 - 1.5pg/ml; CPC 3 -
3pg/ml; CPC 5 - Spg/ml; CPC 10 - 10pg/ml. Results are obtained from at least three
independent experiments. Error bars represent standard error. Results are significant at
P<0.05 (paired one-tailed t-test).

5.3.2 Effects of CPC on intracellular bacteria

5.3.2.1 Effects of CPC on intracellular bacteria in Acanthamoeba

Intra-amoebic survival assays were performed to determine the ability of CPC to kill
intracellular bacteria. The experiment was conducted on the OXA-48 strain, because this was the
only strain found to survive and multiply inside the Acanthamoeba. Acanthamoeba T4 invaded
with bacteria were incubated at 30°C for 24h. The bacteria surviving within Acanthamoeba (T4)
were calculated as follows: number of viable bacteria recovered (CFU/mI) / number of bacteria
in initial inoculum x 100 (Alsam et al., 2006; Yousuf et al., 2013). As seen in Figure 5.6 and 5.7,
four different concentrations of CPC were tested using two different infecting doses of OXA-48

in Acanthamoeba T4. A paired one-tailed t-test was used to analyse the relationship between the
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control (OXA-48 strain survival without CPC) and OXA-48 strain (different infecting dose of

bacteria) with different concentrations of CPC (1.5, 3, 5, and 10ug /ml)).

These results showed that the increased concentrations of CPC correlated with a
decreased level of survival of the bacteria. As evident in Figure 5.6, CPC has displayed potent
antimicrobial effects at low concentrations. At infecting doses of 10 bacteria/amoeba, a
concentration of 1.5ug/ml, CPC significantly (P<0.05) reduced bacterial growth to 0.075%, of
the control, and at a concentration of 3ug/ml to 0.048% of the control. Very low levels of
survival were found at a CPC concentration of 5ug/ml (0.026%) with no surviving bacteria at a
concentration of 10pg/ml. Additionally, the concentrations of 1.5pg/ml, 3pg/ml, Sug/ml, and
10pg/ml of CPC gave very low levels of survival when the infecting inoculums was 100 bacteria

per amoeba (0.076%, 0.046%, 0.029%, and 0.001% respectively) (Figure 5.7).
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Effect of CPC on intracellular of OXA-48 at 10
bacteria/amoeba in Acanthamoeba (T4)
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Figure 5.6 Effect of different concentrations of CPC on intra-amoebic uropathogenic
bacteria (OXA-48 strain at 10 bacteria/amoeba) in Acanthamoeba (T4).

The percentages of bacteria relative to the initial inoculum are shown. Blue bars represent
the intracellular survival of OXA-48 in the absence of CPC (control). CPC 1.5 - 1.5pg/ml;
CPC 3 - 3pg/ml; CPC 5 - 5pg/ml; and CPC 10 - 10pg/ml. Results are obtained from at least
three independent experiments. Error bars represent standard error. Results are

significant at P<0.05 (paired one-tailed t-test).
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Effect of CPC on intracellular of OXA-48 at 100
bacteria/amoeba in Acanthamoeba (T4)

©

=

< 16

(@) 14

o

DD~ 12

; X

c — 10

©E g

S M Survival
= o 61

% .g 4 - M 100 bacteria/ cell
©

Ko} 2 -

2

re) 0 -

.‘>E CPC 1.5 CPC3 CPC5 CPC 10

CPC concentration (ng/ml)

Figure 5.7 Effect of different concentrations of CPC on intra-amoebic uropathogenic
bacteria (OXA-48 at 100 bacteria/amoeba) in Acanthamoeba (T4).

The percentages of bacteria relative to the initial inoculum are shown. Blue bars represent
the intracellular survival of OXA-48 in the absence of CPC (control). CPC 1.5 - 1.5pg/ml;
CPC 3 - 3pg/ml; CPC 5 - 5pg/ml; and CPC 10 - 10pg/ml. Results are obtained from at least
three independent experiments. Error bars represent standard error. Results are
significant at P<0.05 (paired one-tailed t-test).

5.3.2.2 Effects of CPC on intracellular bacteria in urothelial cell line

TERT-NHUC survival assays were performed to determine the ability of CPC to kill
intracellular bacteria. The experiment was conducted on the OXA-48 strain, because the OXA-
48 strain was the only strain which survived and multiplied inside the urothelial cells. TERT-
NHUC invaded with bacteria were incubated at 37°C for 24h. The percentage of bacteria
surviving within urothelial cells were calculated as follows: number of viable bacteria recovered
(CFU/ml) / number of bacteria in initial inoculum x 100 (Alsam et al., 2006; Yousuf et al., 2013).
Figures 5.8 and 5.9 show the relationship between the four different concentrations of CPC

tested against the survival of OXA-48 strain in urothelial cells, using two different infecting
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doses. A paired one-tailed t-test was used to analyse the relationship between the control (OXA-
48 strain survival without CPC) and OXA-48 strain at (different infecting doses) with varying

concentrations of CPC (1.5, 3, 5, and 10ug /ml).

Figure 5.8 shows the comparisons between the different concentrations of CPC tested
against the survival of OXA-48 at infecting doses of 10 bacteria/cell in TERT-NHUC line.
Figure 5.9 shows this comparison at the higher infecting dose of 100 bacteria/cell in TERT-
NHUC line. It can be seen from the data that the intracellular survival ability of OXA-48 is
reduced in the presence of CPC. Furthermore, these results showed that the increased
concentrations of CPC showed a decreased level of bacterial survival. No bacterial survival
occurred at a concentration of 10pg/ml for either infecting dose (10 or 100 bacteria/cell). At an
infecting dose of 10 bacteria/cell and a concentration of 1.5ug/ml, CPC has significantly (P<0.05)
reduced bacterial survival to 0.014%, to 0.009% at a concentration of 3ug/ml, and to very low
levels of survival (0.005%) at a concentration of Sug/ml. Additionally, concentrations of
1.5pg/ml, 3ug/ml, and Spg/ml of CPC gave very low levels of survival (0.012%, 0.009%,
0.029%, and 0.005% respectively) at an infecting dose of 100 bacteria per cell. (Figure 5.9).

Results are significant at P<0.05 (paired one-tailed t-test).
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Effect of CPC on intracellular of OXA-48 at 10
bacteria/cell in TERT-NHUC line
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Figure 5.8 Effect of different concentrations of CPC on intracellular of uropathogens
bacteria (OXA-48 at 10 bacteria/cell) in TERT-NHUC line.

The percentages of bacteria relative to the initial inoculum are shown. Blue bars represent
the intracellular survival of OXA-48 in the absence of CPC (control). CPC 1.5 - 1.5pg/ml;
CPC 3 - 3pg/ml; CPC 5 - 5pg/ml; and CPC 10 - 10pg/ml. Results are obtained from at least
three independent experiments. Error bars represent standard error. Results are

significant at P<0.05 (paired one-tailed t-test).
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Effect of CPC on intracellular of OXA-48 at 100
bacteria/cell in TERT-NHUC line
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Figure 5.9 Effect of different concentrations of CPC on intracellular of uropathogens
bacteria (OXA-48 at 100 bacteria/cell) in TERT-NHUC line.

The percentages of bacteria relative to the initial inoculum are shown. Blue bars represent
the intracellular survival of OXA-48 in the absence of CPC (control). CPC 1.5 - 1.5pg/ml;
CPC 3 - 3pg/ml; CPC 5 - 5pg/ml; and CPC 10 - 10pg/ml. Results are obtained from at least
three independent experiments. Error bars represent standard error. Results are
significant at P<0.05 (paired one-tailed t-test).

5.3.3 Cytotoxicity assays by LDH

Cytotoxicity assays by LDH were performed to check the toxic effect of CPC on TRET-
NHUC. In these assays, different concentrations of CPC (1.5, 3, 5 and 10ug/ml) were used, and
results were compared with urothelial cells without CPC. The effect of different concentrations
of CPC on urothelial cells was measured based on the amount of LDH released from cells after

24h incubation.

As evident in Figure 5.10, the results showed that the increased concentrations of CPC
increased cytotoxic effect on the cell line. The minimum concentration (1.5pg/ml) of CPC has

induced 18.67% cytotoxicity on TERT-NHUC line. This result is significant at P<0.05 level
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(paired one-tailed t-test). The higher concentrations (3, 5, and 10pg/ml) of CPC have also

induced significant cytotoxicity (P<0.05) (27.33, 36.67, and 53% respectively).

Effect of CPC on TERT-NHUC line

Cytotoxicity (%0)
w
o

CPC1.5 CPC3 CPC5 CPC 10
Drug (CPC) concentration (pg/mil)

Figure 5.10 CPC induced TERT-NHUC line cytotoxicity.

