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ABSTRACT
OF THE THESISOF

Hanin Sami Banna for Master of Science
Major: Microbiology and Immunology

Title: Carbapenemases, Their Inhibitors, and Persister Cellsin MDR and XDR Gram-
Negative Bacteria at AUBMC

Background: Antimicrobial resistance is posing an increasing risk to public health due
to the overuse, abuse and miss-use of the available agents, especially with multi-drug
resistant (MDR) and extensive-drug resistant (XDR) Gram-negative bacilli. According
to the World Health Organization (WHO), Pseudomonas aeruginosa and Klebsiella
pneumoniae fall in the critical priority group’s target of new antibiotics, considering
their increased resistance to carbapenems, one of the last resort drugs available. These
Gram-negative bacilli mainly develop resistance to carbapenems by hydrolytic
carbapenemase enzymes, downregulation of porin channels, and upregulation of efflux
pumps or modification of carbapenem’s molecular target (penicillin-binding protein;
PBP). Moreover, resistance in P. aeruginosa and K. pneumoniae is currently extending
to affect carbapenemase inhibitors too. Furthermore, P. aeruginosa and K. pneumoniae
populations might survive under stressful environments due to the presence of persister
cells which are genetically identical to the susceptible cells but metabolically dormant.

Aim: Carbapenems resistance in K. pneumoniae and P. aeruginosa occurs through
target modification, expression of carbapenemases or overexpression of efflux pumps.
The aim of this study was to assess at the phenotypic and genotypic levels carbapenem
resistance in K. pneumoniae and P. aeruginosa and to determine the prevalence of
persister cellsin K. pneumonia.

Methods: Sixty-one clinical P. aeruginosa isolates were screened for their susceptibility
against meropenem, imipenem, colistinand ceftolozane/tazobactam, and 55 of these
isolates were screened against meropenem with EDTA, meropenem with avibactam and
meropenem with PaBN. Furthermore, induction of resistance was carried out for K.
pneumoniae ATCC 13883, P. aeruginosa ATCC 10145 & 27583, and PAN14 strains
against piperacillin/tazobactam, ceftolozane/tazobactam and meropenem as well as
avibactam against K. pneumoniae ATCC 13883 only. Each strain was subcultured
separately on agar plates supplemented with increasing concentration of each antibiotic
alone. Antibiotic susceptibility testing was then performed on the highest targeted
concentration of each strain against several antibiotics to determine the minimal
inhibitory concentration towards each antibiotic. In addition, the presence of persister
cellsamong K. pneumoniae ATCC 13883 and K. pneumoniae ATCC 13883 induced
against 4 ng/mL meropenem was analyzed using concentration-dependentkill curves.
Moreover, PCR was done on a panel of carabapenemase encoding genes.

Results: Antimicrobial susceptibility testing results on the 61 clinical P. aeruginosa
isolates showed that 58 isolates were resistant to imipenem, 52 to meropenem, 44 to
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ceftolozane/tazobactam, and all the isolates were susceptible to colistin. Moreover,
induction of resistance in P. aeruginosa ATCC isolates, reflected that P. aeruginosa was
able to develop resistance to carbapenems and piperacillin/tazobactm faster than
ceftolozane/tazobactam by induction against increasing concentrations reaching the
breakpoint, 4-fold the breakpointand 16-fold the breakpoint respectively. On the other
hand, induction of resistance on K. pneumoniae ATCC 13883, showed that K.
pneumoniae was capable of developing resistance against piperacillin/tazobactm and
ceftolozane/tazobactam by induction against increasing concentrations reaching the
breakpointand 6-fold the breakpoint respectively. Moreover, exposure of K.
pneumoniae to increasing concentrations of meropenem induces the formation of
persister cells. PCR results revealed the presence of blaoxa, blavim, and bla;ve genes.
blanom encoding gene was not detected.

Conclusion: Resistance to carbapenems in P. aeruginosa is caused through the
overexpression of efflux pumps, and detection of blaoxa, blavim, and bla;ve
carbapenemases encoding genes. Moreover, K. pneumoniae showed its ability to resist
carbapenems through the formation of persister cells.
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CHAPTERI

INTRODUCTION

History of antimicrobials dates to 1910 where Salvarsan was synthesized, followed
by the “age of natural antibiotic discovery” when penicillin was discovered in 1928
(Hutchings et al., 2019). Antimicrobials are the weapons used for a wide range of
serious infections especially in immunocompromised patients to save their lives.
Unfortunately, such life savers are becoming scarce due to the expanding antimicrobial
resistance (AMR), and the absence of new drugs in the pipeline especially against
Gram-negative bacilli (World Health Organization, 2017). Nowadays, 700,000 people,
at least, die because of drug-resistant diseases. Moreover, it is expected that by 2030,
AMR could leave up to 24 million people in extreme poverty (World Health
Organization (WHO) newsroom, n.d.-b).

AMR is not only threatening the effective treatment of common infections, but it is
also increasing the healthcare cost which is consequently adding to the economic burden
(World Health Organization (WHO) newsroom, n.d.-a). Overuse, abuse, and misuse of
the available antimicrobials, is rendering one of the last resort drugs used for
complicated infections (carbapenems) ineffective, posing critical threats to public health
(Kardos, 2017; World Health Organization (WHO) newsroom, n.d.-a; World Health
Organization, 2017). Carbapenem resistance is increasing among pathogens that cause
more than 40% of nosocomial infections including carbapenem-resistant P. aeruginosa
(CRPA) and K. pneumoniae (CRKP), which are in turn associated with remarkably high

mortality risks (>40%) (Theuretzbacher,2017a; World Health Organization, 2017).



K. pneumoniae is an extremely virulent bacterium that can evade the host’s immune
system and survive causing severe life-threatening infections, especially after the
emergence of hyper-virulent strains (Paczosa & Mecsas, 2016). Also, P. aeruginosa, is
known for its ability to survive in a wide range of environments, equipped with its
intrinsic resistance against various antibiotics (Hwang & Yoon, 2019) and its adaptive
resistance to survive increased drug concentrations (Pang et al., 2019). Both bacteria
have been identified due to their extensive resistance to most of the available antibiotics
and their advanced resistance mechanisms.

