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ABSTRACT
OF THE THESIS OF

Pascal Zaher Abdel Khalek for Master of Biomedical Science
Major: Experimental Pathology, Immunology,
and Microbiology

Title: Characterization of UTI Causing E.coli and K.pneumoniae Clinical Isolates and
Assessing their Effect on Urinary Tract Cells

Background: Urinary tract infections are among the most common bacterial infections
in the world. They are highly recurrent affecting more than 150 million patients every
year. UTlIs cause a considerable burden on both the economy and health care system.
They are caused by a group of uropathogenic organisms, where Escherichia coli
(E.coli) is the major player in addition to Klebsiella pneumonia (K.pneumoniae) and
other gram negative and gram positive bacteria. With the alarming rise of antimicrobial
resistance among uropathogens, the treatment of urinary tract infections becomes
difficult and thus the need for understanding bacterial pathogenicity in the urinary tract
becomes essential.

Aim: The purpose of this study is to characterize the genetic and molecular factors of
the E.coli and K.pneumoniae clinical isolates isolated from UTI and non-UTI patients
and study their effect on uroepithelium cell line.

Methods: Twelve E.coli and fifteen K.pneumoniae clinical isolates were collected from
UTI and non-UTI patients. The antimicrobial susceptibility testing was performed on
the clinical isolates by disk diffusion and broth microdilution assays using 17
antimicrobials from different antimicrobial families. To study the ability of the E.coli
clinical isolates to form biofilm in vitro, biofilm formation assay was done. The effect
of planktonic and biofilm extracts of the E.coli clinical isolates on the SV-HUC
urothelium cell line was examined using MTT assay. Eight E.coli and seven
K.pneumoniae clinical isolates were subjected to whole genome sequencing in order to
search for differences at the genomic level including antimicrobial resistance genes and
virulence factors.

Results: Disk diffusion and BMDs results showed that most of the E.coliand
K.pneumoniae clinical isolates belonged to the MDR, XDR and PDR resistance
phenotypes.

Ten out of the twelve E.coli clinical isolates were able to form biofilm in vitro. The
biofilm extract of 7 out of the 10 E.coli biofilm producers had an anti-proliferative
effect on the SV-HUC urothelium cell line. The biofilm extract of E.coli 49-448 had the
most noticeable suppressive effecton the proliferation of SV-HUC urothelium cell line.



The planktonic extract of 7 out of the 12 E.coli clinical isolates showed an anti-
proliferative effect on the SV-HUC uroepithelium cell line. The planktonic extract of
E.coli 50-452 had an important anti-proliferative effect on the SV-HUC urothelium cell
line.

WGS results showed that several antimicrobial resistance genes and chromosomal point
mutations conferring resistance for all antimicrobial families were detected in both
E.coliand K.pneumoniae clinical isolates.

Thirteen different plasmids were detected in the 8 sequenced E.coli isolates with 8
different sequence types. WGS results of the E.coli isolates showed 33 different
virulence factors ranging between fimbrial proteins, iron siderophore receptors and
toxins.

Twelve different plasmids were detected in the 7 sequenced K.pneumoniae clinical
isolates with only 1 known detected sequence type.

Conclusion: Antimicrobial resistance is severely arising among uropathogens, E.coli
and K.pneumoniae, thus resulting in a significant decrease in the efficiency of
antimicrobials used for treatment. Biofilm production plays an essential role in
increasing the chance of recurrent and persistent infections in UTI patients. Several
virulence factors expressed in the E.coli isolates may be behind the anti-proliferative
inhibitory effect of biofilm and planktonic extracts on the SV-HUC urothelium cell line.
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CHAPTER |

INTRODUCTION

Urinary tract infections are among the most common recurrent infections
worldwide. However, since many affected patients consider this type of infection asa
minor one with no necessity to report it, UTI prevalence is even much higher than the
available data [1]. Moreover, These infections are considered a leading cause of
morbidity and health care expenditure in patients of all ages [1].

Urinary tract infections are more common in females than in males [2].
Additionally, the risk of acquiring a UTI is affected by the family medical history,
sexual activity, age, and a history of previous UTI episodes [1].

UTlIs canrange from mild to life-threatening infections with 150 million
reported cases annually [1]. They can be classified into uncomplicated or complicated
UTIs [3], primary or recurrent UTIs, and community-acquired or health-associated
UTIs. There are also many types of urinary tract infections depending on which part of
the urinary tract is infected [4].

Most UTIs begin with the bacteria entering the urinary tract through the urinary
opening before ascending the urethra and finally colonizing the bladder [5]. The
majority of UTIs are caused by a group of Escherichia coli (E. coli) referred to as
uropathogenic E.coli (UPEC) which is responsible for 80% of all reported UTI cases
[5]. UPECs possess a broad spectrum of virulence factors including adhesive molecules,
iron chelators, biofilm, and capsular antigens. These factors provide UPECs with the
ability to colonize mucosal surfaces leading to the invasion of the urinary tract [5]. UTIs

can be further caused but to a lesser extent by K. pneumoniae which is another gram-



negative bacteria that normally lives in the intestine. These bacteria become harmful
when leaving the intestine to any other part of the body such as the urinary tract thus
causing a urinary tract infection [6].

Urinary tract infections are becoming difficult to treat due to the rapid rise of
antimicrobial resistance among gram-negative pathogens and the high rate of recurrence
[7]. The antibiotic abuse in medicine has resulted in this drug resistance increase among
uropathogens and the spread of resistant bacterial strains [8]. Nonetheless, treating
urinary tract infections is crucial as the early treatment of UTIs decreases the rate of
morbidity and the complicated consequences. However, as more and more resistant
strains arise, the need for understanding the mechanism of infections becomes
increasingly important. Deciphering pathogenesis could help us explain why certain
uropathogens are more virulent or invasive than others. This could help us in return to
propose new medical guidelines on how to treat UTIs in a more specific manner
especially with the decreased efficiency of the antibiotics used.

Therefore, the purpose of this study is to characterize the antimicrobial
susceptibility profile of E.coli and K.pneumoniae clinical isolates isolated from UTI and

non-UTI patients and to examine their effect on the urothelium cell line.



CHAPTER i

LITERATURE REVIEW

A. Urinary tract infections
1. Definition:

The most familiar human bacterial infections are urinary tract infections [9]. An
infection that affects any part of the urinary tract: kidneys, ureters, bladder, and urethra
is known as a urinary tract infection. The upper urinary tract includes the kidneys and
the ureters which are usually less affected by UTIs while the bladder and the urethra are
parts of the lower urinary tract where most infections take place [10][11]. Infections of
the urethra are known as urethritis, those of the bladder are named cystitis and a kidney
infection is called pyelonephritis [11]. Bacteria are the main causes of urinary tract
infections with some cases being caused by fungi or viruses [12].

Symptoms of UTIs include a burning sensation with urination and a non-stop
urge to urinate even though only a small amount of urine is excreted. A cloudy, bloody,
or strong-smelling urine is also considered a sign of urinary tract infection [10], as seen
in figure 1.

Urinary tract infections are classified based on the cause that stimulates the
infection as either uncomplicated or complicated UTIs [13]. The latter occurs in case of
pregnancy, immunosuppression, or urinary tract abnormalities [14] as they are
persistent and not easily treated [13]. Treating a urinary tract infection, even when it is
originally uncomplicated is crucial since an untreated UTI can expand to the upper tract
causing severe complications such as kidney damage and renal failure, before spreading

to the blood triggering sepsis [12].
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Urinary tract infections can be further classified as primary or recurrent
infections. Recurrent UTIs occur twice or more times within 6 months and three or
more times within a year. They are typically more common in women than men [15].
Recurrent UTIs can be divided into relapses or reinfections. Reinfections occur due to a
new infection; the urine will show negative bacterial growth after the treatment of the
previous infection. However, the same organism can be noticed 2 weeks after the
treatment or a new could be detected as the causative agent [16]. On the other hand, a
relapse UTI results from treatment failure and is caused by the same bacterial infection
within 2 weeks of treatment. A reinfection UTI is more common than a relapse UTI

however it is difficult to clearly distinguish between the two types [16].

Urinary Tract Infection

Symptoms

. o persistent urge
to urinate
burning or pain
when urinating
passing frequent,
small amounts of
urine

‘ cloudy urine
pink, red, or
brownish urine
strong-smelling
urine

Figure 1 Urinary tract infections symptoms [17]
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2. Clinical Importance and epidemiology

150 million individuals experience urinary tract infections every year, with their
financial load surpassing 6 billion dollars in direct health expenditure [18]. These UTIs
are also responsible for 8 to 10 million doctor visits annually [19]. In the USA for
example, UTIs are considered as the second reason for physician visits and cost the
health care system over 2 billion $ per year [20]. Beside, healthcare-associated UTIs
(HAUTIS) consist the largest part of healthcare-associated infections. HAUTIs account
for 12.95% in the U.S, 19.6% in Europe, and 24% in developing countries [21].
Additionally, a study done regarding urinary tract infections in Colombia showed a high
prevalence of UTI with E.coli being the most causative agent (69%) followed by
Enterococcus species (11%) [21].

With respect to the Middle Eastand North Africa (MENA) region, and in an
effort to study the prevalence and antimicrobial susceptibility of intra-abdominal and
urinary tract infections by extended-spectrum beta-lactamase (ESBL) positive
pathogens, a study was performed in 2011-2012 in two care centers in Lebanon. The
data was then compared to that obtained from around the Middle Eastregion. The
report showed that that E.coli was the predominant pathogen among the collected
isolates with K. pneumoniae insecond place. Similar outcomes were obtained in the
region. Moreover, 26% of the isolates in Lebanon were ESBL producers with
comparable results for the Middle East isolates. Concerning the antimicrobial
susceptibility results, the most effective drugs against ESBL and non-ESBL E.coliand
K.pneumoniae at the level of Lebanon and the region were ertapenem, imipenem, and

amikacin [22] as seen in figures 2 and 3.
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SMART Study: Susceptibility of SMART study: Susceptibility of

E. coli by ESBL E. coli by ESBL
1Al Middle-East 2011-2012 1AL Lebanon 2011-2012
100
90
a0
70
£ eo
£ so
% 40
Ly
10
L1
gg%gé&é§g§§é s 352Ekg5z53¢8
CE. coli ESBL + (n=350}  ME. coli ESBEL - (n=677] CE. coli ESBL + (n=30)  BE. coli ESBL - [n= 143)
AME : Amikacin CAZ : Ceftazidime CIPF = Ciprofloxacin CRO - Ceftrianone
CTH : Cefotaxim ETP - Ertapen=m FEP - Cefepim FOX - Cefoxitin
PR Imiipenem LWH : Lewvofloxacin SAM: Ampicillin-sulbactam TZP: Piperacillin-tazobactam

Figure 2 Antimicrobial susceptibility profile of E.coliisolates in the Middle East and

Lebanon [22]

SMART Study: Susceptibility of SMART Study: Susceptibility of
K. Pneumoniae by ESBL K. Pneumoniae by ESBL
1Al, Lebanon 2011-2012 1al, Middle-East 2011-2012
100 - 100
Q0 - 90
%— 80 - 80
= J0O TO
£ 60 60 7
B 50 A 50
g 40 40 -
& 30 30 -
20 20 A
10 - 10 A
o o 4
M K. pneumoniae ESBL+ (n=17) M K. pneumoniae ESBL+ (n=173)
M K. pneumoniae ESBL- (n=19) M K. pneumaoniae ESBL- (n=172)

Figure 3 Antimicrobial susceptibility profile of K. pneumoniae in Lebanon and the

Middle East [22].

Since UTIs are known for being the second cause of death among kidney
transplant patients, a review analyzed the prevalence of uropathogens and studied the
change in their antimicrobial susceptibility profiles among renal transplant recipients in

the Middle East between 2010 and 2020 [23]. Both gram-negative (E.coliand K.
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pneumoniae) and gram-positive bacteria including enterococci and coagulase-negative
Staphylococcus were present after renal transplantation in the patients of the region.
And alarmingly, results showed that more than 50% of the chosen isolates causing
urinary tract infections in kidney transplant patients were resistant to more than 50% of
the used antibiotics. In fact, it was found that gram-negative isolates from the Middle
East were highly resistant to fluoroquinolones, aminoglycosides, and third-generation
cephalosporins [23]. Concerning urinary tract infections and pregnancy in women, 20%
of pregnant women who visited Maternal and Children Hospital in Makkah, Saudi

Arabia experienced urinary tract infections [24].