Urothelial cells were incubated with different concentrations of CPC for 24h, and the cells

were then assayed using a standard protocol for LDH cytotoxicity detection kit. Percentage
cytotoxicity relative to control cells is shown. CPC 1.5 - 1.5ug/ml; CPC 3 - 3pg/ml; CPC 5 -
Spg/ml; CPC 10 - 10pg/ml. Results are obtained from at least three independent

experiments. Error bars represent standard error. Results are significant at P<0.05 (paired
one-tailed t-test).
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5.4 Discussion

This study aimed to assess the antimicrobial and the intracellular antimicrobial ability of

CPC and its potential use in treating UTIs.

The first part of the chapter researched at the antimicrobial effect of CPC against
uropathogenic bacteria. CPC is a well-known antibacterial agent. In a previous study, CPC with
a concentration of 0.05% has potent antimicrobial activity against E. coli (Masadeh et al., 2013).
Also, in a study using the agar dilution and broth dilution methods, Wu et al. (2015) found that
zoonotic strains of E. coli related to the poultry industry were susceptible to CPC (0.1 to
Img/ml). Although several other studies (Ransom et al., 2003; Baird et al., 2006) have
investigated the antimicrobial impact of CPC on E. coli. There are no previous studies found on
the effect of CPC against uropathogenic bacteria associated with UTIs. This study investigated
the effects of CPC on uropathogenic bacteria, and the results (Figure 5.1 to 5.4) indicate that, at a
concentration of 10ug/ml, CPC is bactericidal to all tested uropathogens bacteria over a period of
24h. The bactericidal effect of CPC is currently understood in the following terms. Electrostatic
interactions between the negatively charged bacterial plasma membrane and the positively
charged hydrophilic quaternary ammonium group lead to cell lysis and bacterial death (Sandt et

al., 2007).

The second part of the current study explored the anti-bacterial and anti-amoebic effects
of CPC on the cell line and the cytotoxic effects of CPC on the cell line. Several studies have
investigated the activity of biocides against free-living amoeba. However, no study has examined
the impact of CPC. Alkylphosphocholine and alkylphosphohomocholine derivatives of QACs
such as cetylpyridinium bromide, and benzethonium chloride were tested for their anti-amoebic
properties. They found the tested QACSs to have high activity against A. lugdunensis and A. quina.

Even though the study did not investigate the effect of CPC on Acanthamoeba (T4). Their
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findings are notably different from the results of the current study. CPC at concentrations of 1.5,
3, and 5ug/ml did not show any significant anti-amoebic against Acanthamoeba (T4) (Figure
5.5). The concentrations of 10pg/ml and higher than 10ug/ml induced encystation and decreased

surface adherence.

To use for human, the United States Food and Drug Administration Plaque
Subcommittee has concluded that short-term use of oral antiseptics having up to 0.1% of CPC is
safe (Feres et al., 2010). In a study by Muller et al. (2017), oral mouth rinses containing CPC
were found to have a high in vitro cytotoxic effect on oral fibroblasts, murine aneuploid
fibrosarcoma cells (L929), and human oral epithelial carcinoma cells (HSC-2). Also, the results
of this project indicate that CPC has significant cytotoxic effects on urothelial cell lines in a
dose-dependent way (Figure 5.10). In the present study, the cytotoxic investigation is based on
monolayer cultures. However, the human urothelium is made of three layers including the basal,
intermediate and umbrella cells. Moreover, the primary urothelial mediated response to
infections and toxicity is the exfoliation of superficial cells and urothelial renewal (Nagamatsu et
al., 2015). Thus, it is difficult to extrapolate the in vitro results from the present study to the

urinary tract.

The final part of the present study deals with the effects of CPC on the intracellular
survival of IBCs. Many previous studies have demonstrated the bactericidal activity of different
antimicrobial products on intracellular bacteria inside Acanthamoeba (T4), as for disinfectants
such as actichlor, virkon, biocleanse & ethanol (Cardas, 2014), and iron (IlI) — selective
hexadentate ligands of 3-hydroxypyridine-4-one chelators (Li et al., 2016). The results (Figures
5.6 and 5.7) from this study showed that CPC (1.5ug/ml) has significantly increased the ability
of uropathogenic bacteria (OXA-48 strain) to survive within Acanthamoeba (T4) compared with
the control one. It may be a likely explanation that the OXA-48 strain of E. coli uropathogenic

bacteria was able to strengthen their virulence factors whilst inside the amoebae. Several studies
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have confirmed the increase in virulence of bacteria grown inside Acanthamoeba (Barker et al.,

1992; Sandstrom et al., 2011; Van der Henst et al., 2016).

Concerning the intracellular survival in urothelial cells, this study (Figure 5.10) found
that OXA-48 displayed a reduced ability to survive within TERT-NHUC line in the presence of
CPC in a dose-dependent manner. In a study done by Berry et al. (2009), it was demonstrated
that uropathogenic E. coli strains have the capacity to differentially regulate virulence factors in
the intracellular environment of TERT-NHUC line. Moreover, the other studies have confirmed
the increase in virulence of E. coli found inside urothelial cells (Berry et al., 2009; Robino et al.,
2014; Dikshit et al., 2015; Schreiber et al., 2017). Furthermore, many previous studies have
investigated the bactericidal effect of different antimicrobial products on bacteria inside human

epithelial KB epithelial cell lines (Li et al., 2016).

Based on our knowledge, this is the first study to check the ability of CPC in treating
UTIs. However, the clinical approval for using the CPC in oral hygiene products is a hopeful

factor in its potential use for UTIs.

Quaternary ammonium compounds such as cetyltrimethylammonium bromide,
cetylpyridiniumbromide, and Cetylpyridinium Chloride inactivate energy-producing enzymes,
denature essential cell proteins, and disrupt the cell membrane. The quaternary ammonium

compounds exhibit antiacanthamoebic activity (at <20 uM) (Siddiqui et al., 2016).

In conclusion, the development of increased resistance against available antibiotics is a
major global concern and is a significant threat to the successful treatment of infectious diseases.
Many bacteria are developing or have already established, resistance against the currently
available antibacterial agents (Fair and Tor, 2014). The indiscriminate use of various
antimicrobial drugs for infectious disease treatment has resulted in the drug resistance in

pathogens in recent years. Therefore, looking for new or additional methods and compounds for
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treatment is urgent. By using novel compounds for the treatment of both ESBL+ve strains and
Acanthamoeba may help many patients suffering from prolonged and recurrent of UTIs. So, this
will lead to a reduction in length of hospital stay and reduce treatment costs for the patient. The
current results are encouraging in our pursuit to find complementary sources of antimicrobials

with novel modes of action to challenge this threat.

The next chapter deals with the investigation of the presence of Acanthamoeba in urine samples

collected from patients suspected of UTIs by E. coli ESBL+ve.
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CHAPTER SIX 6

6. Presence of Acanthamoeba in urine samples

from patients with ESBL positive bacteria
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6.1 Introduction

Acanthamoeba is a free-living eukaryotic opportunistic single-celled living organism.
Acanthamoeba has unfolded everywhere the planet, and is isolated from soil, air, natural and
treated water, from dental treatment units, hospitals and dialysis units, eyewash stations (De
Jonckheere, 1991; Karamati et al., 2016). Acanthamoeba spp. cuse severe infections such as
keratitis and encephalitis. They feed on bacteria and act as a Trojan horse for them (Santos et al.,
2009). Based on 18S rRNA gene sequences, the genus Acanthamoeba has divided into twenty-
two different genotypes (T1 — T22) (Adamska, 2016; Behera et al., 2016; Taher et al., 2018).
Many species of Acanthamoeba including genotypes T1, T2, T3, T4, T5,T6, T10, T11, T12 and
T15 can cause severe illnesses in humans, such as keratitis and Acanthamoeba granulomatous
encephalitis (AGE) (Alsam et al., 2003; Siddiqui and Khan, 2012). The majority of keratitis
cases are caused by Acanthamoeba T4, also genotypes T3 and T11 associated with

Acanthamoeba keratitis (Lorenzo-Morales et al., 2015).

Bacterial infection of Acanthamoeba was first discovered in 1954 (Drozanski, 1952), and
by 1975, bacteria were shown to take refuge within Acanthamoeba as endosymbionts (Proca-
Ciobanu et al., 1975). In 2009, Santos and his colleagues concluded that Acanthamoeba was
found in 26% of urine samples. Acanthamoeba was isolated from the human stool (Zaman et al.,
1999). Also, previous studies showed that the pathogenic E. coli K1 interact with Acanthamoeba,
and can invade and remain viable inside Acanthamoeba (Alsam et al., 2006). Recent studies
have explained that invasive E. coli K1 can enter human macrophages, surviving and replicating

intracellularly.