Given the threatening effects of these “superbugs” on public health and the increased
worldwide efforts to control their spread and severity, we aimed to assess at the
phenotypic and genotypic levels carbapenem resistance in K. pneumoniae and P.
aeruginosa and to determine the prevalence of persister cellsin K. pneumoniae. This
may provide a better understanding of the resistance patterns and future drug/drug

combination targets to treat associated infections.
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CHAPTERII

LITERATUREREVIEW

A. Antimicrobial Resistance

Antimicrobials have been saving the lives of many patients up till now, especially
those with weakened or underdeveloped immune systems. However, the misuse, overuse
and abuse of the available antimicrobials renders some of the last resort agents
ineffective as it stimulates the emergence of Multi-drug resistant (MDR"), Extensively
drug-resistant (XDR) and Pandrug-resistant (PDR?) bacteria (Mulani et al.,
2019)'(Kardos, 2017). Therefore, AMR poses an increasing risk to public health, where
expected deaths will increase to 10 million, consequently adding to the economic burden
which might reach $100 trillion by 2050(O’Neill, 2016). Moreover, treating antibacterial
resistant infections increases hospital care days by 8 million annually comparedto
treating antibacterial susceptible infection (Kardos, 2017).

Several factors contribute to the development of antimicrobial resistance (AMR)
including natural evolution, such as random mutations and/or gene transfer which
trigger development of resistant and more fit bacteria, the community and healthcare
facilities misuse such as self-prescription, uncertain diagnosis, intensive and prolonged
use especially in immunosuppressed patients which impose selective pressure of
antibacterial favoring naturally competent microbes, or the ones that have acquired

resistant genes earlier, as well as the agriculture and the veterinarian use. All these

* MDR: non-susceptibility to at least one agent of three or more antimicrobial categories(Magiorakos
etal., 2012)

f XDR: non-susceptibility to at least one agent in all but two or fewer antimicrobial
categories(Magiorakos et al.,2012)

£ PDR: non-susceptibility to all agents in all antimicrobial categories(Magiorakosetal., 2012)
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complicate the treatment of resistant as well as susceptible infections, considering the
scarcity in new drugs pipeline (Ashurst & Dawson; Kardos, 2017; Prestinaci et al.,
2015).

ESKAPE pathogens which have the highest mortality risk and the ability to escape
antibacterial effects were listed in the WHO pathogen prioritization report where new
antimicrobialsare urgently needed to combat these pathogens’ increasing resistance.
ESKAPE pathogens include carbapenem-resistant Pseudomonas aeruginosa and
Klebsiella pneumoniae that are part of the common causes of nosocomial infections, and
members of the critical priority group pathogens listed within the WHO priority list
(Mulaniet al., 2019; World Health Organization, 2017). However, carbapenem
resistance is more frequently detected in non-fermenters (>60%) compared to fermenters

(<10%) (Nordmann & Poirel, 2019).

B. Gram-negative Bacilli
1. Pseudomonas aeruginosa
P. aeruginosa is a ubiquitous, non-fastidious Gram-negative bacillus, harboring a
large genome that reflects its high metabolic activity and ability to utilize various carbon
sources enhancing its adaptation to diverse environmental conditions(Moradaliet al.,

2017).

a. Clinical Importance

P. aeruginosa is the leading cause of increased mortality and morbidity in cystic
fibrosis (CF) patients (Moradali et al., 2017), and one of the most common causes of

pneumonia, with extremely limited treatment options (World Health Organization,
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2017). Furthermore, it is associated with various nosocomial infections including
surgical site infections, urinary catheter-associated infections and central venous
catheter-associated infections (Moradali etal., 2017). In 2017, around 32,600
nosocomial infections were recorded in USA due to P. aeruginosa, with 2,700 deaths
and around 13% were caused by resistant P. aeruginosa including MDR and PDR
(Moradali et al., 2017)' (Pseudomonas aeruginosa Infection| HAI | CDC, n.d.). This
superbug enforces increased mortality and transmissibility risks and consequently health

care burden once it becomes carbapenem resistant (World Health Organization, 2017).

b. Pathogenesis of P. aeruginosa

P. aeruginosa virulence factors roles vary between 2 distinct functions where they
aid either in the attachment of the organism to host cells, or in the invasion of tissue and
immune system inhibition. For instance, P. aeruginosa is well known for the presence of
fimbriae and polar flagellawhich aid in attachment to host cells. In addition to the
presence of type III secretion system leading to toxins’ injection into host cells,
including ExoS, ExoT, Exo U and Exo Y. Uniquely, P. aeruginosa produces pyocyanin
that inhibits cilia functions and triggers production of reactive oxygen intermediates.
Moreover, Quorum Sensing (QS) constitutes a critical part of pathogenesis by directing
phenotypic alterations during preliminary stages of infection in P. aeruginosa, as it also
directs the biofilm formation rendering it essential for biofilm formation and hence
bacterial community survival (Moore et al., 2011) (Pseudomonas aeruginosa Infection |

HAI | CDC, n.d.).
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2. Klebsiellapneumoniae
K. pneumoniae is an encapsulated, lactose-fermenting, non-motile bacillus that
belongs to the Enterobacteriaceae family. It is a resilient bacterium that has the ability to

evade the host’s environment.

a. Clinical Importance

K. pneumoniae is an opportunistic nosocomial and community-acquired pathogen
which usually colonizes the gastrointestinal tract’s mucosal surface (5-38%),
nasopharynx (1-6%) and the skin. It is known to cause a broad range of infections,
which are usually chronic due to the presence of biofilm, including urinary tract
infections, liver abscesses, bacteremia, skin infections and severe pneumonia (Ashurst &
Dawson; B. Li et al., 2014; Paczosa & Mecsas, 2016). Up till now, K. pneumoniae is the
major cause of pneumonia in Africa and Asia among alcoholics, and the primary cause
of liver abscess in diabetes mellitus individuals (Chung, 2016). Overall, K. pneumoniae
accounts for 11.8% of nosocomial infections, as it also causes pneumonia in 8-12% of
ventilated patients (Ashurst & Dawson). Hyper-virulent and carbapenem resistant K.
pneumoniae strains were reported with globally increased resistance and virulence, and

consequently increased mortality and morbidity rates (Shahab Qureshi, n.d.).

b. Pathogenesis of K. pneumoniae

Several virulence factors contribute to K. pneumoniae survival and pathogenesisin
the host. As a member of the Enterobacteriaceae family, K. pneumoniae might express
different capsular serotypes (K antigen); although common recent pyogenic infections

belong mostly to K1, most UTI infections belong to K2. Capsules are made of
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polysaccharide (CP) that aid in the protection against phagocytosis by host cell, and if
released as free CP, they trap antimicrobial peptides to prevent them from reaching
bacterial surface. In addition to the expression of the K-antigen, K. pneumoniae
expresses the O-antigen on the outermost part of the Lipopolysaccharide, which
provides serum resistance. Moreover, K. pneumoniae mainly expresses Type 1 and 3
fimbriae, which are involved in the formation of intracellular communities of bacteria
and biofilm formation, respectively. In its turn, biofilm protects bacterial cells against
host response and antimicrobials. Furthermore, siderophores constitute an important
virulence factor in K. pneumoniae as it enables it to compete with the host cell for iron
that is essential for bacterial metabolism. All these factors shed light on the durable
ability of this bacterium to survive harsh environmental conditions, hence, establishing
and developing various antibiotic resistance mechanisms (Clegg & Murphy, 2016; B. Li

etal., 2014).