3. Risk factors:

UTlIs are more prevalent in adults with only 1 to 2% of children develop urinary
tract infections [19].UTIs are more common in females than in males [25] where 50%
of all women will get infected at least once during their life with 20-30% being infected
more than once [11].0On the other hand, men rarely experience UTIs wherein every
10000 men, only 5 to 8 below 50 acquire such infections [11]. The risk of developing a
urinary tract infection increases with age where the rate of UTIs in women above 65 is
double the rate of the total female population [21].

Some common risk factors for urinary tract infections include:

e Female Anatomy: in females, the urethra is shorter and closer to the anus, where
E.coli bacteria are abundant, thus increasing the chance of such bacteria
colonizing the urethra [19].0On the other hand, men have longer urethra with a
protective antimicrobial substance abundant in the prostatic fluid [26] making

them at a lower risk of developing urinary tract infections compared to women.
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Sexual activity: During sexual intercourse, the bacteria can be pushed into the
female urethra thus increasing the risk of infection [27]. Using a diaphragm may
also lead to a urinary tract infection, as the diaphragm pushes against the
urethra. This action will result in the inability to completely empty the bladder,
and the small amount of urine left in the bladder facilitates bacterial growth in
the urinary tract [25]. Spermicides may also contribute to urinary tract infections
since good bacteria present in and around the vagina are more prone to being
killed off by spermicides thus making space for pathogenic bacteria to cause
infections [28].

Pregnancy: A pregnant woman is more likely to develop UTIs than others
because of the effect of her body changes on the urinary tract [11]. During
pregnancy, the kidneys become larger and the uterus expands which compresses
the bladder making it hard to empty all of the urine [29]. Under the high
production of progesterone, the ureters relax and weaken as well. A decreased
ureter and bladder tone however results in urinary stasis thus exposing the
women to urinary tract infections and pyelonephritis [30].The lower urinary
tract may also show a reduced ability in resisting bacteria under the effect of
progesterone and estrogen. Furthermore, glycosuria (presence of glucose in the
urine) developed by 70% of pregnant women enhances the survival and growth
of bacteria [31].

Blockage of the urinary tract: kidney stones or a large prostate could trap urine
in the bladder thus causing urinary tract infections [32].

Menopause: With age, the vaginal tissue becomes thin with less elasticity, and

fully emptying the bladder becomes difficult. These factors enhance the chance
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of developing a urinary tract infection [33]. The deficiency of estrogen also
contributes to urinary tract infections where the absence of estrogen decreases
the growth of Lactobacillus in the vaginal epithelium, resulting in the elevation
of the vaginal pH, and subsequently enhancing the vaginal colonization by

Enterobacteriaceae as seenin figure 4 [34].

\l, Estrogen

v
J Vaginal lactobacilli

v
T Vaginal pH

v

'T Colonization of the vagine with Enterobacteriaceae from the rectum

Figure 4 The relation between estrogen and urinary tract infections [34].

Catheter: A catheter is a tube inserted through the urethra into the bladder to
drain urine. It is acommon practice in medicine as 15-25% of patients use
catheters during their stay in the hospital. However, the use of catheters is
dangerous as it is the cause of more than 75% of hospital-acquired urinary tract
infections [35]. Additionally, catheter-associated urinary tract infections result in
increased death and morbidity and are responsible for secondary bloodstream
infections [36]. The main mechanism by which catheters promote UTIs is that
they represent a medium that allows the formation of biofilms on their interior

and exterior surfaces [37].
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e Diabetes: Diabetic patients are at a higher risk of developing a urinary tract
infection than non-diabetic people. This may be due to high glucose levels in
urine that stimulate bacterial growth [38]. Additionally, high glucose levels in
the blood can cause nerve damage, which consequently decreases the ability of
the bladder to sense the presence of urine. This leads to the urine staying long in
the bladder and thus to an increase in the chances of bacterial infection [39].

e Not drinking plenty of fluids (water), drinking too much alcohol and caffeine
that irritate the bladder, poor personal hygiene, not cleaning the genital area,
using irritant feminine products, and wearing non-cotton underwear are

additional factors that contribute to acquiring a urinary tract infection [32].

B. Uropathogens:

Gram-negative bacteria such as E.coli, Klebsiella species, Pseudomonas
aeruginosa, and Acinetobacter species are the common causative agents for urinary
tract infections. Concerning gram-positive bacteria, Staphylococcus saprophyticus,
coagulase-negative Staphylococcus, and Enterococcus species may also be behind UTIs
but to a lesser extent[40].

Escherichia coli is the most common cause of both complicated and
uncomplicated UTI [36]. E.coli is responsible for 80-90% of uncomplicated urinary
tract infections [41] ,65% of complicated UTIs [42] and 90% of the bladder infections
(cystitis) [32]. In addition to uropathogenic Escherichia coli (UPEC), agents causing
uncomplicated urinary tract infections include Klebsiella pneumoniae, group B

Streptococcus (GBS), and Staphylococcus saprophyticus. While, with respect to
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complicated UTIs, causative agents include Enterococcus species, Klebsiella

pneumoniae, and Candida spp. as well [36]. (Fig.5)

Uncomplicated UTI Complicated UTI

3%2%; 1%
1%
1%

I UPEC

I K. pneumoniae
Bl S. saprophyticus
[ Enterococcus spp.
I GBS

B P mirabilis

B P aeruginosa

B S. aureus

I Candida spp.

Risk factors Risk factors

* Female gender * Indwelling catheters

* Older age * Immunosuppression

* Younger age * Urinary tract abnormalities

* Antibiotic exposure

Figure 5 The prevalence of urinary tract infections causative agents [36]

1. Mechanism of infection

Uncomplicated UTIs occur when a uropathogen directly attaches to the bladder
epithelium. On the contrary, a complicated UTI begins with bacterial adherence to a
bladder stone, kidney stone, or catheter [43].

Typically, uncomplicated urinary tract infections start with a pathogen present in
the gut that colonizes the urethra and then migrates to the bladder (as seen in figure 6).
With the help of fimbria (pili) and adhesion factors, the pathogen adheres to the
superficial epithelial cells. For UPECs, adherence occurs through its binding to a3p1
integrin and uroplakins, a protein complex that protects against urine harmful agents,

present on the apical membrane of umbrella cells [44][45][46].
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The bacteria then proceed to evade the host immune system, multiply and form
biofilms. Later on, the microbe and through the production of toxins harm the host cell
to receive the nutrients essential for its survival and then ascend to the kidneys. Further
tissue damage can occur with kidney colonization.

Conversely, complicated UTIs start with the same initial steps as that of
uncomplicated infections however the bladder must be compromised for the microbe to
cause an infection. This happens in the presence of a catheter where tissue damage
triggers inflammation, which then leads to the production of fibrinogen. The latter
creates a mesh to which the pathogens bind using fibrinogen binding proteins. And once

they are anchored, these bacteria can then multiply and form biofilms.
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Figure 6 Urinary Tract Infections' Pathogenesis [36].

2. Secreted toxins and virulence factors

Virulence factors such as pili, lipopolysaccharides, and capsules make the bacteria

more virulent thus strengthening its infection capacities [40].
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a. Uropathogenic Escherichia coli

.. Adhesins_and pili

Chaperone usher pathway pili (CUP pili) are adhesive fibers gathered by the
chaperone-usher pathway machinery and made up of pilin subunits with incomplete
immunoglobulin-like folds that lack the typical carboxy-terminal seventh 3 strand
[47][48]. E.coli possesses 38 different CUP pili operons whereby 12 different CUP pili
can be encoded by one UPEC strain [47]. Different adhesins are present on the top of
CUP pili that recognize receptors in the lower and upper urinary tract [49]. The two
main types of CUP pili are the type 1 pili and pyelonephritis-associated (P) pili. Type 1
pili hold adhesin FimH which includes an N-terminal carbohydrate-binding pocket that
recognizes mannose in host glycoprotein receptors [46]. FimH recognizes and binds to
uroplakins and a3B1 integrin stimulating invasion to the bladder uroepithelium
[46][50]. The binding of type 1 pili to receptors on the uroepithelial cells allows the
activation of Rho-family GTPases (Rac, Cdc42, and Rho A) through a signal
transduction cascade resulting in actin rearrangement and bacterial internalization [51].
FimH-mediated invasion to the bladder epithelium cells activates Cdc42 which in turn
activates tyrosine-phosphorylated FAK and PI-3Kinase. P1-3Kinase activation produces
3, 4, 5 phosphoinositide that leads to de novo actin polymerization and activates
consequently Rac 1. Such processes result in the synthesis of the a-actinin-vinculin

complex necessary for the actin filament stabilization [51], as seen in figure 7.
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Figure 7 Type-1 piliated E.coli invasion mechanism [51]

Toll-like receptor 4 recognizes the production of lipopolysaccharide by UPEC
and thus stimulates the adenylyl cyclase 3(AC3) activation and cyclic AMP production
resulting in the exocytosis of the UPEC through the apical membrane [20]. However,
UPEC weakens this defense expulsion mechanism by moving to the cytoplasm through
an unknown mechanism, dividing and forming metabolically active biofilm-like
intracellular bacterial communities (IBC), also known as bacterial factories or pods.
[52][53]. IBCs are formed by uropathogenic Escherichia coli to defend themselves
against antibiotics, neutrophils, and other stress types [52]. After IBC maturation, the
bacteria will spread, occupy other cells and the IBC cycle will be repeated [52][53]
[54].

IBC formation consists of four phases. During the first phase, the bacteria are
rod-shaped, non-motile, and found as loosely organized colonies within the cytoplasm
of superficial umbrella cells. In the second phase, rod-shaped bacteria collect and

mature into highly organized globular shaped biomass containing more than 104
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organisms where in order to increase the bacterial packing, bacteria switch reversibly
from rod-shaped to cocci morphology. In the third phase, bacteria in 1BC change back
to motile rod-shaped bacteria, separate, and flow out of the cell. Finally, during the
fourth phase, bacteria adapt the filamentous morphology and become resistant to
neutrophils to maintain survival. Moreover, bacteria that moved out of the cells can
reenter and form quiescent intracellular reservoirs[49] [52][55] as seen in figure 8.
Quiescent intracellular reservoir (QIR) created by UPEC contains 4-10 non-
replicating bacteria in their dormant state that can survive for months without being
detected. These intracellular reservoirs make the bacteria resistant to antibiotics and
protected from neutrophil infiltration and host defenses. QIR becomes activated with
the differentiation of underlying immature cells to umbrella cells and actin
rearrangement thus delivering the bacteria back to the bladder lumen and causing

recurrent urinary tract infections [50][56] [57].
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Figure 8 Process of Intracellular bacterial community formation[49].

PapG is an adhesin tipped on the P pili that recognizes globosides containing
glycolipids found in the human kidneys [49]. Interaction of PapG with TLR4 decreases
the expression of polymeric immunoglobulin receptor (PIGR) and consequently reduces
the transport of immunoglobulin A through the lamina propria and epithelial cells to the
kidney‘s lumen [58]. The inhibition of immunoglobulin A transport permits UPEC
avoidance of the antibody immune response and ascension to the kidneys [58] as seenin

figure 9.
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Figure 9 Uropathogenic Escherichia coli virulence factors [36]

In addition to type 1 pili and P Pili, UPEC possess also F1C, S, and Afa/Dr pili that
are of high importance in urinary tract infections [49]. F1C pili bind to
lactosylceramide-containing receptors in kidneys while S pili recognize a-sialyl-2,3-p-
galactoside -containing receptors in bladder and kidneys, with both pili having arole in
ascending UTI [49]. Adhesin of Dr pili recognizes Dr blood group antigen present on
type 4 collagen and the decay-accelerating factor (DAF) or CD55 [59], a complement

regulatory protein present on mammalian kidney cells that protects them from
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complement-mediated damage [60]. The Dr pili attachment stimulates the

internalization of UPEC through a pathway involving microtubules [61].

ii.  Capsule:
The capsule present on the UPEC surface protects it against the innate immune
system by preventing complement activation and phagocytosis by human polymorph

nuclear cells [49].K1 and K5 are capsule types that mimic certain components in the

tissues thus allowing the aversion of the humoral immune response in the host [62].

iii.  Toxins and proteases:

Since the bladder has a restricted amount of nutrients, uropathogens tend to get
their supply of nutrients from host tissue injuries through the act of toxins and
proteases. a-hemolysin, a toxin involved in upper UTIs such as pyelonephritis, is
produced in high concentration by UPEC which allows pore formation in umbrella cells
and consequently their lysis and thus the release of iron and nutrients [63][64].
Moreover, low concentration a-hemolysin plays an important role in neutrophils and T-
lymphocyte apoptosis [59], umbrella cells exfoliation, colonization, and bacterial spread
from one cell to another [64][65].