The presence of Acanthamoeba in patients may help pathogenic bacteria in urine,
protecting them against antimicrobial drugs, disinfectants, and host immunity. It is well-known
that the pathogenic multi-drug resistant bacteria survive and replicate inside Acanthamoeba

(Cardas et al., 2012). In severe conditions, Acanthamoeba becomes cysts which act as a carrier
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for spreading bacteria. It was discovered that the pathogenic bacteria become more virulent and

more resistant to antibiotics if they infect an amoeba and then emerge from it (Moon et al., 2011).

The organisms that cause UTIs are found in many species of gram-negative
Enterobacteriaceae (Madigan et al., 2009; Mazzariol et al., 2017), which include E. coli isolated
in around 75-90% of cases (Kucheria et al., 2005). ESBLs are enzymes that can break down
many types of antibiotics, which lead to their inactivation and can be carried on bacterial
plasmids. ESBLs cause international health problems since infections caused by enzyme-
producing organisms are associated with high morbidity and mortality rates and the financial
burden for treatment can be costly (Dhillon and Clark, 2012). ESBLs are produced by the
Enterobacteriaceae family of gram-negative bacteria, especially E. coli (Kim et al., 2009). The
European Centre for Disease Control (CDC) and Prevention in 2011 stated that the spread of
ESBL+ve E. coli has increased in more than half of the 28 European countries over the past four

years (Beytur et al., 2015).

Urinary tract infections are the most common health problem in women than men
because they have a shorter urethra which is closer to the anus and vagina (Griebling, 2005;
Tadesse et al., 2014). Females are the most commonly affected while other high-risk groups
include children and the elderly (Ali et al., 2009). In addition, UTIs are diffused in women
during pregnancy because of changes in the urinary tract, and hormones cause changes in the
urinary tract leading to infections. Increases in urinary progestins and estrogens probably lead to
a decreased resistance against bacterial entry. Urinary tract infections should be treated quickly
and efficiently otherwise; this will lead to more complicated infections such as kidney diseases

(Delzell and Lefevre, 2000; Tadesse et al., 2014).

Re-recurrence of UTIs is most common, with 44% of patients experiencing another

infection within one year and 27% of patients suffering another infection within six months.
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Between one-third and one-half of the recurrent infections are caused by the same bacterial strain
that initiated the infection. As a result, the recurrent infections will help the bacteria to become

more resistant to antimicrobials (Hilbert, 2013).

Just a two studies (Santos et al., 2009; Bradbury et al., 2014) have been conducted to
investigate the presence of Acanthamoeba in urine; this study aims to check the presence of
Acanthamoeba in ESBL+ve urine samples collected from patients at Colchester General Hospital

in 2017.
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6.2 Materials and methods
All the chemicals for this study were purchased from Sigma-Aldrich unless otherwise

stated.

6.2.1 Ethical approval

Application for ethical approval was required for this study. The ethical approval
application had three stages. Firstly, the application was reviewed by the research and enterprise
office at the University of Essex to obtain a sponsor confirmation letter. Secondly, the
application was submitted online through the Integrated Research Application System, Yorkshire
& The Humber —Sheffield Research Ethics Committee (Reference: 16/YH/0266). Finally, NHS
Research and Development (NHS R&D) approval form and Site-Specific Information (SSI) form
were completed through the IRAS website and sent with all supporting documents to Colchester
General Hospital NHS Trust’s Research and Development office for approval. Then the NHS

R&D approval was issued.

6.2.2 Collection and processing of urine samples

A total of 74 urine samples were collected from the Microbiology Department, CHUFT
over a period of one month. Equal samples from male and female patients were randomly
selected and anonymised by assigning a unique identification number. About 10ml of urine from
each sample was transferred into 15ml sterile tubes and centrifuged (3000 x g) for 15min. The
supernatants were discarded, and the pellets were treated with 2ml of 0.25M sulphuric acid for
20min, centrifuged and washed with 3ml of PBS (3000 x g) for 5min. Sulphuric acid treatment
was used to decontaminate specimens heavily contaminated with gram-negative bacteria (Public

Health England, 2016b; Wenzler et al., 2016).
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6.2.3 Preparation of E. coli food source stock

To make the stock of E. coli suspension, E. coli K12 was streaked into a CLED agar plate
using a sterile disposable loop and incubated overnight at 37°C. Distinct single colonies were
transferred into to a sterile glass bottle with 200mL of LB broth and incubated overnight at 37°C.
The following day, the suspension of E. coli K12 was placed in a water bath at 95°C for 30min
to kill the bacteria. The stock of E. coli K12 to be used as a food source can be stored at 4°C and

refreshed every two weeks.

6.2.4 Acanthamoeba culture

6.2.4.1 Xenic culture

One ml of the stock was added into non-nutrient agar (NNA) plates, and the culture was
allowed to soak into the agar at RT for 20-30min. Plates were dried, and the pellets from the
processed urine samples were inoculated onto the centre of the NNA plates. The plates were
incubated at 30°C and were observed weekly for the presence of Acanthamoeba. A piece of agar
containing trophozoites/cysts was cut from an Acanthamoeba positive plate. This was then
placed face down onto a fresh plate of NNA that had heat-killed E. coli. Finally, plates were
incubated at 30°C and were observed weekly for the growth of cysts or trophozoites (Khan and

Paget, 2002; Khan, 2006).

6.2.4.2 Axenic culture

Pieces of agar from NNA plates which were positive for Acanthamoeba growth were cut
by using a sterile scalpel and transferred into a T25 flask containing 7ml of PYG with antibiotics
(Penicillin/Streptomycin 100U/ml and 0.1mg/ml respectively) (Hughes and Kilvington, 2001).

Flasks were incubated at 30°C and checked weekly for amoebic growth. All traces of sulphuric
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acid were then removed by washing the pieces with sterile deionised water; this wash was

repeated three times.

To collect Acanthamoeba, flasks were placed on ice for 20min to detach surface adherent
amoebae; the medium was collected and centrifuged at 3000 x g for 5min. The pellets were
transferred to fresh T25 flasks containing PYG and antibiotics. This step was repeated once a
week until the medium was free of bacterial contamination. For flasks which were contaminated
with fungus were placed on ice for 20min to detach surface adherent amoebae. The medium was
carefully collected and treated with 0.5M sodium hydroxide (NaOH) for 30min (Kranzer et al.,
2016). All traces of NaOH were then removed by washing the pieces with PBS and centrifuged
at 3000 x g for 5min, and the pellets were transferred to fresh new T25 flasks containing 7ml of

PYG and antibiotics.

6.2.5 Genomic analysis

6.2.5.1 DNA extraction

To extract Acanthamoeba DNA, they were extracted according to the manufacturer’s
instructions. Nonconfluent amoebae flasks approximately 20 — 30% of cysts and trophozoites
were placed on ice for 20min to detach surface adherent amoebae, then the medium was
collected and centrifuged at 3000 x g for 5min. DNA was extracted by Chelex resin. Two
hundred pl of the Chelex solution (10% [wt/vol]) in 0.1% Triton X-100 and 10mM Tris buffer
[pH 8.0]) were added to the pellets and vortexed forl0s, then was centrifuged at 10000 x g for
10s and heated in a water bath at 95°C for 20min. The mixture was centrifuged at 10000 x g for

the 20s again, and the supernatant (1ul) was used as a substrate for PCR (lovieno et al., 2011).
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6.2.5.2 Polymerase Chain Reaction
16S rRNA primer (Table 6.1) was used for PCR amplification. PCR was performed in
50ul reaction volumes in the PCR tube as described in chapter 2 (2.2.5.1). The PCR cycling

setup was different for each gene as listed in (Table 6.2).

Table 6.1 Gene and primer sequences for the Acanthamoeba under investigation.

Target gene Primer (nucleotide sequence) reference Product
length (bp)
Acanthamoeba | F 5- (Wang et al., | 180 bp
16S rRNA TTATATTGACTTGTACAGGTGCT-3 | 2002)
R 5-
CATAATGATTTGACTTCTTCTCCT-3

Table 6.2 The setup of PCR cycling for the Acanthamoeba 16S rRNA under investigation.

Time

E. coli 16S rRNA Temperature -
min S
Initial Denaturation 94 °C 10 00
Denaturation 94°C 01 00
Annealing 55°C 00 30
Extension 72°C 01 00
Final Extension 72°C 10 00

Cycles 35

6.2.5.3 Purification of PCR product
To sequence and definition the strains the PCR product was purified by using the
QIAquick PCR purification kit using a microcentrifuge (QIAGEN Ltd., Crawley, UK) by

following manufacturer’s guidelines. In brief, 5ul of the PCR product was mixed with 25ul of
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buffer PB. The mixture was further mixed with 10ul of 3M sodium acetate (pH 5.0), and when
the colour of the mixture turned yellow, it was applied to a QIAquick column and centrifuged at
17900 x g for 60s. The flow-through was discarded, the product was washed with 750ul of buffer
PE and centrifuged at 17900 x g for 60s. Again, the flow-through was discarded, and the
QIAquick column was centrifuged at 17900 x g for another 60s. Then, the QIAquick column was
placed in a clean 1.5ml microcentrifuge tube, and DNA was eluted by adding 30ul elution buffer
to the centre of the QIAquick membrane. The column was allowed to stand at RT for 1min and

centrifuged at 17900 x g for the 60s.