C. Treatment of MDR and XDR Gram-negative Bacilli

p-lactams are bactericidal antibiotics commonly used to treat P. aeruginosa and K.
pneumoniae infections including cephalosporins and carbapenems. B-lactams share a 3-
carbon and 1-nitrogen four-membered ring that inhibits the last step of bacterial cell wall
synthesis by acylating the trans-peptidase (aka PBP). PBP is required for peptides’
cross-linking during formation of the bacterial peptidoglycan: Resistance to these agents
is rising as bacteriaevolve and develop further mechanisms (Buxeraud & Faure,
2016)'(Poole, 2011). Among B-lactams, carbapenems possess a broad-spectrum activity

against Gram-positive and Gram-negative bacteria, including anaerobes. Carbapenems
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are used as one of the last resort drugs against severe bacterial infections (Drawz &

Bonomo, 2010).

1. Carbapenems

Carbapenems have been one of the last resort drugs covering MDR infections at least
for two decades, and the drug of choice against ESBLs (Kardos, 2017; Theuretzbacher,
2017b). They are related to penicillinand its derivatives in structure, with a carbon
instead of sulfur at position 1, and unsaturated bond between C2-C3. Hence,
carbapenems harbor a five-membered pyrroline ring coupled to the p-lactam ring with
its amide bond and carboxylate group that mimic these groups in D-Ala-D-Ala of the
PBP. However, among other B-lactams, carbapenems’ pyrroline ring uniquely has the
ability to tautomerize between Al and A2 forms (Fig.1; a, b) (Salmon-Rousseau et al.,

2020; Tooke et al., 2019).

A-2 pyrroline A-1 pyrroline

Figure 1: Tautomerization of pyrroline ring in carbapenems (Tooke et al., 2019)
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Carbapenems, similar to other B-lactams, first penetrate the bacterial cell wall, bind
PBP forminga covalent bond to prevent cross-linking of peptides during peptidoglycan
biosynthesis, and consequently lead to bacterial cell death by autolysis within the cell,
where death might be due to osmotic pressure differences in Gram-negative bacteria.
PBP1a, 1b, 2 and 3 are the main proteins inhibited. These antibiotics are preferred over
others in treating life-threatening invasive infections, due to their concentration-
independent killing effect, and their broad spectrum (Codjoe & Donkor, 2017; Papp-
Wallaceet al., 2011; Tooke et al., 2019). Moreover, carbapenems themselves have a [3-
lactamase inhibitory effect acting as “slow substrates” to most p-lactamases (Drawz &
Bonomo, 2010).

Thienamycinwas the first discovered carbapenem isolated from Streptomyces
cattleyain 1976, followed by the production of imipenem, its semi-synthetic derivative.
Carbapenems’ binding to PBP, pharmacokinetics and side chain structures vary as well
as carbapenem pyrrolidine derivatives with cyclic amines types have a wider spectrum
such as Meropenem, Panipenem, Doripenem and Ertapenem (ERT) (Codjoe & Donkor,
2017; Papp-Wallaceet al., 2011; Salmon-Rousseau et al., 2020; Tooke et al., 2019).
These factors contribute to the differential effectivenessof carbapenems against various
organisms. For instance, meropenem is more effective against Gram-negative bacilli
compared to imipenem, and ERT is not effective against P. aeruginosa. Moreover,
dehydropeptidase-1 (DHP-1) renal tubules’ enzyme degrades most carbapenems, which
requires their co-administration with a DHP-1 inhibitor such as cilastatin that in turn
prolongs their half-life. However, meropenem as well as later types of carbapenem like
ERT are not degraded by DHP-1, and hence do not require co-administration with

cilastatin that is neurotoxic and prohibited in neurological patients (Salmon-Rousseau et
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al., 2020; Tooke et al., 2019). Due to their high efficacy, resistance to carbapenems
poses a global healthcare problem, especially if it is part of combined resistance pattern,
where it may result in XDR organisms with severely limited treatment options, as well
as being associated with increased mortality and morbidity rates (Nordmann & Poirel,

2019; Theuretzbacher, 2017a).

2. Resistance to Carbapenems

In order to combat bacterial resistance to carbapenems, it is critical to understand the
underlying mechanisms. Some Gram-negative bacteriatend to be naturally insensitive to
certain carbapenems, while others tend to acquire resistance genes. Different resistance
mechanisms were reported in Gram-negative bacilli that can be divided into enzymatic
hydrolysis and non-enzymatic hydrolysis (Codjoe & Donkor, 2017; Nordmann & Poirel,

2019).

a. Non-Enzymatic Mechanisms

Non-enzymatic resistance mechanisms primarily affect structural proteins through
down regulation of porin-encoding genes leading to reduced cell permeability,
overexpression of efflux pumps encoding genes and gene modifications that alter target
(PBP) expression. These genes primarily serve as housekeeping genes (Blair et al.,

2015; Codjoe & Donkor, 2017).

i.  Porins Down Regulation

Gram-negative bacteriaare known to have intrinsically lower membrane permeability

than Gram-positives. Water-filled outer membrane proteins (OMP), also known as
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porins, line up the Gram-negative bacterial membrane to allow the uptake of hydrophilic
molecules with certain size exclusions. Hydrophilic antibiotics use these porins as the
major route to access the cell. However, bacteria limit the antibiotic entry from reaching
its target by modifying porins’ exclusion limits to reach the size of the antibiotic, or
down regulating the expression of certain porin-encoding genes leading to intrinsic
antibiotic insensitivity in both scenarios.