UPEC also releases cytotoxic necrotizing factor 1 (CNF1) that binds to the
receptor named basal cell adhesion molecule (BCAM also known as LU) [66]. The
latter enters in anendocytic vesicle and then moves to the cytoplasm where it activates
Rho GTPases through deamination of the glutamine residue (glutamine 63 of Rho Apr

61 Rac and Cdc42) into glutamic acid. The activation of Rho proteins renders them

sensitive to ubiquitylation and proteasome degradation. This restricted activation and
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low level of Rho proteins lead to actin rearrangement and increased bacterial invasion
and internalization[67][68][69][ 70]. Since the members of the Rho family antagonize
each other this means the decrease in Rho or Cdc42 due to degradation switches the
dynamic balance in favor of Rac [67]. CNFL1 activation of RAC1-GTP stimulates the
anti-apoptotic and pro-survival pathways by inducing the survival pathway
PI3K/Ak/IKK/NF-kB pathway and the synthesis of Bcl-2, the antiapoptotic protein.
Bcl-2 in turn causes a modification in the mitochondrial network (elongated and
interconnected mitochondria) and prevents cell death. UPEC utilize the host cell
prolonged survival to thrive in a protected environment and forming reservoirs for
recurrent infections [67] as seenin figure 10.

Another UPEC derived factor that also has an important role in UTIsis SAT, a
secreted autotransporter protein toxin with cytotoxic activity against bladder and kidney

cell lines [59].
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iv.  Biofilm:

Biofilms are communities of microbes attached to the surface and implanted in a
self-produced extracellular matrix composed of extracellular polymeric substances
(EPS), pili, flagella, carbohydrate-binding proteins, and extracellular DNA [43][53].
Biofilms protect the bacteria from innate immune defenses, decline the efficiency of
antimicrobials and ease the spread of plasmids thus amplifying antimicrobial resistance
[71]. Biofilm formation consists of many steps and stages, with the introduction of the
bacteria to the surface being the first step. During this phase, the initial attachment may
be reversible and dynamic by which the bacteria can detach and as it experiences
attractive and repelling forces affecting the process [72][73]. Additionally, the motility
provided by the flagella as well as chemotaxis play an important role in facilitating the
initial introduction [74].

Irreversible attachment of uropathogenic E.coli depends on type 1 pili and FimH
adhesins present on the top of the pili that bind to their mannosylated receptors [74].
Biofilm formation of uropathogenic E.coliis stimulated by type 1 pili, curli (adhesive
surface fibers), antigen 43, and flagellar-mediated motility allowing interbacterial
communications and surface attachment [75][76]. Flagellar-mediated motility is
responsible for initiating the initial steps of adhesion between the cells and surface
where type 1 pili will stabilize this connection [75]. Ag43 is an autotransporter protein
displayed on the cell surface and involved in cell-to-cell binding and autoaggregation
but not the attachment to abiotic surfaces as seen in figure 11 [77].0On the other hand,
non-motile E.coli strains and despite the absence of motility can establish cell to surface

interactions through the presence of the outer membrane adhesin Curli [75].
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With the secretion of the extracellular polymeric substances, the cells become
strongly attached and immobilized on the surface where then a process of multiplication
starts, and the motile cells changes to micro-colonies [78]. The aggregated cells later
form clusters and mature into complicated biofilm complexes with channels for oxygen
and nutrient transport to the cells [79].

Based on the environmental changes, bacteria decide whether to stay in biofilms
or disperse and go back to their planktonic lifestyle. In UPEC, a rise in extracellular
iron stimulates biofilm dispersal [80]. Additionally, c-di-GMP is a second messenger
that plays an important role in the shift between sessility and motility in bacteria where
an increase in c-di-GMP induces sessility while its decrease stimulates bacterial motility
[81].

Catheters are one of the factors that stimulate uropathogens to produce biofilms.
The longer the catheter stays, the higher the risk of forming a biofilm and developing a
urinary tract infection [43]. A catheteris composed of antiadhesive silicone or latex and
is inserted into the bladder through the urethra [82]. Biofilm formation on a catheter
starts with the building up of a film of the components of the host’s urine such as
proteins and electrolytes. The formed film neutralizes antiadhesive properties and
induces the attachment of free-swimming bacteria through several interactions.
Adhesion proceeds with cell division of adherent cells and extracellular matrix
production then the biofilm cycle is completed with the dispersion of organisms into the

urine [83].
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Iron is an important element for many organisms because of its mandatory role
as a cofactor for necessary enzymes [84]. In order to grow in the human bladder where
iron is restricted, uropathogens tend to use iron chelators known as the siderophore
system for iron scavenging. The system includes a siderophore assembly machinery
made of a siderophore that binds to iron and a receptor that internalizes it [85].

Four types of siderophores are expressed by UPEC: aerobactin, enterobactin,

yersiniabactin, and salmochelin [86]. Aerobactin is rarely expressed, has greater
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stability and solubility but less affinity to iron compared to enterobactin [87].
Furthermore, aerobactin can be recycled after the delivery of iron while enterobactin
becomes hydrolyzed after each turn of iron transport [87]. Yersiniabactin, a mixed type
siderophore, plays an important role in biofilm formation and protects the pathogen
from copper stress killing by sequestering the host-derived copper [88]. Salmochelin is

a glucosylated derivative of enterobactin that can evade the host immune system [86].

b. K. pneumoniae

.. Adhesins and Pili :
K. pneumoniae is considered the second main reason for gram-negative UTI
[89]. Similar to UPEC, K. pneumoniae expresses type 1 pilus with a homologous FimH
adhesin to that of UPEC but with different binding specificity and poor adhesive
properties [90]. In addition to type 1 pili, K. pneumoniae expresses other types of CUP
pili including type 3 pili [91]. Both type 1 pili and type 3 pili play an important role in
K. pneumoniae invasion, biofilm formation, and perseverance in both UTI and CAUTI

[91][92][89][93]. K. pneumoniae type 1 pili mediates also the formation of intracellular

bacterial communities [89].

ii.  Urease:
Urease produced by K.pneumoniae utilizes urea as a nitrogen source and
produces ammonia and carbon dioxide. Ammonia consequently causes damage to the

tissues [94].
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iii.  Biofilm:
Type 1 and 3 fimbriae play an important role in biofilm formation on catheters
and can compensate for each other. Thus biofilm formation can be attenuated only when

both pili are absent [95].

iv.  lron scavenging:
K. pneumoniae possesses 2 siderophore systems: enterobactin and aerobactin
[96]. Almost all Klebsiella strains produce enterobactin however aerobactin is rarely

observed [87].

v.  Capsule and LPS:

Surrounding the outer membrane of K.pneumoniae is a polysaccharide capsule
that prevents phagocytosis [84], inhibits complement component uptake [87], and
mediates mucosal layer adherence [97]. Another important virulence factor of
K.pneumoniae is the lipopolysaccharide present in its outer membrane. LPS is
composed of lipid A, core oligosaccharide, and a polysaccharide (O antigen). O antigen

plays an important role in bacterial resistance against complement-mediated Kkilling

[97].

3. Resistance and pathogenicity
It’s important to efficiently treat UTIs since if left untreated, such infections can

cause serious and permanent damage.
The treatment of urinary tract infections traditionally includes improper usage of

broad-spectrum antibiotics in which antimicrobial treatment is started before waiting for
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the laboratories results [98]. This misuse causes the emergence and increase of
antimicrobial resistance in uropathogenic bacteria [40]. Today, the development and
spread of antimicrobial resistance in UTI pathogens especially gram-negative bacteria is
rising all over the world [18]. According to a survey conducted by the European Survey
of Antibiotic Consumption, resistant strains are accountable for the death of 25,000
Europeans annually because of urinary tract infections complications [99].

Of particular concern are members of the family Enterobacteriaceae, E.coli, and
K.pneumoniae, with both having strains that harbored the plasmid coding extended-
spectrum beta-lactamase [100][101][102]. Extended-spectrum beta-lactamase produced
by E.coli provokes high resistance rates towards broad-spectrum penicillins,
cephalosporins (except cephamycins), and monobactams [9][103]. Usually, the plasmid
containing the gene encoding for ESBL also carries genes that confer resistance against
aminoglycosides and quinolones [104].

The increase in antimicrobial resistance among UTI pathogens has limited the
number of efficient drugs used for treatment [105]. As an example, trimethoprim-
sulfamethoxazole was previously used for the treatment of UTIs, but with the
emergence of its resistance in uropathogens, fluoroquinolones startedto be used as first-
line therapy. However, the prevalence of ciprofloxacin-resistant E.coli has been rising
recently worldwide [106].

A study was done to assess the susceptibility profile of Enterobacteriaceae
causing urinary tract infections proved the efficiency of fosfomycin against multidrug-
resistant and extended-spectrum beta-lactamase-producing uropathogenic strains[41].
Fosfomycin is a broad-spectrum antibiotic inhibiting cell wall synthesis by prohibiting

the initial step involving phosphoenolpyruvate synthetase in both gram-negative and
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gram-positive bacteria including Methicillin-resistant Staphylococcus Aureus,
Vancomycin-resistant Enterococcus, and Pseudomonas sp. [107] [108]. Fosfomycin is
considered an optimal treatment as it is given as a single dose per day, safe during
pregnancy, and effective against anaerobic gut flora [109]. Nitrofurantoin, on the other
hand, is also a promising treatment option for uncomplicated urinary tract infections. A
study performed to identify and profile the common causing microbes of UTIs in
children in south Indian hospitals demonstrated that ESBL positive E.coli are still
susceptible to oral Nitrofurantoin [108]. The efficiency of Fosfomycin and
Nitrofurantoin against ESBL producing E.coli was also proved by a study done in China
to test the susceptibility profile of clinical isolates from UTI patients [110]. Moreover, a
study to assess the in vitro activity of Fosfomycin against E.coli isolates from the urine
or blood of Korean patients indicated the decent antibacterial activity of Fosfomycin
also against ciprofloxacin-resistant E.coli [106].

Nowadays, and due to the arising antibiotic resistant strains, urinary tract
infections are becoming difficult to treat and increasingly causing economic and health
care burden. The importance of our study is to analyze the molecular differences
between the uropathogenic clinical isolates which may offer us future vision on what
causes the differences in the pathogenesis of these isolates in UTI. This reveals the path

for new medical therapies other than the antimicrobial agents.
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CHAPTER 1

MATERIALS AND METHODS

A. Collection ofClinical Isolates:
E.coliand K.pneumoniae clinical isolates originating from UTI and non-UTI
patients were collected from Bakhazi hospital and the American University of Beirut

Medical Center. E.coli ATCC 25922 was used as a control strain.

B. SV-HUC-1 epithelial cell line:

The SV-HUC-1 normal human uroepithelium cells were cultured and
maintained in Dulbecco’s Modified Eagle Media (DMEM)/Nutrient Mixture F-12
HAM (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Sigma-Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich). Cells were

incubated at 37°C in a humidified incubator containing 5% CO,.