6.2.5.4 Gene sequencing

To definition the strains purified PCR products were commercially sequenced by using
Sanger Sequencing Services (Eurofins Scientific, Wolverhampton, UK). Forward Acanthamoeba
16S rRNA (R 5-CATAATGATTTGACTTCTTCTCCT-3) primer was used to obtain the

sequences.

6.2.5.5 BLAST search and phylogenetic analysis

Genotype assignment was based on sequence analysis of the 16S rRNA gene. Sequences
were identified by using the nucleotide Basic Alignment Search Tool (n-BLAST). Nucleotide
collection database from GenBank was used, and the program selection was optimised for highly
similar sequences (megablast). Phylogenetic analysis based on the sequences obtained was
performed using MEGA with default settings and configured for highest accuracy and
phylogeny.fr platform (Dereeper et al.,, 2008). MUSCLE (v3.8.31) was used to align the
sequences with default settings and configured for highest accuracy. Finally, the tree was

graphically represented and edited with TreeDyn (v198.3).
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6.3 Results

Thirteen out of sixty-seven (17.11%) urine samples were positive for Acanthamoeba
(Table 6.3). All samples were anonymised with a unique identification number, and details for
the positive samples were collected from the Microbiology department, CHUFT. All positive
samples and positive control were cloned to obtain pure isolations for axenification and further
molecular investigation (Figure 6.1). Thirty-eight urine samples were collected from a male with
just two urine samples (15.38%) tested positive for the amoebae, whereas, in the female, 11 urine
samples (84.62%) tested positive for the amoebae out of 38 urine samples (Figure 6.2). n-
BLAST revealed the identification of two different species of Acanthamoeba (Table 6.3). Out of
the 13 positive samples, 6 were Acanthamoeba sp. (unclassified) and 7 were A. castellanii

(Figure 6.3).

DNA extracted from positive samples was successfully amplified (Figure 6.4) for the
partial sequence of the 16s rRNA gene (mitochondrial subunit), and sequences were
commercially obtained from Eurofins Scientific, Wolverhampton, UK. Sequence alignment was
performed with MUSCLE (v3.8.31) by using default settings and configured for highest
accuracy. The phylogenetic tree (Figure 6.5) was reconstructed by MEGA and phylogeny.fr

platform. The tree was graphically represented and edited through TreeDyn (v198.3).

The seven A. castellanii positive samples (454-23-5, 538-23-5, 434-23-5, 527-23-5, 254-
5-6, 016-19-6, and 546-19-6) are clustered close to each other, whereas the six other samples
(494-10-5, 707-10-05, 500-23-5, 551-23-5, 597-5-6, and 218-19-6) that relative to the organism

Acanthamoeba sp., are close together.



Table 6.3: List of urine samples from patients with ESBL +ve and tested positive for

Acanthamoeba.

Organisms were identified using the n-BLAST search and accession numbers were

extracted from GenBank at NCBI. Sample details were collected from the microbiology

department, CHUFT. UIN — unique identification number, CD — clinical diagnosis.

N | UIN Sample details | Organism Accession
Sex |CD number
1 |494-10-5 F UTIs by | Acanthamoeba sp. JPH24 AB795716.1
ESBL mitochondrial gene for 16S rRNA,
partial sequence
2 |707-10-05 |F UTIs by | Acanthamoeba sp. JPH24 AB795716.1
ESBL mitochondrial gene for 16S rRNA,
partial sequence
3 | 454-23-5 M UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
partial sequence; mitochondrial gene
for mitochondrial product
4 | 538-23-5 F UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
partial sequence; mitochondrial gene
for mitochondrial product
5 |434-23-5 F UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
partial sequence; mitochondrial gene
for mitochondrial product
6 |500-23-5 F UTIs by | Acanthamoeba sp. JPH24 AB795716.1
ESBL mitochondrial gene for 16S rRNA,
partial sequence
7 | 527-23-5 F UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
partial sequence; mitochondrial gene
for mitochondrial product
8 |551-23-5 F UTIs by | Acanthamoeba sp. JPH24 AB795716.1
ESBL mitochondrial gene for 16S rRNA,
partial sequence
9 | 254-5-6 M UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
partial sequence; mitochondrial gene
for mitochondrial product
10 | 597-5-6 F UTIs by | Acanthamoeba sp. JPH24 AB795716.1
ESBL mitochondrial gene for 16S rRNA,
partial sequence
11| 016-19-6 F UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
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partial sequence; mitochondrial gene
for mitochondrial product

12 | 218-19-6 F UTIs by | Acanthamoeba sp. JPH24 AB795716.1
ESBL mitochondrial gene for 16S rRNA,
partial sequence

13 | 546-19-6 F UTIs by | A. castellanii strain CDC V014 16S AF479550.1
ESBL small subunit ribosomal RNA gene,
partial sequence; mitochondrial gene
for mitochondrial product

Figure 6.1: Presence of Acanthamoeba spp. in the positive urine samples.

Image (A) shows Acanthamoeba, and their feed tracks on NNA; and image (B) shows

Acanthamoeba trophozoites and cysts on PYG. X40 objective (bars = 30 pm).
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Figure 6.2: The percentage of displaying the prevalence of Acanthamoeba in urine

among female and male.

Acanthamoeba species present in urine samples

W Acanthamoeba sp.

H A. castellanii

Figure 6.3: Pie chart is displaying the spread of different species in Acanthamoeba

positive urine samples.
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180

Figure 6.4: PCR products amplified using 16s rRNA primer. Bands were observed

in all lanes corresponded near to the expected approximately 180 bp.

M — kbp DNA ladder, C — Acanthamoeba (T4 - control), 1 to 13 — positive urine

samples.
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— AF479550.1
L AB795716.1
n546-19-6
n527-23-5
n434-23-5
n538-23-5
n016-19-6
n454-23-5
n254-5-6

T4
n597-5-6
n500-23-5
n218-19-6
n707-10-05
n551-23-5
n494-10-5

Figure 6.5: 16s rRNA phylogenetic trees for the 13 positive samples and two

reference sequences.

Two reference sequences (AB795716.1 — Acanthamoeba spp. and AF479550.1 —
Acanthamoeba castellanii) were used. Which is located in the blue box belong to
Acanthamoeba castellanii, and that into the green box belong to Acanthamoeba spp..
The phylogenetic tree was reconstructed by the PhyML program (v3.1/3.0 aLRT)
using the maximum likelihood method. The tree was graphically represented and
edited with TreeDyn (v198.3).
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6.4 Discussion

First worldwide study to look at the genomic characterisation of Acanthamoeba strains
from urine samples in patients with ESBL positive bacteria. The presence of Acanthamoeba
gives them the opportunity to be one of the microorganisms which may cause or help
reoccurrence of UTIs. Acanthamoeba species have been isolated from both clinical and
environmental sources, including waters (Siddiqui and Khan, 2012). As well, Acanthamoeba was
isolated from the nasal of healthy people indicating that subclinical infections might be common

(Bloch and Schuster, 2005; Niyyati et al., 2016).

In the present study, a total of 76 samples collected from patients with ESBL positive
suspected of UTlIs were tested for the presence of Acanthamoeba. Thirteen out of sixty-seven
(17.11%) urine samples were positive for Acanthamoeba. The results from this study were
consistent with Santos study discovered from the presence of Acanthamoeba in the urine samples
(Santos et al., 2009). Bacteria that live in amoebic host contribute substantially in its capability
for proliferating inside mammalian cells and cause disease. It facilitates bacteria to demonstrate
improved growth in different environments where they can infect host (Sandstrom et al., 2011).
According to Segal and Shuman (1999), when bacteria live inside macrophages or amoebae,
their surface characteristics get changed. Moreover, they acquire more resistance to antibiotics
and more vulnerability for chemicals. Considering these reports, it can be stated that
Acanthamoeba can harbour several different bacteria which are capable of escaping human
immunity (Goy et al., 2007). It has been established that the ESBL-related infections have
played a significant role in worsening the issue of antibiotic resistance all across the globe
(Davies and Davies, 2010; Cantén et al., 2012; Winkler et al., 2015). Reports have indicated
transmission of ESBL-carrying infections in healthcare centres and community (Burke et al.,

2012; Baraniak et al., 2013; Valenza et al., 2014). As mentioned above, bacteria can survive
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within the amoeba and in fact can become more virulent (lovieno et al., 2010; Bennett et al.,

2013; Paquet and Charette, 2016) and therefore difficult to treat.