Carbapenems exert selective pressure that triggers mutation in porin-encoding genes
or genes that regulate porins expression. These mutations may result in complete loss of
the implicated porins, decrease in porin expression level or modifications in the proper
function of porin and its regulatory proteins, rendering the bacterial cell insensitive to
carbapenems. Studies showed that down regulationin porin expression substantially
contributes to new drugs’ resistance including carbapenems in Enterobacteriaceae and

P. aeruginosa (Blair et al., 2015; Fernandez & Hancock, 2012).

i Efflux pumps

Bacteria are equipped with energy-dependent transporters known as efflux pumps
that aid in pumping out a variety of molecules including antibiotics, resulting in the
decrease of drug concentration in the cell (Blairet al., 2014). These pumps have either a
wide or a narrow range of substrates. In Gram-negative bacteria, the best characterized
and the most clinically relevant of these pumps are resistance-nodulation-division
(RND) pumps that play a key role antibiotic resistance compared to other pumps, as they
extrude a wide range of drugs, as well as they contribute to virulence and biofilm

formation (Blairet al., 2014, 2015). RND pumps are mainly embedded in the inner

membrane, and form a tripartite with a “periplasmic adaptor protein” and a channel in
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the outer membrane, exporting antibiotics across both membranes directly outside the
cell (Blairet al., 2014, 2015; Fernandez & Hancock, 2012). Over expression of different
RND pumps is mainly caused by mutations that result in altered regulatory and
transcription factors implicated inRND pumps expression, consequently increasing
insensitivity to various antibiotics due to environmental or selective stress (such as
antibiotic concentration) that induce such mutations (Blair et al., 2014, 2015; Fernandez

& Hancock, 2012).

iii.  Target modifications
Drug target modification confers insensitivity against antibiotics, although it still
enables the target to carry on its functional role. As mentioned earlier, carbapenems bind
covalently to PBP leading to its deactivation. However, B-lactams resistance through
alterations in PBPs are common in Gram-positive bacteria but not in Gram-negatives as
PBPs are found in the periplasmic space. Therefore, resistance to carbapenems in these
bacteriamajorly depends on limiting the access to PBPs through efflux pumps over-

expression, porins’ loss, and B-lactam hydrolyzing enzymes production, rather than

PBPs modification (Blair et al., 2015; Tang et al., 2014).

b. Enzymatic Hydrolysis Mechanisms

Carbapenems’ hydrolysis by specific p-lactamase enzymes is one of the major
resistance mechanisms in Gram-negative bacteria against f-lactams. p-lactamases are

mainly plasmid-encoded, and they hydrolyze the amide bond within the f-lactamring

20



and can be classified into different groups (Nordmann & Poirel, 2019; Tooke et al.,

2019).

i.  Classification

Figure 2: B-lactamase classes showing serine/Zn2+ions at the active site; (a) class A,
(b) class B, (c) class C, (d) class D(Tooke et al., 2019)

According to Ambler’s molecular classification (Fig. 2), p-lactamases are classified
into 4 diverse groups (A, B, C & D) based on their amino acid homology. Classes A, C
and D have serine at their active catalytic site, while class B has a single or a pair of zinc
ions, where their name metallo-p-lactamases (MBLs) was derived (Nordmann & Poirel,
2019)' (Drawz & Bonomo, 2010). Accordingly, Class B can be further divided into 3
subclasses; the most clinically relevant B1 (Fig.3) with binuclear zinc center, Zn1 (tri-
His) and Zn2 (Cys-His-Asp) metal sites, it can be active by one or 2 ions. B2 with
mononuclear zinc center that results from replacing first His in the defining motif with
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Asn, so it is active by one Zn ion and inhibited by the addition of another. B3 requires 2
Zn ions for its activity, however, it has the Cys of the Zn2 replaced by an additional
His(Drawz & Bonomo, 2010; Lin-Cheng Ju, Zishuo Cheng, Walter Fast, 2018; Tooke et

al., 2019).

Figure 3: B1 Metallo-B-lactamase subclass showing Zinc active sites (Znl and
Zn2)(Lin-Cheng Ju, Zishuo Cheng, Walter Fast, 2018)

Class A includes penicillinase that mainly hydrolyzes penicillinand many of its
derivatives, extended-spectrum-p-lactamase (ESBLS) that have the ability to hydrolyze
penicillins, narrow- and extended-spectrum cephalosporins and monobactam. It also
includes a group of enzymes that can hydrolyze carbapenems, cephalosporins,
penicillins and aztreonam which reflects its resistance to various classes of f-lactams
leaving infections with organisms harboring these enzymes with limited treatment
options. MBLs usually exhibit resistance to penicillins, cephalosporins and
carbapenems, however, they do not hydrolyze aztreonam. Class D p-lactamases were
initially termed oxacillinases for their increased rate in oxacillin hydrolysis compared to

Class A and C. They include a variety of enzymes some of which confer resistance to
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penicillin, cephalosporins, ESBLs as well as carbapenems. Although Class C -
lactamases are able to hydrolyze penicillins and cephalosporins, they can not hydrolyze
carbapenems. Class of p-lactamases that hydrolyze carbapenems are known as
carbapenemases, and they mainly belong to classes A, B and D(Bush & Jacoby, 2010;

Drawz & Bonomo, 2010; Nordmann & Poirel, 2019).

ii. Mode of Action

Acylation high-energy intermediate
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Figure 4: Serine B-lactamase mechanism of action?®

Serine p-lactamases (SBLs) share an invariant Ser-Xaa-Xaa-Lys motif with PBPs;
therefore, they are able to acylate B-lactams, which is followed by deacylation, in the
presence of an activated water molecule (Drawz & Bonomo, 2010; Tooke et al., 2019)
(Fig.4). In general, the nucleophilic serine in SBLs gets activated by a specific base
(depending on the class of each enzyme), then it attacks the amide bond of the carbonyl
carbon in the B-lactam generating a high energy intermediate, which then undergoes a

tetrahedral oxyanion state transition to result in an acyl-enzyme. This enzyme complex
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is further hydrolyzed (deacylation) by an activated water molecule, regenerating the
unchanged B-lactamase, and liberating the degraded drug molecule. However, SBLs
differ in the general bases responsible for the activation of the nucleophilic serine and
the deacylating water molecule. Class A B-lactamases’ acylationis still a controversial
debate, that holds on two theories suggesting that either Lys73 or Glu166 are enrolled in
the activation of the nucleophilic serine and the water molecule. However, Tyr150 acts
as the general base to activate Ser64 and the deacylating water moleculein Class C
enzymes. While Lys70 carboxylation of the carbamic acid to generate a carbamate,
plays a major role in activating Ser67 and the deacylating water molecule. On the other
hand, MBLs have a distinct hydrolysis mechanism, as they generally use the hydroxide
group of a water molecule that is coordinated to Zn?* to hydrolyze the amide bond,
hence involving a metal-activated water nucleophile. However, MBLs that employ 2
Zn** ions coordinate the B-lactam molecule by the carboxylate and carbonyl group,
bridged by a hydroxide ion, then one of the 2 ions polarizes the carbonyl group
preparing it for the hydroxide attack. The hydroxide attack creates a tetrahedral that is
transformed into an intermediate with $-lactam nitrogen is anionic, which is then
protonated (uncertain source) to generate the degraded p-lactam and the unchanged
enzyme. In case of Zn?* mononuclear MBLs, a proposed mechanism suggests that water
molecule activated by His118 or Asp120 rather than a Zn?* and a hydroxide, as well as
single Zn?* helps coordinate nitrogen of the B-lactam. It is good to note that
carbapenems’ flexibility to exist in A-1 and A-2 pyrroline confirmations, stands behind
the ability of carbapenems to avoid the action of certain B-lactamases including ESBLs
and penicillinases. As for class A, the carbapenemases differ from other B-lactamases by

harboring a disulfide bridge between residues 69 and 238, as well as an expanded active
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site compared to other -lactamases that are deactivated by carbapenems(Tooke et al.,
2019). For class B, experimental evidence shows that -lactam ring opening may
indicate coordination of bidentate Zn1 by the carboxylate product, but it also sheds light
on the possibility of reorganization of the complex due to rotation around C5-C6 of the
carbapenem. However, the variable structure of class D enzymesand their interactions,
suggests that there are several ways that contribute to carbapenem hydrolysis, including
steric constraints upon orientation of the carbapenem acyl-enzyme complex and other
interactions involving positioning and orientation of the deacylating water molecule