C. Antimicrobial Susceptibility tests:

To assess the antimicrobial susceptibility profiles of the clinical isolates,
antimicrobial susceptibility testing was performed using both disk diffusion and broth
microdilution assays. Inhibition of each isolate was defined as susceptible, intermediate,
or resistant according to the guidelines of the Clinical and Laboratory Standards

Institute (CLSI) [111].
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1. Disk Diffusion:

For the disk diffusion test, Muller Hinton agar (MHA) (Neogen) plates were
used. A few colonies of overnight bacterial culture were suspended in 2 mL Cation-
Adjusted Muller Hinton Broth (MHCAB) (BD) until the difference in optical density
between the sterile broth and the bacterial suspension reached 0.5 McFarland. After
that, using a sterilized cotton swab, the MHA plates were streaked in 4 different
directions with the bacterial solution. The antibiotic discs were then added to the plates
using a sterilized forceps. Plates were read where the diameter of the inhibition zones
around each disc was determined after overnight incubation at 37°C.

The antibiotic discs used were cefuroxime CXM (30 pg/BD BBL TM), ceftazidime
CAZ (30 ug/ BD BBI TM) , cefepime FEP (30 pg/oxoid), meropenem MEM,
Ertapenem ETP ( 10 pg/BD BBI TM), Imipenem IPM (10 wg/BD BBI TM), Aztreonam
ATM (BD BBL TM), Levofloxacin LVX (5 pg/BD BBL TM), Ciprofloxacin CIP (5
pg/BD BBL TM), Gentamicin GM (10 pg/BD BBL TM), Amikacin AN (30pg/BD
BBL TM), tetracycline TE (30pg/BD BBL TM), Fosfomycin FOS (50 pg/oxoid)
Tazocin TZP (piperacillin-tazobactam: 100pg-10pg/BD BBL TM) and Bactrim SXT (

sulfamethoxazole trimethoprim: 23.75 pg-1.25ug/BD BBL TM).

2. Broth Microdilution:

Broth microdilution was done for 2 different antibiotics (colistin and zerbaxa)
(Sigma-Aldrich). Ina 96 well-plate, 90 pL of Cation Adjusted-Muller Hinton Broth
(MHCAB) was pipetted in each well from columns 2 till 12. In column 1, the following
volumes of MHCAB and antibiotics were added to reach an initial concentration of

each antibiotic as seenin table 1.
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Table 1 Broth Microdilution experimental conditions

Antibiotic MHCAB volume Antibiotic volume Initial
(uL) (uL) concentration
(Mg/mL)
Colisitin 159.5 20.5 512
Zerbaxa 169.76 10.24 512

Then using a multichannel pipette, two-fold serial dilution took place between
columns 1 and 11 to have a concentration gradient ranging from 512 pg/mL to 0.5
pg/mL for colistin and zerbaxa. Column 12 received no antibiotics where half of the
wells were used a positive control (bacteria and broth) and the other half as negative
control (only broth). All the wells between column 1 and 11 and the positive control
wells of column 12 were then inoculated with 10 pL of a bacterial solution ending with
a final volume of 100 pL in all the wells. Then the plate was placed in a shaking
incubator at 160 rpm at 37°C overnight.

To prepare the bacterial inoculum, a few colonies of an overnight bacterial
culture were suspended in 2 mL of MHCAB until the difference in optical density
between the sterile broth and the bacterial suspension reached 0.5 McFarland. Further,
0.5 mL of the bacterial suspension was then diluted in 9.5 mL of MHCAB.

When reading the results, the negative control was checked to ensure the absence of
contamination, and the positive control was checked to ensure that the bacterial
suspension was successfully prepared and growth took place. Wells 1-11 were checked
for bacterial growth, and for the last well where the growth was not observed, the
corresponding concentration was considered as the minimal inhibitory concentration or

MIC. Experiments were run in duplicates for each bacterial isolate.
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D. Biofilm Formation Assay:

In order to assess whether E.coli clinical isolates were able to form biofilms in
vitro, a biofilm formation assay was performed. Cultures were prepared by initially
inoculating a single colony into 3 mL LB Broth (Acumedia-LAB M). The cultures were
then incubated overnight at 37 °C with shaking at 150 rpm. 500 pL of the overnight
bacterial culture were transferred into 2 mL LB broth and the optical density was
adjusted at 0.5 McFarland. The resulting bacterial solution was then 100 fold diluted in
LB Broth and 200 pL of the dilution was added to each well of the 96 well-plate. Plates
were then incubated at 28°C without shaking for 24 hrs. Following incubation, the
supernatant was removed and the plates were washed 3 times with 270 pL sterilized
phosphate-buffered saline (PBS) (Lonza) to remove the remaining media and
unattached or loosely attached cells. The plates were then air-dried for 30 minutes and
stained with 100 pL per well of 0.1 % crystal violet (C.V) for 20 minutes. The plates
were then washed 3 times with PBS to remove excess stain, air-dried for 30 minutes,
and then 100 pL per well of 95% ethanol was added to each well to dissolve C.V.
Absorbance of the samples was measured at a wavelength of 595 nm using an ELISA

microplate reader.

E. Biofilm transfer assay:

In order to test the feasibility of transferring E.coli biofilm from 1 well to
another, a biofilm transfer assay was originated. A single bacterial colony was
inoculated in 3 mL LB Broth and incubated at 37°C overnight. Then 500 pL of the
overnight bacterial solution was added to 2 mL LB broth and the optical density was

adjusted at 0.5 McFarland followed by 100 fold dilution. After that, 500 pL of the
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diluted solution was transferred to 48 well-plate and incubated overnight at 28°C
without shaking. The supernatants were removed completely and the biofilms were
washed with PBS, or some media were left over the biofilm. In both cases, the biofilm
was later transferred from 1 well to another using a 100 pL pipette, stained with 200 pL
C.V for 10 minutes, and then washed with 200 puL PBS. 200 uL of ethanol was then
added. Absorbance was measured at a wavelength of 595 nm using an ELISA

microplate reader.

F. Biofilm Extracts Collection:

Biofilm extracts were prepared in order to assess their effects on the SV-HUC
cell line. A single colony of an overnight culture was inoculated into 3 mL LB Broth.
The cultures were then incubated overnight at 37 °C with shaking at 150 rpm. 500 pL of
the overnight bacterial culture were transferred into 2 mL LB Broth and the optical
density was adjusted at 0.5 McFarland. The resulting bacterial solution was 100 fold
diluted in LB Broth and 250 pL of the dilution was added to each well of the 48 well-
plate. The plates were incubated overnight at 28°C without shaking for 24 hrs. The
extracts/supernatants were then collected in an autoclaved Eppendorf and centrifuged at
5000 rpm for 10 minutes. Then a protease /phosphatase inhibitor cocktail was added to
the supernatant before it was filtered using a 0.2 um filter and frozen at -20°C until

further use.

G. Planktonic Cells Supernatant Collection:

Planktonic cells supernatants were prepared in order to assess their effects on the

SV-HUC cell line. A full loop of bacterial colonies from an overnight grown culture
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plate was inoculated in 10 mL LB broth and incubated overnight on a shaker incubator
at 37°C at 160 rpm. The culture was later centrifuged at 5000 rpm for 10 minutes at 4°C,
the supernatant was collected and the pellet was discarded. A protease/phosphatase
inhibitors cocktail was added to the supernatant/extract before it was filtered with a 0.2

pm filter. The extract was stored at -20°C until it was used as a treatment for cells.

H. Lowry Assay for protein quantification:

Lowry assay was used for protein quantification of the planktonic and biofilm
extracts of the bacteria. The concentrations used in the in-vitro experiments were
determined from concentrations obtained from the Lowry assay. In a 96 well-plate,
different concentrations of Bovine Serum Albumin (BSA) were prepared (0, 0.4, 0.8,
1.2, 1.6, and 2 mg/mL) and used as a standard curve. 1 yL of the supernatant sample
and 4 L distilled water were loaded in their respective wells in duplicates. 25 L of
reagent A’ (a mixture of reagent A and S) was added to the wells followed by 200 pL of
reagent B. The plate was then incubated in the dark for 15 minutes. Absorbance

intensity was measured by a microplate ELISA reader (Multiscan EX) at 750 nm.

I. MTT assay:

MTT (3-(4, 5-dimethylthiazol-2-yI)-2, 5-diphenyltetrazolium bromide) assay
was performed for assessing the anti-proliferative and cytotoxic effects of the
planktonic and biofilm extracts on SV-HUC-1 epithelial cells. Cells were seeded (2000
cells/ well) in 100 pL complete DMEM F-12 Ham media and were incubated at 37°C,
5% CO,. After reaching 50% confluency, the cells were treated with either the

planktonic cell extracts or the biofilm extracts at a concentration of 200 pg/mL.
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Treatment was replenished at 24 and 48hrs. At eachtime point, media was removed and
replaced by fresh media along with 10 pL/well of the MTT yellow dye (Sigma-
Aldrich). Nine control wells were included at eachtime point, 3 wells containing only
cells (positive control), 3 wells with only media (negative control), and 3 wells with LB
broth, media and cells (vehicle).

The cells were incubated for 3 hours in the incubator at dark, after which 100 pL
of solubilizing agent isopropanol was added to each well for one hour at dark.

Absorbance intensity was measured by the microplate ELISA reader at 595 nm.

J. DNA extraction:

For DNA extraction, the DNA kit (QIAGEN) was used. After growing the
bacteria in LB broth overnight in a shaking incubator at 150 rpm at 37 °C, a cell pellet
was collected by centrifugation at 5000 rpm, for 10 minutes at 4°C. Further, the pellet
was washed with 10x phosphate-buffered saline solution (PBS) and centrifuged again
for 10 minutes at 5000 rpm at 4 °C to remove debris and media residues. The
supernatant was discarded and the collected pellet was then suspended with 10xPBS,
transferred to autoclaved Eppendorf, and centrifuged at 5000 rpm for 10 minutes. 180
pL Buffer ATL and 20 pL Proteinase K were added to the collected pellet and
incubated at 56 °C until completely lysed (no more than 3 hours). Vortexing the content
every 20 minutes was essential to ensure the complete lysis of the cell. The proteinase
will break down proteins that contaminate the DNA in addition to nucleases that might
break down the genetic material. After incubation, 200 pL of AL buffer was added to
the solution, which is incubated first at 70°C for 10 minutes, then at 95°C for 15

minutes. The droplets on both the wall and the lid of the tube were spun down after each
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incubation. Then the mix was centrifuged at 5000 rpm for 10 minutes at room
temperature, the pellet containing cell debris was then discarded. The supernatant was
transferred into a new autoclaved Eppendorf and 200 pL of 100 % ethanol was added to
the new tube to precipitate the DNA. The tube was vortexed and the contents of the tube
were transformed to a spin column provided by the kit, and the column was centrifuged
at 8000 rpm for 1 min at room temperature. The column now contained the aggregated
DNA only so the collection tube was discarded and the column was placed in another
collection tube. The first wash was done by adding 500 puL. of AW1 buffer followed by
centrifugation atroom temperature at 8000 rpm for 1 minute. The second wash was
done by adding 500 pL of AW?2 buffer followed by centrifugation at room temperature
at 14000 rpm for 3 minutes. Following each centrifugation, the collection tube was
discarded and replaced with a new one. An additional optional centrifugation step was
done at 8000 rpm for 1 min followed by transferring the column into an Eppendorf tube,
adding 30 pL of the elution buffer (AE), and incubating at room temperature for 1 min.
Finally, the column was centrifuged at 8000 rpm for 1 min and the flow-through in the
Eppendorf contained the extracted DNA.

Quantification of the DNA was done using the NanoDrop spectrophotometer.

K. Whole Genome Sequencing:

After DNA extraction, NexteraXT libraries were prepared using the
manufacturer’s protocols (Illumina, San Diego, CA) and sequenced on an Illumina
MiSeq, 250 bp paired-end run. Then the assembly of the genomes was performed using
trimmomatic then Unicycler on Galaxy (https://usegalaxy.org/). Antimicrobial

resistance genes were acquired through ResFinder on the Center of Genomic
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Epidemiology (CGE) (http://www.genomicepidemiology.org/) and CARD
(https://card.mcmaster.ca/). Plasmids harbored by our isolates were determined by using
PlasmidFinder on CGE (https://cge.cbs.dtu.dk/services/PlasmidFinder/). Virulence
factors were identified using Virulence finder on (CGE)

(https://cge.cbs.dtu.dk/services/V irulenceFinder/). The sequence type was determined

using MLST (CGE) (https:/cge.cbs.dtu.dk/services/MLST/).



https://cge.cbs.dtu.dk/services/VirulenceFinder/
https://cge.cbs.dtu.dk/services/MLST/

CHAPTER IV
RESULTS

A. Antimicrobial Susceptibility test:

In order to characterize the antimicrobial susceptibility profiles of the 12 E.coli
and 15 K. pneumoniae clinical isolates, both disk diffusion and broth microdilution
assays were done.