Primers JDP1/JDP2 were used in several studies which target the ~450 bp fragment of
Acanthamoeba 18S rRNA gene (Schroeder et al., 2001) and primers FP16/RP16 were used that
target the mitochondrial small subunit rRNA gene (Yu et al., 1999; Wang et al., 2002). In this
study, we used 16S rRNA primers. The purpose of using the mitochondrial small subunit
ribosomal RNA gene is that the sequences are shorter, more consistent in length, higher
proportion of bases are alignable for sequence comparisons and they do not have any of the
complications caused by multiple alleles or introns that are most common in the nuclear

ribosomal RNA gene (Ledee et al., 2003).

The most interesting finding in this study was eleven urine samples (84.62%) tested
positive for the amoebae out of 38 urine samples were collected from female patients, whereas
just two urine samples (15.38%) tested positive for the amoebae from male (Figure 6.2). This
may contribute to the high occurrence of UTIs in women. Moreover, these results suggest a
possible link with physiological, hormones, and anatomical changes. n-BLAST search (Table 6.3)
revealed that the amoebae from six samples (46.15%) were positive for Acanthamoeba spp. -
unclassified Acanthamoeba- and the other seven samples (53.85%) were positive for A.
castellanii (Figure 6.3). Acanthamoeba spp are known to cause GAE and AK (Rocha-Cabrera et
al., 2015; Baig et al., 2018). With regards to the clinical diagnosis, all patients were suspected of

UTIs tending to support the hypothesis that Acanthamoeba plays a role in UTIs (Table 6.3).

The presence of Acanthamoeba in everywhere the planet special on the water and
swimming pools may be consistent with the idea of contributing to increasing it is a presence in
urine samples. It is known that Acanthamoeba produces a different of proteases that are vital for

their pathogenic activity, particularly proteolysis and induction of apoptosis (Alizadeh et al.,
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1994; Omarfia-Molina et al., 2013). If Acanthamoeba uses the haematogenous or oral route of
entry to the bladder, its clinical implications can be profound. However, carrying ESBL+ve
bacteria by Acanthamoeba may increase it is resistance and complicate treatment. In the
presence of antibiotics, Acanthamoeba will turn to cysts and stay alive for a long time. The
presence of ESBL+ve E. coli inside Acanthamoeba and it’s multiplication will contribute to the

increased risk of infections.

This is the first study in the UK to show the presence of Acanthamoeba in urine samples in
patients with ESBL+ve. In the future analysis patient history, particularly their complete urine
profile is required to fully explore the exact impact of Acanthamoeba on the urinary system,
especially with ESBL bacterial infection. However, the presence of Acanthamoeba in urine
supports our hypothesis that uropathogenic bacteria (ESBL) can establish a symbiotic
relationship with the amoebae, evade host defence mechanisms, increase their virulence factors

and cause rUTIs.
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CHAPTER SEVEN 7

7. General discussion
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7.1 Overview

The increase of UTIs caused by E. coli infection is associated with increased ESBL
carriage and multidrug resistance and has become a major health concern worldwide. Hence,
studying the ESBL producing E. coli bacteria is of great importance. This PhD project aimed to
explore various underlying issues associated with UTIs. The prime issues investigated in this
study are the formation of intracellular bacterial communities that are linked with recurrent UTIs
and the possible role of Acanthamoeba in the pathogenesis of UTIs. Moreover, the use of CPC to

treat the problem of uropathogenic antibacterial resistance was also studied.

7.1.1 Antibacterial resistance

The first antibiotic to be produced on a commercial basis was penicillin which was
marketed in 1945. Flemming put forward the idea of using inhibition zones for evaluating the
effectiveness of antibiotics against bacteria. Since that time, inhibition zones have turned into
one of the most commonly utilised screening methods. Moreover, Flemming was also the
pioneer to recommend cautious use of penicillin for preventing the development of resistance
against it (Aminov, 2010). After the commercial production of penicillin, several different
antibiotics were produced and efficiently used. However, there has been a gap in the discovery of
new antibiotics since the 1980s when the last group of new antibiotics were introduced (WHO,

2014).

This gap was aggravated by the emergence of resistance genes owing to the intense
selection pressure mediated by the unnecessary use of antibiotics (Su et al., 2017). It is, therefore,
the need of the hour to identify and synthesise new antimicrobial agents (WHO, 2014). One of

the chief reasons behind the emergence of resistance to antibiotics is the presence of ESBL
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enzymes. According to the World Health Organization (WHQO), ESBL+ve E. coli strains are of

great concern all over the world owing to their broad spectrum resistance (WHO, 2014).

It has been established that ESBL+ve gram-negative bacteria are capable of resisting the
majority of P-lactams. They can also resist certain non-B-lactams like quinolones and
aminoglycosides (Wragg et al., 2017). Over 200 ESBLs have been characterised (Rawat and
Nair, 2010a). TEM and SHV have proven to be the most common ESBLs present in gram-
negative bacilli (Turner, 2005). Carbapenemases are a different group of B-lactamases that
hydrolyse not only carbapenems but also other beta-lactam antibiotics. The main carbapenemase
type is the class D B-lactamase OXA-48. OXA-48-producing Enterobacteriaceae have been
involved in hospital outbreaks around the world (Liu et al., 2016). The reason for the global
dissemination of OXA-48 has been generally attributed to its being located on mobile genetic
elements such as transposons, plasmids, and integrons (Schmiedel et al., 2014). The spread of
the gene is regularly related to the dissemination of the IncL/M-type plasmid of approximately
60 kb in size that harbours blaOXA-48 within Tn1999 transposon structures (Alousi et al., 2018;
Pulss et al., 2018). This research has employed four primers (TEM, AmpC, CTX-M, and OXA-

48) for screening the uropathogens for the presence of ESBLSs.

It was found that OXA-48 strain has OXA-48, TEM, and CTX-M positive genes. It was
found through the EUCAST antimicrobial susceptibility test that OXA-48 strain was capable of
resisting all antibiotics except Ciprofloxacin used in the test. These observations indicated that
the uropathogens carried ESBL resistance. Results obtained from SDS-PAGE and 2-D gel
electrophoresis analysis were used as preliminary data to identify differences among cellular and
extracellular protein profiles of ESBL+ve and ESBL-ve E. coli strains. The results for
extracellular proteases showed that many spots featured in both OXA-48 and AmpC strains
compared with others. Also, some spots featured in TEM strain, with many spots absent in ESBL

—ve E. coli strain.
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7.1.2 Recurrent UTlIs

Pathogenesis of rUTIs involves the formation of intracellular bacterial communities
(IBCs). In particular, the IBCs developed in deeper layers of the urothelium of the bladder may
act as reservoirs thereby facilitating recurrence of rUTIs (Ejrnas, 2011; Hannan et al., 2012).
The IBC cycle generally entails interaction, invasion of uropathogens inside the cells of the
urothelium (Scott et al., 2015). Antimicrobial drugs and host’s immunity is evaded by the IBCs

(Conover et al., 2016).

Besides this, bacterial cells can also be discharged from shedding and turnover of
epithelial cells leading to rUTIs (Glover et al., 2014). In this research studies have revealed that
all uropathogens are capable of interacting with the TERT-NHUC line, though the extent of
interaction varies. It has been found that all bacterial strains used have the ability to associate
with and invade Acanthamoeba and host cells. However, just OXA-48 was able to survive within
Acanthamoeba and urothelial cells. Moreover, OXA-48 can remain and multiply inside
Acanthamoeba within a harsh environment such as an environment with an antibiotic, where
they can turn to cysts that may help transmit bacterial pathogens to susceptible hosts and also to
cause reinfection. This research also found that OXA-48 strain demonstrates the highest potential
in terms of endurance and development of IBCs inside urothelium. This recent observation is
quite intriguing as a majority of reports indicate the strong potential of OXA-48 strain and UPEC
for developing IBCs in comparison to other uropathogens (Garofalo et al., 2007; Rosen et al.,

2007; Berry et al., 2009; Robino et al., 2013; Candan et al., 2017).

Uropathogens like E. coli produce certain toxins so that they can cause cytotoxicity to
urothelium. These include HIyA and CNF-1 by E. coli (Bien et al., 2012; Flores-Mireles et al.,
2015). This research has found through cytotoxicity assays that considerable cytotoxicity to
TERT-NHUC line was caused by all uropathogens. As per the findings of the flow cytometry

assays, apoptosis and necrosis to urothelium by OXA-48 strain was of the highest degree. It has
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already been established that apoptosis and necrosis are mainly caused by direct toxicity to a cell
instead of a transition from the apoptotic pathway (Poon et al., 2010). In the clinical context,
there can be serious effects of this process as necrosis generally involves inflammation of nearby
cells (Kumar et al.,, 2015). When the intracellular bacterial formation is compared with
cytotoxicity, it is found that the extent of late apoptosis and/or secondary necrosis brought about
on urothelium is correlated with the degree of IBCs developed. It implies that the uropathogens
cause considerable cytotoxicity in the urothelium besides building a protective reservoir for their

survival.