(Drawz & Bonomo, 2010; Tooke et al., 2019).
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iii.  Genes encoding Carbapenemase

p-lactamase Type Common Genes detected
Class
TEM-1 & SHV-1 mutants, CTX-M
ESBL less common: BES, GES-1, VEB, PER & their
Class A derivatives
Carbapenemase KPC, SME, GES-5, NMC-A, SFC-1, IMI
Bl NDM, VIM, IMP
Class B B2 CphA
(carbapenemase) | B3 SMB-1
AmpC, CYM-2, ACT-1
Class C Cephalosporinase
ESBL Groups: OXA-10, OXA-2, OXA-1, OXA-13,
Class D Carbapenemase | Groups: OXA-40, OXA-23, OXA-48, 0XA-54,

OXA-55, OXA-58, OXA-62, OXA-51
Table 1: B-lactamase classes, types and commonly detected genes

Carbapenemases are encoded on different genes as they belong to different
classes, mainly they are carried on plasmids, but some might be encoded on
chromosomes (Table 1). These enzymes are found in Enterobacteriaceae, P. aeruginosa
and Acinetobacter spp., where the expression of these enzymes enhances bacterial
insensitivity to other -lactams.

First plasmid-mediated Class A p—lactamase was identifiedin E. coli in 1963
(Drawz & Bonomo, 2010). Class A encompasses the widest range of enzymes
conferring resistance to different f-lactam classes (Bush, 2019). Among Class A, KPC
are the most clinically relevant carbapenemases due to its global distributionin species
(Tooke et al., 2019), along with GES enzymes that show persistent H-bonds to Ser170
and have the ability to hydrolyze carbapenems including GES-5, GES-2, GES-4, GES-
11 and GES-14 are plasmid encoded (Drawz & Bonomo, 2010; Queenan & Bush, 2007;
Tooke et al., 2019). Others include NMC-A, IMI, SME along with KPC are known as

“non-metallo-carbapenemase” however, they are encoded on chromosomes and have
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been identified mostly in K. pneumoniae along with GES (Bush, 2019; Carattoli, 2013;
Drawz & Bonomo, 2010; Tooke et al., 2019).

MBL encoding genes could be located on chromosomes, plasmids and integrons,
however, in P. aeruginosa and K. pneumoniae MBL genes are encoded by mobile
elements that is mainly plasmids (Drawz & Bonomo, 2010). Currently several clinical
variants of MBL encoding genes have been detected, including 53-70 IMP variant, 46-
55 VIM variantsand 16-21 NDM variants (Carattoli, 2013). Less frequently detected
GIM-1, SIM-1, SPM-1, CphA and SBM-1 were detected (Tooke et al., 2019).

Class D encompasses a wide variety of enzymes (aka OXA enzymes), where 5
separate groups (OXA-23, OXA-24/40, OXA-48, OXA-51 and OXA-58) are known to
play a major role in carbapenem resistance. They are mostly encoded on plasmids and
confer resistance against carbapenems especially in non-fermenter Gram-negative bacilli

including A. baumannii and P. aeruginosa (Poirel et al., 2010; Tooke et al., 2019).

3. Carbapenemase Inhibitors

B-lactamase inhibitors (BLIs) aim to combat the action of B-lactamases, restoring the
B-lactam activity, through either forming a reversible/irreversible substrate that binds the
enzyme tightly resulting in steric hindrance or through forming irreversible “suicide
inhibitors” (Drawz & Bonomo, 2010). Clavulanate, sulbactam and tazobactam are the
most clinically available inhibitors, and have been used over the last 30 years, however,
resistance to these inhibitors was observed (Olsen, n.d.). Alone these inhibitors do not
exhibit an antibacterial activity, however, once combined with other B-lactams, they

improve their activity and sometimes their spectrum (Drawz et al., 2014; Drawz &
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Bonomo, 2010). Generally, B-lactamase Inhibitors can be grouped based on their

structure relativity to B-lactams(Drawz et al., 2014) (Fig.5).
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Figure 5: Classification of f-lactamase inhibitors and their targets

c. [B-lactam Derived Inhibitors

In 1970, clavulanate (clavam) was isolated from Streptomyces clavuligerus, as the
firstinhibitor used (Drawz & Bonomo, 2010). It shares a p-lactam backbone, along with
sulbactam and tazobactam which are penicillanic acid sulfones (Drawz et al., 2014).
These are known to inhibit class A and class D ESBLs, as they are usually used in
combinationwith penicillins (amoxicillin, piperacillin, ampicillin); for instance,
clavulanate-amoxicillin enlarges amoxicillin activity spectrum (Bush, 2019; Drawz &
Bonomo, 2010; Tooke et al., 2019). However, once clavulanate is used with ticarcillin, it
has the ability to induce Class C genes expression antagonizing its effect (Drawz &
Bonomo, 2010). Clavulanic acid derivatives with an oxygen at the penem position 1
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known as oxapenems, also have a considerable activity against class C and few class D
enzymes incuding OXA-1 and OXA-5(Drawz & Bonomo, 2010).