The E.coliisolates showed resistance against the cephalosporin family of
antibiotics with the highest percentage of resistance (91.66%) against the second-
generation cephalosporin, cefuroxime, compared to the third and fourth generation
cephalosporins, ceftazidime ( 50%), and cefepime (58.33%) respectively (Table 2).
Eighty three percent of the isolates were resistant to zerbaxa -ceftolozane/tazobactam
and 91.66 % were resistant to tetracycline. Above half of the E.coli isolates were
resistant to Tazocin TZP- piperacillin/tazobactam, aztreonam, and fluoroquinolones
(66.66 % resistant to ciprofloxacin and 58.33 % resistant to levofloxacin).
Approximately half of the isolates had resistance to carbapenems (imipenem showed
the lowest percentage of resistance 50% compared to ertapenem and meropenem
58.33%). Forty one percent of the E.coli strains were resistant to trimethoprim-
sulfamethoxazole and about a quarter (25%) of the isolates were resistant to
aminoglycosides (gentamicin and amikacin) as well as colistin. In contrast, all of the 12
E.coli isolates were susceptible to fosfomycin, a bactericidal antibiotic inhibiting cell

wall synthesis in both gram-negative and gram-positive bacteria [107].
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Table 2 Percentage of E.coli isolates resistant to antimicrobial agents

Antibiotic % of resistant E.coli isolates
Cefuroxime CXM 91.66
Ceftazidime CAZ 50
Cefepime FEP 58.33
Meropenem MEM 58.33
Ertapenem ETP 58.33
Imipenem IPM 50
Aztreonam ATM 66.66
Levofloxacin LVX 58.33
Ciprofloxacin CIP 66.66
Gentamicin GM 25
Amikacin AN 25
Tetracycline TGC 91.66
Fosfomycin FOS 0
Tazocin TZP- 66.66
piperacillin/tazobactam

Bactrim SXT- 41.66
trimethoprim/sulfamethoxazole

Colisitin 25
Zerbaxa -Ceftolozane/tazobactam 83.33
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Table 3 Antimicrobial susceptibility profile of E.coli clinical isolates, part 1

Antibiotics E.coli4 - E.coli22- | E.colil7- | E.coli51 | E.coli51- |E.coli8-
1136 1176 1164 1- 1239 2-458 1150
Cefuroxime R R R R I R
Ceftazidime R R R S S R
Cefepime R R R R S R
Meropenem R R R R S R
Ertapenem R R R R S R
Imipenem R R S I S R
Aztreonam R R R R S S
Levofloxacin | R R R R S S
Ciprofloxacin | R R R R S S
Gentamicin R R S S S R
Amikacin R R S S S R
Tetracycline I R R R I R
Fosfomycin S S S S S S
Tazocin R R R R S R
Bactrim S R R R S S
colistin S S S S S S
zerbaxa R R R R R R
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Table 4 Antimicrobial susceptibility profile of E.coli clinical isolates, part 2

Antibiotics E.coli88- | E.coli39- | E.coli50- | E.coli18- | E.coli7- E.coli 49-
1257 242 452 1166 1146 448

Cefuroxime R S I R R I
Ceftazidime R S S R S S
Cefepime R S S R S S
Meropenem S S S R R S
Ertapenem S S S R R S
Imipenem S S S R R S
Aztreonam R S S R R R
Levofloxacin R S S R R S
Ciprofloxacin | R S I R R S
Gentamicin S S S S S S
Amikacin S S S S S S
Tetracycline R S I R R R
Fosfomycin S S S S S S
Tazocin R S S R R S
Bactrim I S S R S S
colistin S S S R R R
zerbaxa R S S R R R

With respect to the 15 K. pneumoniae clinical isolates, a high percentage of the
isolates were resistant to cephalosporins (93.33% resistant to cefuroxime and 86.66%

resistant to ceftazidime and cefepime)(table 5). Eighty six percent of K. pneumoniae
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clinical isolates were resistant to zerbaxa -ceftolozane/tazobactam, aztreonam, and
tetracycline. Ninety three percent of the isolates were resistant to Tazocin TZP
piperacillin/tazobactam. With respectto carbapenems, imipenem and ertapenem showed
a higher percentage of resistance (80%) compared to meropenem (73.33%). Above half
of the isolates were resistant to aminoglycosides with 60% resistant to gentamicin and
73.33% resistant to amikacin. Seventy three percent of the isolates were resistant to
fosfomycin and Bactrim SXT-trimethoprim/sulfamethoxazole. A low percentage of
resistance (40%) was recorded against colistin. All K.pneumoniae isolates were resistant

to ciprofloxacin while 80% being resistant to levofloxacin.
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Table 5 Percentage of K. pneumoniae isolates resistant to the antimicrobial agents.

Antibiotic % of resistant K. pneumoniae
Cefuroxime CXM 93.33
Ceftazidime CAZ 86.66
Cefepime FEP 86.66
Meropenem MEM 73.33
Ertapenem ETP 80
Imipenem IPM 80
Aztreonam ATM 86.66
Levofloxacin LVX 80
Ciprofloxacin CIP 100
Gentamicin GM 60
Amikacin AN 73.33
Tetracycline TGC 86.66
Fosfomycin FOS 73.33
Tazocin TZP- 93.33
piperacillin/tazobactam

Bactrim SXT- 73.33
trimethoprim/sulfamethoxazole

Colisitin 40
Zerbaxa -Ceftolozane/tazobactam 86.66
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Table 6 Antimicrobial susceptibility profile of K. pneumoniae isolates, part 1

Antibiotics KLB | KLB KLB KLB | KLB 88- KLB 90- KLB KLB
82- 83- 43- 79- 200800099 | 201010188 | 73- 77-
444 456 1265 273 1433 258
Cefuroxime S R R R R R R I
Ceftazidime S R I R R R R S
Cefepime S R R R R R R S
Meropenem | S S R S R R R S
Ertapenem S I R S R R R S
Imipenem S S R | R R R S
Aztreonam S R R R R R R S
Levofloxacin | S R R S R R R S
Ciprofloxacin | 1 R R R R R R I
Gentamicin S S S S R R R S
Amikacin S S R S R R R S
Tetracycline | | R R R R R R S
Fosfomycin S S S I I I I S
Tazocin S I R R R R R I
Bactrim SXT | S S S R R R R S
colistin S S S R S S R S
zerbaxa S R R R R R R S
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Table 7 Antimicrobial susceptibility profile of K .pneumoniae isolates, part 2

Antibiotics KLB 85- KLB 87- KLB 4- KLB 12-2- | KLB | KLB | KLB
200700046 | 200720127 | 201470056 | 202190133 | 5- 10- 49 -
1137 | 1149 | 1291

Cefuroxime R R R R R R R
Ceftazidime R R R R R R R
Cefepime R R R R R R R
Meropenem R R R R R R R
Ertapenem R R R R R R R
Imipenem R R R R R R R
Aztreonam R R R R R R R
Levofloxaci R R R R R I R
Ciprofloxacin | R R R R R R R
Gentamicin R R R R S R R
Amikacin R R R R R R R
Tetracycline R R R R R S R
Fosfomycin R R R R R I I
Tazocin R R R R R R R
Bactrim R R R R R R R
colistin S S S R R R R
zerbaxa R R R R R R R
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B. Biofilm formation assay:

In order to assess whether E.coli clinical isolates were able to form biofilms in vitro,
a biofilm formation assay was done. Ten of the twelve E.coli isolates (83.33%) were
able to form biofilms in vitro as compared to the positive control E.coli ATCC 25922.
Three UTI E.coli isolates, E.coli 39-242, E.coli50-452 and E.coli 49-448 showed a
noticeable ability of biofilm formation in vitro. E.coli 49-448 recorded the highest
percentage of biofilm formation (52%) followed by E.coli 50-452 (42.7%) and E.coli
39-242 (32.4%). E.coli 51-2-458 and E.coli 7- 1146 showed the lowest percentage of
biofilm formation with 9.5% and 7.1% respectively. In contrast, the 2 isolates E.coli 51-
1-1239 and E.coli 88-1257 were incapable of forming biofilms in vitro. (Table 8, figure
12)

Table 8 Percentage of biofilm formation of the 12 E.coli clinical isolates

E.coli isolate % of biofilm Formation/PC
E.coli4 - 1136 27
E.coli 22- 1176 16.8
E.coli 17-1164 16.2
E.coli51 1- 1239 -13
E.coli 51-2-458 9.5
E.coli 8-1150 13.1
E.coli 88-1257 -6.7
E.coli 39-242 324
E.coli 50-452 42.7
E.coli 18-1166 19.6
E.coli 7- 1146 7.1
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Figure 12 Biofilm formation in the 12 E.coli isolates

C. Biofilm transfer assay:

In order to study the practicability of transferring biofilm from 1 well to another
for it to be later tested on SV-HUC-1 uroepithelial cells, the biofilm transfer assay was
established. E.coli 1176 was used as a model organism. The E.coli 1176 biofilm was
successfully transferred from 1 well to another when transferred while still covered with
its media (LB broth) but not after the media was removed and the biofilm was
immersed with PBS. This canbe seen as the C.V. stain was more intense for the media-
covered transferred biofilm (figure 14), which resulted in a higher absorbance at 595 nm

(figure 13), when compared to the PBS-immersed transferred biofilm.
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Biofilm Transfer of E.coli 1176 in well plate
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Figure 13 Results of biofilm transfer in 48 well-plate

C : with media
D : with PBS

Figure 14 Biofilm transfer with media/PBS in 48 well plate

D. MTT assay:
In order to assess the effect of the planktonic cells supernatants and biofilm

extracts of the 12 E.coli clinical isolates on the proliferation of the human uroepithelium
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cell line SV-HUC-1, MTT assay was performed. Media + cells were used as a positive
control and LB Broth was used as a vehicle.

The biofilm extracts of the UTI isolates E.coli4 — 1136, E.coli 51-2-458, E.coli
18-1166, and E.coli 49- 448 revealed an inhibitory effect on the proliferation of the SV-
HUC-1 uroepithilium cells at 48 hours. The biofilm extracts of the non-UTI isolates
E.coli 8-1150 and E.coli 7- 1146 showed an anti-proliferative effectat 48 hours as well

(figure 15).
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Figure 15 Effect of biofilm extracts of E.coli clinical isolates on the cell proliferation of
SV-HUC-1 cell line at 48 hours.

The biofilm extracts of the UT] isolates E.coli4 — 1136, E.coli51-2-458, E.coli
18-1166, and E.coli 49- 448 resumed to have the inhibitory effecton the proliferation of
the SV-HUC-1 cell line after 72 hours. Similarly, the inhibitory effect of the biofilm
extract of non-UT] isolate E.coli 7- 1146 continued aswell. E.coli 17-1164 and E.coli
50-452 biofilm extracts showed a suppressive effect on the proliferation of the SV-

HUC-1 cells at 72 hours that wasn’t revealed at 48 hours (figure 16).
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Effect of the biofilm extracts at 72 h
150

100

% Cell Proliferation/PC

Treatment

Figure 16 Effect of biofilm extracts of E.coli clinical isolates on the cell proliferation of
SV-HUC-1 cell line at 72 hours

The planktonic cells supernatants of the UTI isolate E.coli 22- 1176, E.coli 50-
452, and E.coli 18-1166 revealed an inhibitory effect on the proliferation of the SV-
HUC-1 cell line at48 hours. Similarly, the non-UTI isolates E.coli 8-1150 and E.coli 7-
1146 showed also an inhibitory effect on the uroepithilium cells proliferation at 48

hours (figure 17).
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Figure 17 Effect of the planktonic extracts of E.coli clinical isolates on the cell
proliferation of SV-HUC-1 cell line at 48 hours

The inhibitory effect of the planktonic extracts of the UTI isolates E.coli 50-452
and E.coli 18-1166 on the cell proliferation of the SV-HUC-1 cell line remained present
at 72 hours. The planktonic extract of the non-UTI isolate E.coli 7- 1146 continued to
have an anti-proliferative effecton the SV-HUC-1 cell line at 72 hours as well. The
planktonic extracts of the E.coli isolates E.coli 4 -1136, E.coli17-1164, E.coli51 1-
1239, and E.coli 88-1257 showed a suppressive effect on the proliferation of SV-HUC-

1 cell line at 72 hours that wasn’t present at 48 hours (figure 18).
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Figure 18 Effect of planktonic extracts of E.coli clinical isolates on the cell proliferation
of SV-HUC-1 cell line at 72 hours

The biofilm extract of E.coli 49- 448 clinical isolate revealed a noticeable anti-
proliferative effect on the SV-HUC-1 cell line where the percentage of cell proliferation

decreased from 91.475 % at 48 hours to 83.699 % at 72 hours (figure 19).