Prevention strategies for rUTIs consider the intracellular bacterial communities. IBCs
have been reported to resist antibacterial drugs by mediating phenotypic modifications in the
inert intracellular areas. Resistance is also noticed in the case of antibiotic therapy with a low
dose and prolonged use (Dason et al., 2011; Barber et al., 2013; Lithje and Brauner, 2016).
Considering this resistance, the development of alternative treatment methods has become
unavoidable. Researchers have reported limited but quite hopeful results for using lactobacillus
preparations (Foxman and Buxton, 2013) and D-mannose (Beerepoot and Geerlings, 2016) for

preventing rUTIs.

7.1.3 Possible role of Acanthamoeba in UTIs

Being an opportunistic protist, Acanthamoeba is a free-living amoeba (Karas$ et al., 2018).
It is found in trophozoite and cyst form. Trophozoite form of Acanthamoeba is capable of
feeding on different bacterial cells by phagocytising them (Alsam et al., 2005; Kuburich et al.,
2016; Maisonneuve et al., 2017). This organism has recently attracted researchers owing to its

endosymbiotic association with bacteria (Muller et al., 2016). Several different pathogenic
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bacteria have been found to live and grow inside Acanthamoeba. These include E. coli (Alsam et

al., 2006; Yousuf et al., 2014), V. cholera (Abd et al., 2004) and F. tularensis (Abd et al., 2003).

Although Acanthamoeba had been found in healthy individuals or individuals with non-
Acanthamoeba infections like pneumonia, this organism is involved in two rare but severe
infections. These are AK and GAE. Antibodies against Acanthamoeba have also been detected in
healthy individuals. It implies that this organism may survive in the human body without causing
any infection. This raises the question if they have any role in the human physiology or if they

can affect the pathology or recurrence of any infection like UTIs.

Role of Acanthamoeba in UTIs has been proposed by numerous researchers. There are
certain considerations in this regard. First, this free-living organism is found in several different
environments that include the environment of a hospital (Fukumoto et al., 2016), public water
systems (Jeong and Yu, 2005; Sente et al., 2016), natural water bodies (J. Lorenzo-Morales et al.,
2005; Nuprasert et al., 2010) and bottled water (Visvesvara et al., 2007; Maschio et al., 2015).
Consequently, the probability of entry of this amoeba in the human body is very high. Secondly,
feeding on bacteria by Acanthamoeba is an established fact (Alsam et al., 2006; Maisonneuve et
al., 2017) and these bacteria can be those included in the normal flora of humans like bacteria
present in the bladder and intestinal tract (Lewis et al., 2013). Still, as discussed earlier, bacteria
may not only live inside Acanthamoeba but may also gain more virulence (lovieno et al., 2010;
Guimaraes et al., 2016; Gomes et al., 2018). For that reason, infections involving these
pathogens are quite complicated. Thirdly, researchers have reported the isolation of
Acanthamoeba from urine samples which were taken from patients suffering from severe
diseases (Santos et al., 2009). In the light of these facts, it can be proposed that Acanthamoeba

can be essentially involved in the pathogenesis of UTlIs, specifically in recurrence of infections.
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Interaction assays were conducted to study the nature of the association between
Acanthamoeba and uropathogens. As per the results of interaction assays, all tested uropathogens
were capable of demonstrating interaction with Acanthamoeba (T4). More importantly, OXA-48
strain was capable of evading phagocytosis and continuing to survive inside amoebae. In other
words, these pathogens are able to exploit amoeba for their protection against antibacterial

mechanisms.

An important finding made during this research was the detection of Acanthamoeba in
urine from patients with ESBL+ve suspected of UTIs. For this purpose, 76 urine samples
collected from UTI patients were taken from the CHUFT. Acanthamoeba was detected in 13
(17.11%) urine samples through NNA culture method and PCR technique. When the gene for the
small subunit of mitochondria (16S rRNA) was sequenced, six (7.89%) urine samples were
found to contain Acanthamoeba (unclassified species), and seven (9.21%) samples were found to
contain Acanthamoeba castellanii. These results are not only in agreement with the findings of
previous research (Santos et al., 2009) but also provide evidence for supporting the hypothesised
role of Acanthamoeba in UTIs. It is for the first time that Acanthamoeba has been isolated from

urine samples from patients who have ESBL+ve suspected UTIs in the UK.

Considering the abovementioned observations, it can be stated that Acanthamoeba might
have a role in the pathogenesis of UTIs. This research has therefore revealed several facts about

the association between uropathogens and Acanthamoeba.

7.1.4 Alternative efficient treatment strategy
Bacterial cells may resist the action of antibacterial agents in several ways which can be
genetic or mechanistic. They may form IBCs and live inside Acanthamoeba. In this way, these

pathogens become even more virulent. A useful strategy for addressing the issue of antibiotic
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resistance is the utilisation of non-antibiotic agents for the treatment of infections. In this
connection, the utilisation of QACs has been reported by several studies (Jiao et al., 2017). An
important QAC is the CPC which demonstrates strong antibacterial action against a wide range

of bacteria (Hurt et al., 2016).

However, the antibacterial potential of CPC has only been researched in terms of oral
care (Hwang et al., 2013) and processing of poultry (Arritt et al., 2002; Waldroup et al., 2010).
This is the first time that CPC has been studied for its activity against uropathogens which are
implicated in UTIs. It has been found through antimicrobial assays that CPC is capable of
destroying more than 83% of uropathogens in concentrations as low as 3pg/ml. Even though it
has been observed that CPC demonstrates cytotoxicity to the cells of urothelium; very low
concentrations are bactericidal. Considering the fact that utilisation of CPC has been approved
for oral care, small concentrations of this product can be investigated for utilisation in the

treatment of UTIs.

It has been found during this research that CPC is needed in higher concentrations for
diminishing intracellular bacteria in TERT-NHUC line and Acanthamoeba (T4). Still, QACs can
be structurally altered for improving the action against bacteria. In particular, the antimicrobial
activity of QACs can be improved by altering the alkyl chain lengths. This can be done by using
chlorine, methyl or ethyl groups for substituting the hydrogen of the aromatic ring (Melin et al.,
2014; Morkaew et al., 2017). As mentioned earlier, QACs containing longer chains are better in
antimicrobial action as compared to those with shorter chains (loannou et al., 2007). Hence, new
QACs can be developed with altered alkyl chain length to specifically target IBCs and hence
treat UTIs. One more important finding of the bacteria-amoeba intracellular survival assays is
that growth of OXA-48 was found to be increased within Acanthamoeba in the presence of

3ug/ml of CPC which indicates a potential increment in the virulence of the uropathogen.
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7.2 Conclusions

In conclusion, this research has shown that:

1. ESBL+ve strains were able to associate and invade into the Acanthamoeba and TRET- NHUC

line.

2. OXA-48 is highly toxic, more virulent and resistant than the other ESBL strains. Moreover,
OXA-48 was the only strain that survived and multiplied inside Acanthamoeba and TRET-

NHUC line.

3. Uropathogenic cytotoxicity on urothelial cells is dependent on the number of Intracellular
bacteria, and uropathogens complete their IBC pathogenic cycle in a relatively short window of

24h.

4. Acanthamoeba may play a role in the pathogenesis of UTIs specially rUTIs. Moreover,

uropathogens have exhibited an endosymbiotic relationship with Acanthamoeba.

5. CPC can be potentially used in treating UT]Is.

7.3 Recommendations for future work

The present study confirms previous findings related to intracellular bacteria, and their
intracellular growth rate is one of the major causes of cell cytotoxicity and adds to the growing
body of literature. The study also contributes additional evidence that suggests a possible role of
Acanthamoeba and ESBL producing strains of E. coli in recurrent urinary tract infections.
Furthermore, this research will serve as a base for future studies on the use of QACs in treating

UTIs. It is recommended that further research be undertaken in the following areas:
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1. Further investigations of the virulence factors most responsible for cytotoxicity could be worth
studying. To assess that, a few cell types derived from the healthy human bladder or a skin tissue
model could be used. In addition, different bacterial strains lacking one or more of the virulence
factors could be used on the above-mentioned cells. Many techniques would be helpful to assess
that: at proteins level, such as flow cytometry, western blot using antibodies; and at the gene

level, such as PCR, sequencing and bioinformatics.

2. Time and financial constraints prevented further analysis (sequencing) of the spots identified
from the 2D Gel analysis of the protein repertoire of the strains under study. Therefore,
sequencing of selected spots (such as the potential K channel blocker) will further shed light on

the differences between the strains (TEM, AmpC, and OXA-48).

3. Use whole genome sequencing to confirm the VF, phylogrouping, and sequence typing data.

4. The current investigation on uropathogen induced cytotoxicity was limited in terms of time
course experiments. It would be useful to explore the cytotoxic effects of uropathogens at

different incubation periods.