Methylidene penems (BRL42715 and derivatives) have enhanced penems inhibitory
activity due to their double bond at C6 that allows formation of imine intermediate from
the acyl-enzyme, as they act against class A and D ESBLs and class C (Drawz &
Bonomo, 2010). Furthermore, a carbapenem derivative (1-B-Methylcarbapenems) bear a
methyl group at the C-1 show enhanced activity against IMP-1, as well as J-110,441

belongs to this classand inhibits several MBLs (Drawz & Bonomo, 2010).

d. Non-B-lactam Derived Inhibitors

Avibactam is one of the promising non-p-lactam inhibitors, that harbors a bicyclic
core structure (bridged diazabicyclo[3.2.1]octanone; DBO) which aids in the reversible
inhibition (reversible acylation) of serine B-lactamases, including class A
carbapenemases (KPC enzymes), ESBLs and Class C. It is now approved for
complicated UTI infections in combination with ceftazidime!®3!, Another DBO
derivative with an additional piperidine ring is relebactam. Relebactam is being
developed in combination with cilastin-imipenem for targeting CRE and KPC-producing
P.aeruginsosa. Similar spectrum of activity is being observed with Zidebactam and
Nacubactam (Bush, 2019). Boronic acid derivatives (RPX7009 aka Vaborbactam) are
being examined for their activity against class A carbapenemases, ESBLs and class C
enzymes (Bush, 2019; Drawz et al., 2014; Tooke et al., 2019). Biapenem-RPX7009
showed good activity against mentioned classes in Enterobacteriaceae, however, had
the same effect of Meropenem alone against P. aeruginosa (Drawz et al., 2014).

Vaboreme (Vabrobactam + meropenem) is an approved drug for treating complicated
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infections (cUTI) ((No Title),n.d.; Lomovskaya et al., 2017). VNRX-5133 is a novel
boronic acid derivative, that has a direct inhibitory action against class A, C and D, in
addition to VIM and NDM of class B in CRE and P. aeruginosa (Bush, 2019).

MBL constitute a major inhibition challenge due to the lack of effective inhibitors of
this class. MBL inhibitors mainly target zinc ions of the active by binding or chelating
them (Tooke et al., 2019). Thiol-based compounds including EDTA have showed good
activity against all class B subclasses, in addition to phosphonate-containing compounds
that have also showed a good activity against B1 and B3 (Tooke et al., 2019). Moreover,
aztreonam-avibactam showed good activity against CRE with MBL where avibactam
inhibits ESBL and class C enzymes produced, and aztreonam evades the MBL along
with its antimicrobial effect, it could further be developed after being stopped in its
phase | trials (Drawz et al., 2014). Although few inhibitors have showed a proper action
against MBLs, ANT431 is a new pyridine-2-carboxylic acid showed inhibitory activity
against NDM-1 & VIM-2 but with less effective inhibition against other MBL members
including VIM-1 and IMP-1(Bush, 2019).

In addition, screening natural products led to the discovery of Bcll from extracts
produced by Chaetomium funicola, inhibits IMP-1 in P. aeruginosa (Drawz & Bonomo,
2010). Moreover, reported inhibitors for class D carbapenemases are scarce. However,
as a reversible DBO, ETX2514 has showed action against class D -lactamases, as well
as class A and C enzymes. It is being combined with sulbactam that has a unige activity
to bind specific PBP, hence can be used to target OXA enzymes in A.baumannii(Bush,

2019).
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e. Resistanceto Carbapenemase Inhibitors

Resistance to B-lactamase Inhibitors has been observed especially within
carbapenem-resistant Gram-negative bacilli. Resistance to clavulanate-amoxicillin
combinations in the 1980s, showed expression of enzymes that are not susceptible to the
inhibitor or hyper-production of the enzyme as a result of point mutationsin the
promoter region and/or increased copy number of the plasmid harboring the enzyme
genes (Drawz & Bonomo, 2010). Although clavulanate is known to act on TEM and
SHV genes that encode class A enzymes and ESBLs, resistance to clavulanate due to
substitutions in these genes has been observed.

Major substitutions occur at Arg244 which contributes to substrate affinity through
H-bond to conserved B-lactam carboxylate, most common substitution at Met69 which
is essential for polarizing B-lactam for Ser70 nucleophilic attack. Met69 substitution
occurs either alone or in addition to other amino acid substitutions. In addition, Asn 276
was observed in 14 variants of TEM but not in SHV. This substitution creates new
interactions with Arg244 and results in a tighter attraction between them (Drawz &

Bonomo, 2010).

D. Persister Cells
Persister cells were first observed in 1942, in a subpopulation (~1%) of
Staphylococcus aureus that were not killed by penicillin (J. S. Lee et al., 2019). These
cells constitute a subpopulation of phenotypically antibiotic-tolerant cells with the same
minimal inhibitory concentrations (MIC) as susceptible cells and genetically unchanged,
however, they have the ability to survive under bactericidal concentrations of antibiotics

in the dormant state (Fisher etal., 2017; Y. Li et al., 2018). These cellsare either slow-
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growing or “growth-arrested” cells with a low metabolic activity enabling them to
survive under lethally stressful environmental conditions. Persister cells can be
categorized into 2 types; Type | constitutes a pre-existing subpopulation of growth-
arrested cells, with extended lag time and their number depends on the inoculum’s size.
Type Il constitute a small fraction of slowly growing cells’ subpopulation proportional
to the total count of growing cells in an inoculum (Y. Li et al., 2018).

Tolerance to antibiotics include either sustaining increasing concentrations of
antibiotics or fixed concentrations over a long period of time linked to slow growth or
reduced metabolism due to stress. Tolerance of persister cells also vary between
different antibiotics. The existence of persister cells in a bacterial population has been
linked to the emergence of antibiotic resistance and to recurrent persistent infections
since persister cells resume growth into a heterogeneous population of cells (persister
and susceptible cells) once the stress (or antibiotic) is released as they become again
sensitive to antibiotics (Fisheretal., 2017; Y. Li et al., 2018). Although antibiotic
tolerance is not the result of genetic modification, high-persistence (hip) genetic
mutations may affect persister cells’ tolerance indirectly, considering modifications that
might result in slow growth, slow metabolism, decreased antibiotics’ uptake or even
increased probability of persisters’ formation Several environmental triggers enhance
persister cells formation, including change in PH, limited nutritional sources as well as
biofilm development. Moreover, even if the environmental stress is placed on the whole
population of cells, only subpopulations form persister cells, which sheds light on the
importance of “stochastic gene expression” and on the presence of active stringent

response for tolerance to antibiotics.
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However, the exact mechanism of persister cells’ formation and the specific effects
of environmental conditions on triggering this cell subpopulationis still unclear. Mainly
the role of type | and type Il toxin-antitoxin (TA) module were linked to the formation
of persister cells, since this module is primarily responsible for inducing cell dormancy,
as the cell degrades the antitoxin in response to stress, allowing the toxin to act on its
targets leading the cell to escape antibiotic effects (Fisher et al., 2017; Wood et al.,
2013). Response to stress is mostly propagated to cells through alarmone guanosine
tetraphosphate (ppGpp), which also has a direct effect on reducing DNA replication and

protein synthesis.