59



Effect of the biofilm extracts of E.col/i 49

150

(&
-

= —
S e

& 100+ Ty fezmms=s

P :-d:c:::n:cg fmomoma=a
- = :'QED:C :QED: = - -- -
= s %;:%:

= =9 e F:-"-F--'-.-'

< | EE= e [ S Do

O s fmcmomm

noenea =
== S B e
0- e T
< & R ~
= &F v Vv
\@ QQ QQ
o< O
Treatment

Figure 19 Effect of the biofilm extracts of E.coli 49-448 on the cell proliferation of SV-
HUC-1 cell line at48 and 72 hours.

The planktonic extract of E.coli 50-452 revealed an anti-proliferative effecton
the SV-HUC-1 cell line at 48 hours with cell proliferation of 82.82%. This percentage

decreasedto 72.82% at 72 hours (figure 20).
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Figure 20 Effect of the planktonic extract of E.coli 50-452 on the cell proliferation of
SV-HUC-1 cell line at 48 and 72 hours.

E. Whole Genome Sequencing:

Eight E.coliisolates out of the twelve chosen E.coli clinical isolates were
sequenced (E.coli4 — 1136, E.coli 17-1164, E.coli51 1- 1239, E.coli 8-1150, E.coli 39-
242, E.coli 50-452, E.coli 18-1166, E.coli49- 448 ).

WGS results showed that the 8 E.coli isolates belonged to different sequence
types. E.coli 4 belonged to the sequence type 648, E.coli 51-1 to 354 sequence type,
E.coli 8 to 2526 sequence type, E.coli 39 to 127 sequence type, E.coli 50 to 10 sequence
type, E.coli 18 to 167 sequence type, E.coli 49 to 453 sequence type and E.coli 17
belonged to to 405 sequence type (Table 9).

E.coli 18 belonged to the sequence type 167 that is similar to the Metallo beta-
lactamase NDMD5 producing E.coli isolated from patients that recovered at University

Hospital Policlinico Umberto | of Rome[123]. E.coli 39 had sequence type 127 which
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has the same sequence type as that of uropathogenic E.coliisolated from a 56-year-old

patient with a UTI from a hospital in Australia [124].

Table 9 Sequence type of the 8 E.coli clinical isolates

E.coli isolate sequence type

E.coli 4-1136 648

E.coli 51-1-1239 354

E.coli 8-1150 2526
E.coli 39-242 127
E.coli 50-452 10

E.coli 18-1166 167

E.coli 49-448 453

E.coli 17-1164 405

A total of 13 different plasmids were detected in the 8 E.coli isolates distributed
as follow : Col(BS512)(n=3), IncFIA(n=3), Col156 (n=2), Incl(Gamma) (n=2), IncFll
(n=2), IncFII(Yp) (n=2), IncB/O/K/Z (n=1), IncFIB(H89-PhagePlasmid) (n=1),
IncFIB(pB171) (n=1), IncFIB(AP001918)(n=1), IncFII(pAMA1167-NDM-5) (n=1),

IncQ1 (n=1), IncY (n=1) (table 10).
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Table 10 Plasmids harbored in the 8 E.coli clinical isolates.

Plasmid No. of isolates (%)
Col(BS512) 3(37.5%)
Coll56 2(25%)
IncB/O/K/Z 1(12.5%)
Incl(Gamma) 2(25%)
IncFIA 3(37.5%)
IncFIB(H89-

PhagePlasmid) 1(12.5%)
IncFIB(pB171) 1(12.5%)
IncFIB(AP001918) 1(12.5%)
IncFlI 2(25%)
IncFI(Yp) 2(25%)
IncFII(pPAMA1167-

NDM-5) 1(12.5%)
IncQ1 1(12.5%)
IncY 2(25%)

Several genes responsible for the resistance against the Beta-lactams family of
antibiotics were detected including Haemophilus influenzae PBP3 (n=5), which confers
resistance through antibiotic target alteration. Another set of genes giving rise to
resistance towards this family are AcrS, AcrE, and acrB genes (n=5), which code for
resistance-nodulation cell division (RND) antibiotic efflux pumps and Escherichia coli

ampC1 beta-lactamase, whose end product the amp C1 beta-lactamase responsible for
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antibiotic deactivation (n=5). The most frequent genes responsible for fluoroquinolone

resistance included mdf(A) (n=8), emrA, emrB, and emrR genes (n=5) coding for the

major facilitator superfamily (MFS) antibiotic efflux pumps. Furthermore, resistance to

aminoglycosides was also due to mdf(A) (n=8) and many antimicrobial resistance

genes including acrD,cpxA, baeS, and baeR (n=5), which code for RND efflux pumps.

In addition, 5 out of the 8 E.coli isolates harbored the tetracycline resistance

evgA, evgs, and H-NS coding for RND and MFS efflux pumps (n=5), TolC

genes

gene (n=5)

coding for ATP binding cassette (ABC) antibiotic efflux pumps, and tet(B) gene (n=4).

Concerning sulfamethoxazole, 5 out of the 8 E.coli isolates harbored the sull gene

responsible for antibiotic target alteration. Many genes were also responsible for peptide

antibiotic resistance including the PmrF gene (n=5) which codes for the pmr

phosphoethanolamine transferase that alters the antibiotic target and bacA (n=5), having

a similar function (Table 11).

Table 11 Antimicrobial resistance genes harbored in the 8 E.coli clinical isolates

Antimicrobial family AMR gene No. of isolate (%0)

Haemophilus influenzae PBP3 5(62.5%)

H-NS 5(62.5%)

AcrS 5(62.5%)

AcrF 4(50%)
beta-lactam

AcrE 5(62.5%)

evgA 4(50%)

evgS 3(37.5%)

gadX 2(25%)
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gadwW 1(12.5%)
CRP 3(37.5%)
mdtE 3(37.5%)
mdtF 2(25%)
Escherichia coli ampC1 beta-

lactamase 5(62.5%)
acrB 5(62.5%)
Escherichia coli acrA 5(62.5%)
Escherichia coli ampH beta-

lactamase 5(62.5%)
Klebsiella pneumoniae KpnE 5(62.5%)
Klebsiella pneumoniae KpnF 5(62.5%)
K.pneumoniae KpnH 1(12.5%)
TolC 5(62.5%)
marA 4(50%)
blaNDM-1 2(25%)
blaNDM-5 1(12.5%)
blaCTX-M-15 2(25%)
blaCTX-M-24 1(12.5%)
blaOXA-48 1(12.5%)
blaOXA-1 2(25%)
blaCMY-42 1(12.5%)
blaTEM-1B 4(50%)
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fluoroquinolone

emrB 5(62.5%)
emrA 5(62.5%)
emrR 5(62.5%)
evgA 4(50%)
evgS 4(50%)
CRP 4(50%)
gadX 5(62.5%)
gadw 1(12.5%)
acrB 5(62.5%)
mdtH 5(62.5%)
mdtE 5(62.5%)
matM 4(50%)
AcrS 5(62.5%)
AcrE 5(62.5%)
AcrF 4(50%)
mdtF 5(62.5%)
rsmA 5(62.5%)
aac(6')-lb-cr 2(25%)
H-NS 5(62.5%)
K.pneumoniae KpnH 1(12.5%)
Escherichia coliacrA 5(62.5%)
Escherichia coli gyrA 3(37.5%)
Escherichia coli parC 2(25%)
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marA 5(62.5%)
TolC 5(62.5%)
mdf(A) 8(100%)
acrD 5(62.5%)
kdpE 5(62.5%)
CPXA 5(62.5%)
aac(6")-1b-cr 2(25%)
aadAb 3(37.5%)
aph(3")-1b 1(12.5%)
Klebsiella pneumoniae KpnE 5(62.5%)
aminoglycoside Klebsiella pneumoniae KpnF 5(62.5%)
K.pneumoniae KpnH 1(12.5%)
TolC 5(62.5%)
baeS 5(62.5%)
baeR 5(62.5%)
rmtB 1(12.5%)
rmtC 2(25%)
mdf(A) 8(100%)
evgA 5(62.5%)
evgs 5(62.5%)
tetracycline emrK 4(50%)
emrY 4(50%)
H-NS 5(62.5%)
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marA 5(62.5%)
Klebsiella pneumoniae KpnE 5(62.5%)
Klebsiella pneumoniae KpnF 5(62.5%)
Escherichia coliacrA 5(62.5%)
acrB 5(62.5%)
AcrS 5(62.5%)
TolC 5(62.5%)
mdf(A) 8(100%)
tet(A) 1(12.5%)
tetR 2(25%)
tet(B) 4(50%)
dfrA17 2(25%)
sulfamethoxazole sul2 1(12.5%)
sull 5(62.5%)
H-NS 5(62.5%)
mdtE 5(62.5%)
mdtF 5(62.5%)
Klebsiella pneumoniae KpnE 5(62.5%)
macrolide Klebsiella pneumoniae KpnF 5(62.5%)
K.pneumoniae KpnH 1(12.5%)
CRP 4(50%)
gadX 5(62.5%)
gadw 1(12.5%)
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Escherichia coli emrE 2(25%)
TolC 5(62.5%)
evgs 5(62.5%)
evgA 5(62.5%)
mph(A) 2(25%)
mdf(A) 8(100%)
Escherichia coliacrA 4(50%)
acrB 4(50%)
AcrS 4(50%)
marA 4(50%)
phenicol madtM 1(12.5%)
rsmA 4(50%)
catB3 2(25%)
TolC 4(50%)
mdf(A) 7(87.5%)
acrB 5(62.5%)
AcrS 5(62.5%)
E.coli acrA 4(50%)
marA 5(62.5%)
rifamycin
Klebsiella pneumoniae KpnE 5(62.5%)
Klebsiella pneumoniae KpnF 5(62.5%)
TolC 5(62.5%)
mdf(A) 8(100%)
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fosfomycin matG 5(62.5%)
nitroimidazole msbA 5(62.5%)
TolC 5(62.5%)
Escherichia coliacrA 4(50%)
glyclcycline AcrS 4(50%)
marA 5(62.5%)
acrB 4(50%)
ugd 3(37.5%)
Yojl 5(62.5%)
bacA 5(62.5%)
Klebsiella pneumoniae KpnE 4(50%)
pe ptide antibiotic Klebsiella pneumoniae KpnF 4(50%)
K.pneumoniae KpnH 1(12.5%)
eptA 5(62.5%)
PmrE 5(62.5%)
TolC 5(62.5%)
CPXA 4(50%)
MatA 4(50%)
matB 4(50%)
aminocoumarin madtC 4(50%)
baeR 4(50%)
baeS 4(50%)
ToIC 4(50%)
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guate rnary ammonium

compounds gackE 3(37.5%)

peroxides StABCD 3(37.5%)

Chromosomal point mutations in E.coli soxS and E.coli acrR genes were
frequent in 5 out of the 8 E.coli isolates conferring resistance to the beta-lactams family
of antibiotics. Resistance to fluoroquinolones was mainly either due to a mutation in
gyrA (p.S83L) or E.colisoxR and acrR (n=5). Furthermore, 4 out of the 8 E.coli isolates
had a mutation in the Escherichia coli GIpT gene conferring resistance to fosfomycin

(table 12).

Table 12 Chromosomal point mutations in genes conferring resistance to antimicrobials
in the 8 E.coli clinical isolates.