5. Further investigations on the ability of different strains of ESBL producer uropathogens to
interact with Acanthamoeba spp, especially with non-pathogenic amoeba-like Acanthamoeba T7.
Isolated from urine samples will shed more light on the exact nature of their relationship in the
urinary tract. Future Acanthamoeba isolation studies should also evaluate the complete urine
profile and clinical history of patients to fully explore health implications related to the presence

of the amoeba in urine.

6. Both the results obtained and the limitations identified in this study suggest that future work in
the area of ESBLs would be beneficial. As this study has highlighted, the epidemiological profile

of ESBL producing bacteria is continuously evolving, and epidemiological data should be
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collected yearly in an attempt to predict antimicrobial resistance patterns and identify potential

shifts in resistant determinant expression and in vivo.

7. Finally, further investigation and experimentation into the use of CPC or other potent
antimicrobial QACs such as Alkylphosphocholine, alkylphosphohomocholine, cetylpyridinium
bromide, and benzethonium chloride to treat urinary tract infection especially those caused by

ESBL+ve E. coli and Acanthamoeba spp.
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Appendix one: Microorganisms and cell line

1 Bacteria

1.1 Bacterial strains
E. coli (three strains of ESBL+ve (TEM, AmpC, and OXA-48) and one strain of ESBL-
ve), isolated from patients diagnosed with UTIs were kindly provided by Dr Tony Elston,

CHUFT.

1.2 Storage of bacterial cultures

By using a sterile disposal loop, about 20 isolated colonies of bacteria were picked up of
the agar plate and inoculated in a 10ml of bacterial freezing medium (70% Luria-Bertani broth
and 30% glycerol v/v). Then, the mixture of freezing medium with bacteria was divided into

cryotubes final volume of each tube was 1ml and stored in a -20°C freezer.

1.3 Thawing and re-culturing bacteria
To re-culture bacteria, a loopful of the frozen cryotube was streaked onto a fresh agar
plate and incubated at 37°C in air incubator overnight. After the incubation, the plate was

carefully examined if the colonies had similar morphologies and stored at 4°C for up to a week.

2 Acanthamoeba
2.1 Acanthamoeba strain

Acanthamoeba T4 (ATCC 30234) isolated from a patient diagnosed with Acanthamoeba
keratitis used in this study was kindly provided by Dr Sutherland Maciver, University of

Edinburgh.
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2.2 Acanthamoeba storage

Acanthamoeba can be stored as axenic cultures at -80°C. Briefly, growing amoebae were
re-suspended at a density of 1-5 x 10° cells per ml in the freezing medium (90 % PYG medium
and 10 % DMSO v/v) placed into a cryotube. The cryotube was quickly placed in a box with ice

and transferred to -20 °C for 60 min followed by their storage at -80°C freezer.

2.3 Preparation of Acanthamoeba culture

Thawing and recovery of Acanthamoeba from -80°C freezer was done quickly. The
cryotubes were placed immediately in the warmer incubator maintained at 37°C for 3min.
Acanthamoeba was transferred into a 15ml tube with warmed PYG and centrifuged at 3000 x g
for 5min. Next, supernatants were discarded, pellets were re-suspended in growth medium (PYG)
and transferred into a T25 culture flask. Flasks were incubated at 30°C in air incubator till they

become confluent.

2.4 Counting Acanthamoeba

The number of Acanthamoeba was determined by using the haemocytometer. After the
haemocytometer and the coverslip were cleaned using 70% ethanol, 7ul of cell suspension were
placed on a haemocytometer, and the average number of Acanthamoeba in 1mL was calculated.
The Acanthamoeba were diluted to the required number using appropriate medium and plated in

flasks or plates as required by experimental design.

2.5 Determination of the viability of Acanthamoeba
To determine the viability of Acanthamoeba trophozoites, the trypan blue exclusion test
was used. Acanthamoeba was incubated at room temperature with 0.2 % trypan blue for 20min

and counted by using the haemocytometer.
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3 TERT-NHUC line
3.1 Cell line

TERT-NHUC line was kindly provided by Prof. Knowles, Cancer Research UK Clinical

Centre, St. James’s University Hospital, Leeds.

3.2 TERT-NHUC line storage

Cells were stored as axenic cultures at -80°C. Briefly, growing cells were re-suspended at
a density of 1-5x10°cells/ml in the freezing medium (90% FBS, and 10% DMSO v/v) and placed
in a cryotube. The protocol was carried out gradually a cryotube on the ice, then -20°C for 60min

followed by their storage at -80°C freezer.

3.3 Preparation of TERT-NHUC line culture

Thawing and recovery of stored cells from -80°C freezer were done quickly. The
cryotubes were placed immediately in the warmer incubator maintained at 37°C for 3min. Cells
were transferred into a 15ml tube with warmed medium KGM-2 and centrifuged at 1000 x g for
5min. Next, supernatants were discarded, pellets were re-suspended in growth medium KGM-2
and transferred into a T25 tissue culture flasks. Flasks were incubated at 37°C in 5% CO> and 95%

humidity until the cells were confluent.
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2.1 Reagents for AUM
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Ammonium chloride Sigma A9434
Calcium chloride dihydrate Sigma Sigma C3306
Citric acid Sigma 251275
Creatinine Sigma C4255
Di-potassium hydrogen phosphate Sigma

Iron 11 sulphate heptahydrate Sigma F8633
Lactic acid Sigma
Magnesium sulphate heptahydrate Sigma M2773
Peptone L37 Oxoid LP0034
Potassium dihydrogen phosphate Sigma P5655
Sodium bicarbonate Sigma S5761
Sodium chloride Sigma S7653
Sodium sulphate heptahydrate Sigma 71969
Urea Sigma U5378
Uric acid Sigma U2625
Yeast extract Sigma Y1625
2.2 Reagents for TERT-NHUC line

Accutase Sigma A6964
Cell lytic M Sigma C2978

Keratinocyte growth medium 2 ready-to-use

PromoCell C-20011

2.3 Final supplement concentrations of KGM-2 media

Bovine Pituitary Extract 0.004ml/ml
CaCl; 0.06mM
Epidermal Growth Factor recombinant 0.125ng/ml

human
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Epinephrine 0.39ug/ml
Hydrocortisone 0.33pug/ml
Insulin recombinant human Sug/ml
Transferrin, holo human 10pg/ml

2.4 Growth medium (w/v)

2.4.1 PYG: Protease peptone (1.250), yeast extract (1.25g), glucose (3.0g), dw (up to 1000ml)
prior to autoclaving at 121°C for 15min.

2.4.2 LB broth: 10g tryptone, 5g yeast extract and 10g NaCl were placed in water to a final

volume of 1000ml, was adjusted the pH to 7.5 before autoclaving at 121°C for 15min.

2.5 Agar (w/v)

2.5.1 CLED (Sigma 55420): 36.15g of CLED agar dissolved in 1000ml distilled water prior to
autoclaving at 121°C for 15min.

2.5.2 Non-nutrient: 30g bacteriological agar dissolved into 1000ml Ringers solution prior to
autoclaving at 121°C for 15min.

2.5.3 Mueller Hinton agar (Sigma 70191): 38g of medium dissolved in 1000ml distilled water

prior to autoclaving at 121°C for 15min.
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Appendix three: PCR and gel electrophoresis
3.1 PCR
3.1.1 Primer preparation

The tubes were spin at top speed for 10min to ensure that there are no lyophilised primers
stuck to the cap. To make a typical 100mM 100X stock concentration of primers, the primers
were dissolved in a volume of sterile distilled water that is 10X the amount of nmoles in the tube,
using pl of water. This value is printed on the side of the tube. All sets of primers were stored at -

20°C. Typically 0.1-1.0uM final concentration was used in a PCR mix.

3.1.2 Reagents for PCR and gel electrophoresis

Agarose Fisher Scientific 10776644
dNTP Mix Thermo Scientific TM R0241
GeneRuler 1 kb DNA Ladder Thermo Scientific TM SM0311
SafeView Nucleic Acid Stain NBS-Biologicals NBS-SV1
Taq DNA Polymerase Thermo Scientific TM EP0401

3.1.3 TAE buffer (50X)

Tris base w/v 2429

Glacial Acetic Acid viv 57.1ml

0.5M EDTA pH8 viv 100ml

Distilled water Make-up to 1000ml

3.1.4 Agarose gel (1%)
409 of agarose were dissolved in 400ml 1X TAE buffer at 50°C then 1ml of safeview

was added before pouring in the electrophoresis tray.
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3.1.5 Chelex solution for DNA extraction

10% (w/v) chelex were dissolved in 0.1% Triton X-100 and 10mM Tris buffer (pH 8.0).