E. Resistance to Carbapenems in P. aeruginosa

P. aeruginosa is the most common causes of pneumoniain immunocompromised
patients. Compared to other Gram-negative bacteria it is associated with increased
mortality rate and limited treatment options (Theuretzbacher, 2017a; World Health
Organization, 2017). In addition, its resistance to carbapenems increases the mortality
risk in patients with bloodstream infections (World Health Organization, 2017). CRPA
is associated with very high mortality rate (>40%), high transmissibility and absent
treatability as per the WHO pathogen prioritization report (World Health Organization,
2017). Carbapenem resistance in P.aeruginosa can be intrinsic (such as membrane
permeability modifications and chromosomal gene expression of hydrolytic enzymes),
acquired (horizontal gene transfer or mutataion) or adaptive (biofilm formation
and persister cells exhibition) (Fernandez & Hancock, 2012; Pang et al., 2019). Intrinsic
resistance mechanisms play a major role compared to acquired carbapenemase genes

(Theuretzbacher, 2017a), although combined resistance mechanisms and the coexistence
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of carbapenemase genes is frequently observed in MDR and CRPA. P. aeruginosa is
known to have extremely controlled outer membrane permeability due to the
predominance of OprF non-specific porins, which are mostly found in their closed
confirmation. However, carbapenemsare known to utilize OprD basic-amino acid
specific porins to cross P. aeruginosa outer membrane and reach their intracellular
target (Pang et al., 2019; Shaaban et al., 2017). Consequently, CRPA have shown
decreased expression of OprD porins or even loss of these porins (Fernandez &
Hancock, 2012; Shaaban et al., 2017). Moreover, P. aeruginosa intrinsically expresses
RND pumps which are implicated in antibiotic resistance (Pang et al., 2019), especially
four major RND pumps most commonly identified including MexAB-OprM, MexXY -
OprM, MexCD-OprJ and MexEF-OprN (Blairet al., 2014; Pang et al., 2019). MexAB-
OprM and MexCD-Opr] are mainly responsible for f-lactam extrusion out of the cell
(Pang et al., 2019), as over expression of MexAB-OprM was extensively observed in
CRPA followed by MexCD-OprJ and MexXY-OprM (Blair et al., 2014; Hwang &
Yoon, 2019; Poole, 2011; Shaaban et al., 2017). Mutational changes including
spontaneous mutations may also affect the expression of efflux pumps and porins. For
instance, mutations in transcriptional regulators’ genes including mexR, nalB, nalC or
nalD were identified in CRPA that up-regulated their MexAB-OprM expression, leading
to increased carbapenems resistance (Pang et al., 2019). Although meropenem and
imipenem (some of the most commonly used carbapenems) use OprD (aids in cationic
amino acid uptake) to cross P. aeruginosa outer membrane, ertapenem (another well-
known carbapenem) (Figure 6) anionic structure renders it unable to cross the outer
membrane through OprD, as it also increases its binding affinity to efflux pumps to

facilitate its extrusion.
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Figure 6: Ertapenem structure

Hence, P. aeruginosa is intrinsically resistant to Ertapenem (Hammond, 2004;
Zhanel et al., 2005). Furthermore, acquisition of genes that confer resistance to
carbapenems through encoding different carbapenemases occur in P. aeruginosa
through horizontal gene transfer (conjugation, transduction and transformation). Of
these genes, MBLs including IMP, VIM (including VIM-1 & VIM-2), SPM (including
SPM-1), GIM-1, AIM-1 and NDM (including NDM-1) have been detected in CRPA, in
addition to KPC and GES-2 class A enzymes(Fisheretal., 2017; Meletiset al., 2012,
Pang et al., 2019; Poole, 2011; Shaaban et al., 2017). However, class D carbapenemases
are not reported in P. aeruginosa as frequently identified in A.baumannii, where OXA-
198 was detected in 2011 (Meletiset al., 2012). VIM-1 & VIM-2 as well as NDM-1 &
VIM-2 coexisted in some strains*?, also, the presence of KPC in CRPA is usually
coupled to loss of OprD (Poole, 2011). Aside from all these mechanisms that render
CRPA insensitive to carbapenems, P. aeruginosa has the ability to adapt to stressful
environments through biofilm formationand persister cells generation. Biofilm
formations render cells less sensitive to antibiotics and to host’s immune system, and it

is mainly regulated by quorum sensing that vital for bacterial communication (Moradali
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etal., 2017; Pang et al., 2019). It has also been noted that loss of OprF porins is linked
to increased biofilm expression (Pang et al., 2019). Moreover, formation of persister
cells in P. aeruginosa was also identified as a transient phenotype in heterogeneous
response to stress and constitute around 1% of biofilm cells. These cells have the ability
to regrow and activate their metabolic activity after antibiotic removal (Moradali et al.,

2017; Pang et al., 2019).

F. Resistance to Carbapenems in K. pneumoniae

Enterobacteriaceae including K. pneumoniae are the most common nosocomial
infections, and carbapenems are frequently used to treat these infections especially for
MDR strains with ESBLs and class C enzymes (Ye et al., 2018). However, carbapenem
resistance is posing an increased risk to public health, where prevalence of CRE has
been rising worldwide, as in 2013 the Centers for Disease Control and Prevention
(CDC) listed CRE as one of the major public health threats (C. R. Lee et al., 2016). In
USA, 90% of CRE are carbapenem-resistant K. pneumoniae (CRKP) (Theuretzbacher,
2017a), by which CRKP is associated with very high mortality rate (>40%), high
community burden and transmissibility, absent treatability options along with scarce
novel antibiotics in the pipeline as per the WHO pathogen prioritization report
(Theuretzbacher, 2017a; World Health Organization, 2017). CRKP is more prevalent
within the MENA region and East Asia (5-15%) compared to other parts of the world
(<5%) (World Health Organization, 2017). Carbapenem resistance in K. pneumoniae is
mostly caused by carbapenemases that consequently decrease its sensitivity to other -
lactams (Chung, 2016; Theuretzbacher,2017a). In addition, most antimicrobial