Chromosomal point

Antimicrobial family | mutation No. of isolates (%)
Escherichia coli soxR 4(50%)
Escherichia coli soxS 5(62.5%)
beta lactams
Escherichia coli marR 4(50%)
Escherichia coliacrR 5(62.5%)
Escherichia coli acrR 5(62.5%)
Escherichia coli soxR 5(62.5%)
fluoroquinolones
Escherichia coli soxS 4(50%)
Escherichia coli marR 4(50%)
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gyrA (p.S83L) 5(62.5%)
gyrA (p.D87N) 4(50%)
Escherichia coli soxR 4(50%)
Escherichia coli soxS 5(62.5%)
tetracycline
Escherichia coli marR 4(50%)
Escherichia coli acrR 5(62.5%)
Escherichia coli GlpT 4(50%)
fosfomycin Escherichia coli UhpT 2(25%)
Escherichia coli cyaA 2(25%)
Escherichia coli soxR 4(50%)
Escherichia coli soxS 5(62.5%)
rifamycin
Escherichia coli marR 4(50%)
Escherichia coliacrR 5(62.5%)
Escherichia coli soxR 4(50%)
Escherichia coli soxS 5(62.5%)
phenicol
Escherichia coli marR 4(50%)
Escherichia coliacrR 5(62.5%)
Escherichia coli soxR 4(50%)
Escherichia coli soxS 5(62.5%)
glycylcycline
Escherichia coli marR 4(50%)
Escherichia coliacrR 5(62.5%)

Thirty three different virulence factors were detected in the 8 E.coli clinical

isolates. All of the 8 E.coli isolates possessed Tellurium ion resistance protein and 7 out
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of the isolates possessed glutamate decarboxylase. Siderophore receptor (n=6), high

molecular weight protein 2 non-ribosomal peptide synthetase (n=6) , long polar

fimbriae (n=4), iron transport protein (n=4) and outer membrane protein complement

resistance (n=3) were also frequent in many E.coli clinical isolates (table 13).

Table 13 Virulence factors possessed by the 8 E.coli clinical isolates.

Virulence factor gene No. of isolates (%)
Siderophore receptor fyuA 6(75%)
Glutamate decarboxylase gad 7(87.5%)
High molecular weight protein 2 non-ribosomal peptide

synthetase irp2 6(75%)
Increased serum survival [ 5(62.5%)
Capsule polysaccharide export inner-membrane protein | kpsE 5(62.5%)
Long polar fimbriae IpfA 4(50%)
Iron transport protein SItA 4(50%)
Tellurium ion resistance protein terC 8(100%)
Outer membrane protein complement resistance traT 3(37.5%)
Enteroaggregative immunoglobulin repeat protein air 3(37.5%)
Outer membrane hemin receptor chuA 4(50%)
Salmonella HilA homolog eilA 2(25%)
Fimbrial protein yfcV 3(37.5%)
Heat-resistant agglutinin hra 3(37.5%)
Polysialic acid transport protein; Group 2 capsule kpsMIl_K5 | 2(25%)
Hexosyltransferase homolog capuU 1(12.5%)
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Endonuclease colicin E2 celb 2(25%)

Hybrid non-ribosomal peptide / polyketide

megasynthase clbB 1(12.5%)
Cytotoxic necrotizing factor cnfl 1(12.5%)
S fimbrial/F1C minor subunit focC 1(12.5%)
Enterobactin siderophore receptor protein iroN 1(12.5%)
Microcin M part of colicin H mcmA 1(12.5%)
Outer membrane protease (protein protease 7) ompT 2(25%)

serine protease autotransporters of Enterobacteriaceae

(SPATE) pic 1(12.5%)
S fimbrial/F1C minor subunit sfaD 1(12.5%)
S-fimbriae minor subunit sfaS 1(12.5%)
Uropathogenic specific protein usp 2(25%)

Vacuolating autotransporter toxin vat 1(12.5%)
Adherence protein iha 1(12.5%)
Aerobactin synthetase iucC 1(12.5%)
Ferric aerobactin receptor iutA 1(12.5%)
Shigella 1gA-like protease homologue SigA 1(12.5%)
Invasin of brain endothelial cells ibeA 1(12.5%)

Seven out of the fifteen chosen K.pneumoniae clinical isolates were sequenced
(K.pneumoniae 4, K.pneumoniae 5, K.pneumoniae 43, K.pneumoniae 77, K.pneumoniae

79, K.pneumoniae 83,and K.pneumoniae 87).
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WGS of the 7 K.pneumoniae clinical isolates showed that K.pneumoniae 4
belonged to the sequence type 2096 while the sequence types of the rest 6

K.pneumoniae clinical isolates were undetected. (Table 14)

Table 14 Sequence type of the 7 K.pneumoniae clinical isolates

K.pneumoniae isolate | Sequence type
K.pneumoniae 4 2096
K.pneumoniae 5 Undetected
K.pneumoniae 43 Undetected
K.pneumoniae 77 Undetected
K.pneumoniae 79 Undetected
K.pneumoniae 83 Undetected
K.pneumoniae 87 Undetected

A total of 12 different plasmids were detected in the 7 K.pneumoniae clinical
isolates, distributed as follow : IncFIB(K)(pCAV1099-114) (n=3), IncFIA(HI1) (n=2),
Col(pHAD28) (n=1), ColpVC (n=1), ColKP3 (n=1), IncFIB(AP001918) (n=1),
IncFIB(K) (n=1), IncFIB(pNDM-Mar) (n=1), IncFll (n=1), IncHI1B(pNDM-MAR)

(n=1), Incl1-1(Alpha) (n=1), IncR (n=1) (table 1.

Table 15 Plasmids harbored in the 7 K.pneumoniae clinical isolates.

Plasmid No. of isolate (%)
Col(pHAD28) 1(14.28%)
ColpvVC 1(14.28%)
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ColKP3 1(14.28%)

INCFIA(HIT) 2(28.57%)
INCFIB(AP001918) 1(14.28%)
IncFIB(K) 1(14.28%)

IncFIB(K) (pCAV1099-

114) 3(42.85%)

INCFIB(oPNDM-Mar) | 1(14.28%)

IncFIl 1(14.28%)

IncHI1B(pNDM-

MAR) 1(14.28%)
IncI1-1(Alpha) 1(14.28%)
IncR 1(14.28%)

Beta-lactams resistance was conferred by several antimicrobial resistance genes
including blaoxa-1 (n=3) encoding for an extended-spectrum beta-lactamase and
Klebsiella pneumoniae KpnE and KpnF (n=2) coding for the MFS antibiotic efflux
pumps. The most frequent resistance genes for fluoroguinolones include oxgA(n=4),
adeF (n=3), and CRP (n=3) coding for the RND antibiotic efflux pumps. Furthermore,
aminoglycoside resistance was due to many genes including baeR (n=3) responsible for
RND efflux pumps and Klebsiella pneumoniae KpnF (n=2) coding for MFS antibiotic
efflux pumps. With respect to fosfomycin, 5 out of the 8 K.pneumoniae clinical isolates
harbored the fosA gene which encodes the fosfomycin thiol transferase responsible for

fosfomycin inactivation (Table 16).
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Table 16 Antimicrobial resistance genes harbored in the 7 K.pneumoniae isolates

Antimicrobial family

beta-lactam

AMR gene No. of isolates (%)
Haemophilus influenzae PBP3 2(28.57%)
Klebsiella pneumoniae KpnE 2(28.57%)
Klebsiella pneumoniae KpnF 2(28.57%)
Klebsiella pneumoniae KpnH 1(14.28%)
Klebsiella pneumoniae KpnG 1(14.28%)
Klebsiella pneumoniae OmpK37 1(14.28%)
Escherichia coli ampH beta-

lactamase 1(14.28%)
marA 2(28.57%)
OmpA 1(14.28%)
CRP 1(14.28%)
H-NS 1(14.28%)
LptD 1(14.28%)
blaCTX-M-3 1(14.28%)
blaCTX-M-15 2(28.57%)
blaOXA-1 3(42.85%)
blaOXA-48 1(14.28%)
blaOXA-232 1(14.28%)
blaTEM-1A 1(14.28%)
blaSHV-26 1(14.28%)
blaSHV-27 1(14.28%)
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blaSHV-40 2(28.57%)
blaSHV-56 2(28.57%)
blaSHV-78 1(14.28%)
blaSHV-79 2(28.57%)
blaSHV-85 2(28.57%)
blaSHV-89 2(28.57%)
blaSHV-98 1(14.28%)
blaSHV-106 1(14.28%)
blaSHV-110 1(14.28%)
blaSHV-145 1(14.28%)
blaSHV-179 1(14.28%)
blaSHV-191 1(14.28%)
blaSHV-194 1(14.28%)
blaSHV-199 1(14.28%)
CRP 3(42.85%)
Klebsiella pneumoniae KpnH 1(14.28%)
Klebsiella pneumoniae KpnG 1(14.28%)
Escherichia coli parC 3(42.85%)
fluoroquinolone H-NS 2(28.57%)
Salmonella enterica gyrA 3(42.85%)
emrR 1(14.28%)
adeF 3(42.85%)
mdf(A) 1(14.28%)
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marA 3(42.85%)
rsmA 2(28.57%)
OgXA 4(57.14%)
OqxB 4(57.14%)
aac(6')-lb-cr 2(28.57%)
baeR 3(42.85%)
Klebsiella pneumoniae KpnE 1(14.28%)
Klebsiella pneumoniae KpnF 2(28.57%)
Klebsiella pneumoniae KpnH 1(14.28%)
Klebsiella pneumoniae KpnG 1(14.28%)
Aminoglycoside aph(3)-la 1(14.28%)
mdf(A) 1(14.28%)
aph(6)-Id 1(14.28%)
armA 1(14.28%)
aac(6')-lb-cr 2(28.57%)
aadA2 2(28.57%)
adeF 3(42.85%)
H-NS 2(28.57%)
marA 3(42.85%)
tetracyline Klebsiella pneumoniae KpnE 1(14.28%)
Klebsiella pneumoniae KpnF 3(42.85%)
tet(A) 1(14.28%)
mdf(A) 1(14.28%)
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tet(D) 1(14.28%)
sull 2(28.57%)
sul2 1(14.28%)
trimethoprim OgxA 4(57.14%)
sulfamethoxazole OgxB 4(57.14%)
dfrAl 2(28.57%)
dfrA12 2(28.57%)
CRP 2(28.57%)
H-NS 1(14.28%)
Klebsiella pneumoniae KpnE 1(14.28%)
Klebsiella pneumoniae KpnF 2(28.57%)
Klebsiella pneumoniae KpnH 1(14.28%)
Macrolide
Klebsiella pneumoniae KpnG 1(14.28%)
mph(A) 1(14.28%)
mdf(A) 1(14.28%)
msr (E) 1(14.28%)
mph(E) 1(14.28%)
marA 2(28.57%)
OqxB 4(57.14%)
OgxA 3(42.85%)
Phenicol
mdf(A) 1(14.28%)
COXA 1(14.28%)
catB3 2(28.57%)
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marA 3(42.85%)
mdf(A) 1(14.28%)
rifamycin Klebsiella pneumoniae KpnE 3(42.85%)
Klebsiella pneumoniae KpnF 3(42.85%)
LptD 1(14.28%)
Fosfomycin fosA 5(71.42%)
Nitroimidazole msbA 2(28.57%)
marA 2(28.57%)
Glycycline
OgXA 1(14.28%)
ArnT 3(42.85%)
eptB 3(42.85%)
Klebsiella pneumoniae KpnE 3(42.85%)
pe ptide antibiotic Klebsiella pneumoniae KpnF 3(42.85%)
Klebsiella pneumoniae KpnH 1(14.28%)
Klebsiella pneumoniae KpnG 1(14.28%)
LptD 1(14.28%)
LptD 1(14.28%)
aminocoumarin Klebsiella pneumoniae KpnE 1(14.28%)
baeR 3(42.85%)
gackE 2(28.57%)
quate rnary ammonium
OgxA 4(57.14%)
compounds
OgxB 4(57.14%)
streptogramin b msr (E) 1(14.28%)
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Peroxides

SitABCD

1(14.28%)

p.N49S and p.L59V mutations in the ompK36 gene were frequent in 6 out of the

7 K.pneumoniae isolates conferring resistance to the beta-lactam family of antibiotics.

Resistance to fluoroquinolones was either due to several mutations in acrR gene

(p.R173G, p.L195V, p.P161R) or 2 mutations in gyrA gene (p.D87N, p.S83L )or 1

mutation in parC (p.S801) (table 17).