3.2 gel electrophoresis

3.2.1 SDS-PAGE buffers

1.5M Triethylamine hydrochloride (Tris) pH | 18.1g dissolved in 100ml distilled water,

7.4 adjust pH to 7.4 using HCI.

0.5M Tris pH 6.8 6.057g in 100ml distilled water, adjusted pH

to 6.8 using HCI.

10% (w/v) SDS 10g SDS in 100ml distilled water.
Running buffer for SDS-PAGE stock Tris 159, glycine 72g, SDS 5g, make up to
solution 5X 1000ml with distilled water. Adjust pH to 8.3

with HCI. Dilute to 1X with distilled water

prior to use.

Sample buffer 2X 0.06M Tris, 2.5% glycerol (Sigma G5516),
0.5% SDS, 1.25% 2- mercaptoethanol
(Sigma M6250) and bromophenol blue

0.001% (Sigma B0126) (pH=6.8).

Coomassie brilliant blue stain 0.5% w/v Coomassie brilliant blue, 40%
methanol v/v, 10% acetic acid v/v, 50%

distilled water v/v.

De-stain 40% methanol v/v, 10% acetic acid v/v, 50%

distilled water v/v.

Ammonium persulphate 4% wi/v dissolved in distilled water
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3.2.2 Running gel (10% SDS)

Distilled water 4.2ml
Bis/acrylamide solution 3.3ml
SDS 10% 100l
Tris 1.5M pH 7.4 2mi
10% Ammonium persulphate 400ul
TEMED solution oul

3.2.3 Stacking gel (5%)

Distilled water 4.3ml
Bis/acrylamide solution 0.8ml
Tris 0.5M, pH 6.8 1.88ml
SDS 10% 60ul
10% Ammonium persulphate 750ul
TEMED solution 3ul

3.2.4 SDS-PAGE protocol

The Bio-Rads mini-protein electrophoresis unit 67512533, Bio-Rad, Hemel Hempstead,
UK was assembled according to the manufacturers' instructions. The running gel reagents were
mixed and loaded into the sealed gel caster overlaid with 70% ethanol to exclude oxygen; this is
a vertical SDS-PAGE system that cast gels of 0.75mm thickness. After polymerisation, the
ethanol was decanted, and the stacking gel was mixed and layered on top of the running gel. The
comb holds up to 20min were inserted into the stacking gel and polymerisation allowed
occurring. The combs were then removed, and gels were assembled into the electrophoresis tank

Bio-Rad 165-2949 and the tank filled with 1 X running buffer as mentioned above. Samples
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mixed with sample buffer 1:1 were added to the wells and electrophoresed for 2h, 115V. Gels

were then stained.

3.2.5 Buffer Recipes for 2D gel
3.2.5.1 Rehydration solution preparation

Just prior to use, the appropriate volume of stock solution was slowly thawed. The
appropriate amount of IPG Buffer was added, if it is not already included in the rehydration
stock solution. Sample was added. The rehydration stock can be diluted no more than 1/8 by
sample addition (e.g. 62ul of the sample for each 0.5mL rehydration stock). The amount of
protein that can be added is dependent upon the length of the strip, the pH range and the
detection method to be used. Up to 1mg can be added to a wide pH range 17cm strip.

Note: DTT and the sample must be added fresh, just prior to use.

3.2.5.2 SDS equilibration buffer

Component Final concentration Amount
1.5M Tris-Cl, pH8.8 50mM 6.7ml

Urea (FW 60.06) 6M 72.07g
Glycerol (87% v/v) 30% (v/v) 69ml

SDS (FW 288.38) 2% (W/v) 4.0g
Bromophenol blue trace (a few grains)
Distilled water to 200ml

(50mM Tris-Cl pH 8.8, 6M urea, 30% glycerol, 2% SDS, bromophenol blue, 200ml)

Store in 40mL aliquots at —20 °C.




234

3.2.6 Sample buffer
4ml of distilled water, 1ml of 0.5M Tris (v/v), 0.8ml of glycerol
(v/v), 1.6ml of 10% SDS (v/v), and 0.05% bromophenol blue (w/v in distilled water)

were mixed together.

3.2.7 Lysis buffer for protein extraction
7M urea, 2M thiourea, 4% 3-[3-cholamidopropyl dimethylammonio]-1- propanesulfonate

(CHAPS), 15mM pH 8.5 TRIS.

3.2.8 Protocol for Bradford protein determination assay

Bradford assay is a simple and accurate procedure for determining the concentration of
protein in solution that involves the binding of Coomassie Brilliant Blue G-250 dye to proteins.
As more protein present as more Coomassie binds. The assay is colourimetric. As the protein
concentration increases, the colour of the test samples becomes darker.

The Bradford assay was performed in a 96-well plate. The protein concentration from the
test sample was determined by comparison to 5 different concentrations of the protein standards
(bovine albumin serum). The standard concentrations used were: 2mg BAS/ml, 1mg BAS/ml,
0.5mg BAS/ml, 0.25mg BAS/ml and 0.125mg BAS/ml:

[1 2mg BSA dissolved in 1ml of PBS, to be 2mg/ml

1 50ul from 2mg/ml of BSA were diluted into 50ul of PBS, to be 1mg/ml

[J 50ul from 1mg/ml of BSA were diluted into 50ul of PBS, to be 0.5mg/ml

[J 50ul from 0.5mg/ml of BSA were diluted into 50ul of PBS, to be 0.25mg/ml

() 50ul from 0.25mg/ml of BSA were diluted into 50ul of PBS, to be 0.125mg/ml
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There were standard wells, unknown sample wells and blank well:
Standard 1: 200l Bradford reagent (BR) (Sigma B6916) + 5ul of 2mg BSA/ml
Standard 2: 200ul BR + 5ul of 1mg BSA/ml
Standard 3: 200ul BR + 5ul of 0.5mg BSA/ml
Standard 4: 200ul BR + 5ul of 0.25mg BSA/ml
Standard 5: 200ul BR + 5ul of 0/125mg BSA/ml
Unknown sample: 200ul BR + 5ul of sample
Blank: 200ul BR + 5ul PBS
The samples were mixed using a microplate mixer and incubated at room temperature for
at least 5min. The spectrophotometer was set to 595nm, and the absorbance of standards, blank
and unknown sample were measured. A standard curve was created by plotting the 595nm values
(y-axis) versus their concentrations in pg/ml (x-axis). The unknown sample was determined by

using the standard curve.
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Appendix four: Antibiotics, antimicrobial agents, and the other reagents used
4.1 Antibiotics preparation

Meropenem: stock solution: Img/mL (w/v) dissolved in distilled water

4.2 Antibiotics and antimicrobial agents

Antibiotic discs Oxoid
Cetylypyridinium chloride Sigma C0732
Meropenem trihydrate Sigma M2574
Penicillin-Streptomycin Sigma P4333

4.3 Phosphate buffered saline (PBS tablets)
One tablet dissolved in 200ml deionized water giving 0.01M phosphate buffer containing
potassium chloride (0.0027M) and sodium chloride (0.137M). The sample was autoclaved at

121°C for 15min. Adjust pH 7.4 at 25°C.

4.4 Disinfections used in the laboratory:

1% virkon (w/v): 1mg of virkon powder in 100ml PBS

70% ethanol (v/v): 70ml of concentrated ethanol in 2100ml H2O

4.5 Reagents for flow cytometry

Annexin V Binding Buffer BioLegend 422201
Annexin V-FITC BioLegend 640906
Cell staining buffer BioLegend 420201

Zombie NIR BioLegend 423106
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Acetic acid Fisher Scientific 10375020
Acetonitrile Sigma 271004
Ammonium persulphate Sigma A3678
Bis/acrylamide solution for electrophoresis Sigma A3574
Bovine serum albumin Sigma A2153

CelLytic MT Cell Lysis Reagent

Sigma C3228-500 ml

CHAPS Sigma C9426
Chelex Sigma C7901
Chloroform VWR international Itd C_CHLORO

Coomassie brilliant blue

Sigma B0149

Ethanol

Fisher Scientific BP2818

Glacial acetic acid

Fisher Scientific 10139689

Methanol VWR international Itd C_ METHANOL_AR
PBS Sigma P4417

Peptone water Sigma 70179

Phenol Sigma P1037

Potassium chloride Sigma P9541

Sodium azide Sigma S2002

Sodium dodecyl sulfate SDS Sigma L3771

Sulfuric acid Fisher Scientific 15481817

TEMED Sigma T9281

Trifluoroacetic acid Sigma 74564

Triton X100

Sigma X-100
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Trypan blue Sigma T6146
Virkon Fisher Scientific 12358667
Yeast extract Sigma 92144

4.7 Kits

Bradford assay kit Bio-Rad 5000001
Cytotoxicity detection Kitplus Roche 11644793001
QlAamp DNA micro kit Qiagen 56304
QIAquick PCR purification kit Qiagen 28104
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