Table 17 Chromosomal point mutations in genes conferring resistance to antimicrobials
in 7 K.pneumoniae clinical isolates.

Antimicrobial family

Chromosomal point

beta-lactam

mutation No of isolate (%0)
Escherichia coli marR 1(14.28%)
ompK36 (p.A190) 1(14.28%)
ompK36 (p.T254S) 1(14.28%)
ompK36 (p.T222L) 3(42.85%)
ompK36 (p.T184P) 3(42.85%)
ompK36 (p.G189T 2(28.57%)
ompK36 (p.N304E) 2(28.57%)
ompK36 (p.N49S) 6(85.71%)
ompK36 (p.F198Y) 2(28.57%)
ompK36 (p.F207W) 3(42.85%)
ompK36 (p.D223G) 2(28.57%)
ompK36 (p.D224E) 1(14.28%)
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ompK36 (p.L191S) 1(14.28%)
ompK36 (p.E232R) 3(42.85%)
ompK36 (p.L59V) 6(85.71%)
ompK36 (p.A217S) 3(42.85%)
ompK36 (p.N218H) 1(14.28%)
ompK37 (p.170M) 5(71.42%)
ompK37 (p.N230G) 1(14.28%)
ompK37 (p.1128M) 5(71.42%)
Escherichia coli marR 2(28.57%)
gyrA (p.D87N) 1(14.28%)
gyrA (p.S83L) 1(14.28%)
parC (p.S80I) 1(14.28%)
acrR (p.R173G) 6(85.71%)
fluoroquinolone acrR (p.F172S) 6(85.71%)
acrR (p.L195V) 6(85.71%)
acrR (p.K201M) 6(85.71%)
acrR (p.G164A) 6(85.71%)
acrR (p.P161R) 6(85.71%)
acrR (p.F1971) 6(85.71%)
Tetracycline Escherichia coli marR 2(28.57%)
Glycylcycline Escherichia coli marR 2(28.57%)
Fosfomycin Escherichia coli UhpT 1(14.28%)
Rifamycin Escherichia coli marR 2(28.57%)

83




Phenicol

Escherichia coli marR

2(28.57%)
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CHAPTER V

DISCUSSION

In our research, more than half of the E.coli isolates and a high percentage of
K.pneumoniae isolates were resistant to Tazocin TZP- piperacillin/tazobactam. Thus,
the resistance to this antibiotic was more developed in our bacteria than those obtained
from urine samples during a study done in Saudi Arabia [40]. Moreover in our study,
E.coliand K.pneumoniae clinical isolates showed high resistance rates to the second-
generation cephalosporin cefuroxime, which were higher than those observed in a study
in Turkey [112]. Additionally, most of the K. pneumoniae clinical isolates were
resistant to the 3 and 4t generation cephalosporins (ceftazidime and cefepime), while
these antibiotics were more efficient against E.coli as approximately half of the isolates
were sensitive to them. The majority of both E.coli and K. pneumoniae clinical isolates
were resistant to zerbaxa -ceftolozane/tazobactam. Furthermore, E.coliand K.
pneumoniae clinical isolates showed a high percentage of resistance to aztreonam
similar to those obtained in a Saudi Arabia study [113].

Antibiotics that are recommended for the treatment of acute uncomplicated
pyelonephritis, complicated UTIs, and urosepsis are carbapenems ( meropenem,
ertapenem, and imipenem) [114]. In our research, more than half of the E.coli isolates
and the majority of the K.pneumoniae isolates were resistant to carbapenems. In recent
years, resistance to carbapenems has been rising in many clinical isolates around the
world due to the increased production of metallo- beta-lactamases [115]. Several
antimicrobial resistance genes that code for beta-lactamases (Escherichia coli ampC1

beta-lactamase, Escherichia coli ampH beta-lactamase, blaCMY-42, and blaNDM-1)
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were detected in our sequenced E.coli isolates thus causing resistance to beta-lactams
through antibiotic inactivation. Moreover, the Haemophilus influenzae PBP3 gene
which was detected in the K.pneumoniae sequenced isolates is responsible for beta-
lactam antibiotics resistance through altering the antibiotic target (penicillin-binding
protein). In addition to the presence of OmpA genes coding for the general bacterial
porin which is behind the decreased beta-lactam permeability and bla-SHV gene coding
for SHV beta-lactamase. All of these antimicrobial resistance genes and others are
behind the resistance of K.pneumoniae isolates to beta-lactams. With respect to
aminoglycosides, the levels of resistance of E.coli isolates to gentamicin in our study
(25%) was similar to that obtained in a report from Poland. However, in our study, the
percentage of resistant K.pneumoniae isolates to the aminoglycosides was higher than in
Poland [116]. The decreased efficiency of aminoglycosides can be explained by their
frequent use. Our WGS results proved the frequent presence of baeS and cpxA genes in
the E.coli sequenced isolates and baeR gene in K.pneumoniae clinical isolates coding
for RND efflux pumps that may be behind aminoglycoside resistance.

With respect to tetracycline, a high percentage of both E.coli and K.pneumoniae
clinical isolates were resistant to this antibiotic which was greater than the percentage
obtained in a study done on uropathogens in Thailand [117]. WGS results detected in
our sequenced E.coli isolates the presence of emrY, mdfA and tetB genes coding for
MFS antibiotic efflux pumps. In K.pneumoniae isolates, marA and adeF genes coding
for RND efflux pumps were detected. These antimicrobial resistance genes together
with several other ones are responsible for tetracycline resistance.

SXT is considered first-line antibacterial therapy for uncomplicated cystitis. The

results of the present study revealed an increased resistance of E.coli and K.pneumoniae
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isolates to SXT as the percentage of resistance was higher than that revealed by a study
made in Central Europe over nine years [118]. Sull and sul2 which are antimicrobial
resistance genes detected in both our E.coli and K.pneumoniae sequenced isolates code
for sulfonamide antibiotic responsible for sulfonamide resistance through replacing the
antibiotic target.

Fluorogquinolones are suggested for empirical oral antimicrobial therapy in
uncomplicated UTIs [114] and among them is ciprofloxacin. Ciprofloxacin is
commonly prescribed because it can be orally given or administered by intravenous
infusion. Above half of the E.coli clinical isolates were resistant to both ciprofloxacin
and levofloxacin. On the other hand, all of the K.pneumoniae isolates showed resistance
to ciprofloxacin with a high percentage resistance to levofloxacin. Our results were
similar to a study done in Central Poland 2020 when relating to K. pneumoniae but not
to E.coli where a lower percentage of resistance against fluoroquinolones was recorded
in the report [116]. The high resistance of uropathogens to fluoroquinolones may be
explained by the excessive use of these antibiotics. In our study, the high rates of
fluoroquinolone resistance may be either because of the presence of several
antimicrobial resistance genes in both E.coli (emrA, emrB, emrR coding for MFS
antibiotic efflux pumps) and K.pneumoniae sequenced isolates (CRP, rsmA, ogxA
coding for RND antibiotic efflux pumps) or due to the presence of 2 point mutations in
gyrA(p.S83L/ p.D87N) in E.coliand several point mutation in acrR
(p.R173G/p.F172SacrR/p.L195V/p.K201M) in K.pneumoniae.

Colistin, known also as polymyxin E is an antibiotic with decent antimicrobial
activity against gram-negative bacteria. In our study, only 25% of the E.coli clinical

isolates together with less than half of the K.pneumoniae isolates showed resistance
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against colistin. Our results were comparable to those revealed in a Bangladesh study
[119]. The susceptibility of uropathogens to colistin suggests the potential use of this
antibiotic for the treatment of UTIs in our region.

Fosfomycin is an antibacterial agent preventing cell wall synthesis in both gram-
positive and gram-negative bacteria. In our research, all E.coli clinical isolates were
susceptible to fosfomycin which was similar to the high susceptibility percentages
obtained during the study of uropathogens in South Africa. In contrast, our results
showed an increased K. pneumoniae resistance to fosfomycin compared to the South
African study [120]. Thus, our study proved the high susceptibility of E.colito
fosfomycin with a decreased efficiency of fosfomycin against K.pneumoniae. This may
be explained by the antimicrobial resistance gene fosA detected in 5 out of the 7
K.pneumoniae sequenced isolates which is responsible for the production of fosfomycin
thiol transferase, an enzyme that inactivates fosfomycin. Hence, Fosfomycin represents
a potential treatment for uropathogenic E.coli in our region.

Uropathogenic E.coliis considered the main factor behind community-acquired
and nosocomial urinary tract infections. The capability of UPEC to form biofilms seems
to be an important factor in decreasing antibiotics’ penetration, and thus in increasing
the antimicrobial resistance and the subsequent treatment failure [121]. Therefore,
understanding the mechanisms of biofilm formation and its correlation with the
resistance profiles of uropathogens may provide a vision of new therapeutic customs for
urinary tract infections. In our study, 83.33% of the E.coli clinical isolates were biofilm
producers where 70% of them were multi-drug resistant (MDR) and 20 % were

extensively drug-resistant (XDR). Our findings, which are similar to a study on UPEC
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clinical isolates in Uganda [122], display a high prevalence of biofilm formation among
uropathogenic E.coli with MDR and XDR phenotypes.

Biofilms play an essential role in urinary tract infections especially for being
responsible for persistent infections causing relapses and for increased antimicrobial
resistance. This turns the eradication of uropathogenic bacteria difficult which makes
searching for new therapies necessary. Understanding the effect of biofilm extracts as
well as the direct effect of biofilm on cells is mandatory for us to recognize new
medical approaches for urinary tract infection treatment. Because of the deficiency in
biofilm transfer protocols and information in the literature review, the biofilm transfer
assay was established in our study in order to assess the UPEC biofilm effect on the SV -
HUC-1 uroepithelium cell line in the future. Our results showed a successful transfer of
the biofilm from 1 well to another proving the future feasibility of transferring it to
cells.

With respect to the effect of the biofilm extracts on the proliferation of the SV-
HUC-1 uroepithilium cell line, 70% of the biofilm-producing clinical isolates had an
anti-proliferative effect on the uroepithelium cells. E.coli 49- 448 which showed the
highest percentage of biofilm formation in vitro (52%) had a noticeable inhibitory effect
(16.30%) on the used cell line. Furthermore, WGS results proved that 3 and 1 out of the
sequenced 8 E.coli isolates expressed the fimbrial protein and adherence protein
virulence factors respectively, which play an important role in the initial steps of
biofilm formation. Our results suggest that biofilm may be behind the pathogenesis of
uropathogenic E.coli in urinary tract infections.

Moreover, the planktonic extracts of 58.33% of the E.coli isolates showed a

suppressive effect on the proliferation of the SV-HUC-1 uroepithelium cell line. All of
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these isolates were MDR with 1 XDR isolate. E.coli 50-452 which belongs to the MDR
phenotype revealed an important antiproliferative effect (27.18%) on the SV-HUC-1
uroepithelium cell line. Our findings demonstrate the relation between antimicrobial
resistance and pathogenicity of uropathogenic E.coli. Moreover, our WGS results
proved the presence of many virulence factors that aid in bacterial invasion and
attachment such as adherence protein, fimbrial protein, S fimbrial/F1C minor subunit,
and iron scavengings such as iron transport protein, siderophore receptor, enterobactin
siderophore receptor protein, and ferric aerobactin receptor.

Future perspective:

Our future work will be focused on repeating the MTT assay for n=2 and n=3 to
statistically verify the obtained results of the E.coli isolates. MTT assay will be also
performed using K. pneumoniae biofilm and planktonic extracts. For further validation
on the effect of the biofilm and planktonic extracts on cell viability, a trypan blue cell
assay will be performed. LC-MS will be done on the chosen effective biofilm and
planktonic extracts to further investigate the chemical nature of the bioactive
components and therefore the possible mechanism of pathogenicity. The release of pro-
and anti-inflammatory cytokines in response to the extracts will also be measured using

ELISA assay and PCR.
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