resistance in K. pneumoniae is a result of horizontal gene transfer and the acquisition of
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large conjugative plasmids (Wyres & Holt, 2018). Moderate to high levels of
carbapenem resistance is observed with strains expressing KPC-1, while high resistance
is detected in KPC-2 or KPC-3 expression along with down regulation of porins (Chung,
2016). KPC is one of the most commonly detected class A carbapenemase gene in
CRKP especially in nosocomial infections including KPC-1, KPC-2 and KPC-3, also
IMI, GES and Nmc-A class A genes were observed in K. pneumoniae (Chung, 2016;
Navon-Veneziaet al., 2017). In addition, class D OXA-enzymes were detected such as
OXA-48 in Turkey (2003), that later was also spread to the Middle East, and OXA-181
(encoded by chromosomal genes). Moreover, MBL enzymes were identified including
NDM, IMP and VIM genes (Navon-Venezia et al., 2017; Wyres & Holt, 2018). NDM-1
and VIM-1 were encoded on chromosomes and plasmids, as well as GES-4 and IMP-1
encoded by plasmids (Navon-Venezia et al., 2017). Interestingly, OXA-48 and NDM-1
are extensively detected in hospital and community-acquired infections (Chung, 2016).
Other than expressing carbapenemase, CRKP modify their membrane permeability
through porin loss including OmpK35, OmpK36 and OmpK37 which are barely
expressed or not expressed at all, prohibiting carbapenems from reaching their target
(PBP). For instance, expression of ESBL genes along with porin loss (OmpK36) was
associated with decreased susceptibility to Ertapenem. However, porin downregulation
in these bacteriamay have an increased fitness cost affecting virulence (Chung, 2016;
Navon-Veneziaet al., 2017; Production et al., 2013). Furthermore, over-expression of
acrB has shown to increase K. pneumoniae insensitivity to f-lactams and Floroquinoles
but not carbapenems (Padilla et al., 2010; Wyres & Holt, 2018). Although a study
mentioned the contribution of efflux pumps to resistance against doripenem and

ertapenem detected through the use of efflux pumps inhibitor, until now there is not
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clear reported contribution of efflux pumps in CRKP (Filgonaet al., 2015; Padillaet al.,
2010; Wyres & Holt, 2018). However, a study has referred to the importance of efflux
pumps inhibition in disrupting biofilm formation with contribution of capsule, fimbriae
1 and 3. Biofilm constitutes a major factor that enhances bacterial cells persistence,
where bacterial persistence is another form of antibiotic insensitivity (Navon-Venezia et
al., 2017). Moreover, persister cells have been detected among insensitive CRKP, where
exposure to high concentration of carbapenem such as imipenem, led to the formation of
persister cells that are genetically identical to the original susceptible cells, however,
they are phenotypically tolerant to antibiotic stress (Y. Li et al., 2018; Wood et al.,
2013). Formation of persister cells is prevalent among K. pneumoniae and confer
resistance to combination of antibiotics, as well as these persister cells showed that they
were more tolerantto imipenem killing while in the stationary phase more than being in
their exponential phase (Y. Li et al., 2018; Van Laar et al., 2015).

Several studies tackling carbapenem resistance in Gram-negative bacilli were
previously addressed at our lab. In 2008, Matar et al. reported the first f-lactamase
mediated carbapenem resistance in Enterobacterales in Lebanon, where a K.
pneumoniae isolate harboring the blaoxa-4s gene was recovered (Matar et al., 2008). In
2012, El-Herte et al. highlighted the first report from Lebanon on carbapenem resistant
Enterobacterales isolates imported from Irag. In total, 1 E. coli and 2 K. pneumoniae
isolates were recovered from 3 different Iragi patients. PCR results revealed that the E.
coli isolate harbored the blaoxa-as gene, one K. pneumoniae isolate harbored the blanpm-
1 gene, and the other isolate harbored both the blapxa-2s and the blanom-1 genes (EI-Herte
etal., 2012). In the same year, Baroud et al. aimed to determine the prevalence of

carbapenem resistance among 2243 and 572 ESBL producing E. coli and K. pneumoniae
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isolates. Phenotypic testing revealed that 24 and 14 out of the ESBL producing E. coli
and K. pneumoniae isolates were carbapenem resistant. Moreover, PCR results revealed
that 5 and 2 isolates harbored the blaoxa-4s and the blanom-1 genes respectively (Baroud
etal., 2013). Furthermore, recently Sleiman et al. worked on an XDR and a PDR K.
pneumoniae isolates recovered from a patient admitted to AUBMC. Whole genome
sequencing results revealed that both isolates harbored the blaoxa-4s and blanpm-s genes
(Sleimanet al., 2021). In this context, we aimed to assess at the phenotypic and
genotypic levels carbapenem resistance in K. pneumoniae and P. aeruginosaand to

determine the prevalence of persister cellsin K. pneumoniae.
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CHAPTERIII

MATERIALS AND METHODS

A. Source of Bacterial Isolates

P. aeruginosa ATCC 10145, P. aeruginosa ATCC 27853, and K. pneumoniae ATCC
13883 strains were obtained from glycerol suspension stored at -80°C. Moreover, a total
of 61 P. aeruginosa clinical isolates obtained from the Clinical Microbiology
Laboratory at the American University of Beirut Medical Center (AUBMC) were

included.

B. Bacterial Identification and Storage
All isolates were identified earlier at the Clinical Microbiology Laboratory at
AUBMC using MALDI-TOF. Then these isolates were stored in separate glycerol

suspension at -80°C.

C. Sources of Antibiotics and Growth Media
1. Antimicrobial agents
- Amikacin (Anfarm Hellas, Greece)
- Colistin (Sigma-Aldrich, spruce street, St. Louis, USA)
- Ciprofloxacin (Ciprolon; Hikma Pharmaceuticals, Jordan; 200mg/100 mL
solution)
- Cefepime (Qpime; Julphar Gulf Pharmaceutical Industries, U.A.E.)
- Ceftolozane/Tazobactam (ceftolozane/tazobactam; Merck Sharp & Dohme

Ltd Hertford road, Hoddesdon Hertfordshire EN119BU, UK)
40



- Ertapenem (Invanz; Merck Sharp & Dohme Ltd Hertford road, Hoddesdon
Hertfordshire EN119BU, UK)

- Gentamicin (Sigma-Aldrich, spruce street, St. Louis, USA)

- Imipenem (Tienam, Imipenem, cilastatin sodium; Merck Sharp & Dohme
Ltd Hertford road, Hoddesdon Hertfordshire EN119BU, UK)

- Meropenem (ACS Dobfar SpA, ltaly for AstraZeneca UK Limited,
Macclesfield, UK)

- Piperacillin/Tazobactam (Wyeth Lederle S.p.A, Catania, Italy)

- Tigecycline (Tygacil®, Wyeth Lederle S.r.L Via Franco gorgone Z.1,

Catania, Italy)

2. Growth Media
- MacConkey agar powder (Sharlau S.L., Spain)
- Luria— Bertani (LB) agar powder (Acumedia® and Lab M®; Neogen
culture media, UK)

- Glycerol (Sigma-Aldrich, spruce street, St. Louis, USA)

D. Antibiotic Stock Solutions Preparations
1. Materials Needed

- Antibiotics

- Autoclaved distilled water

- 1.5 mL Eppendorf tubes

- Spatula

- Balance
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- Weighing Papers (Fisher Scientific Co., St. Louis, USA)

2. Procedure
Antibiotics in the form of powder were freshly prepared by weighing the required
mass, using spatula, weighing papers and a balance then dissolvedin 1 mL of nuclease

free water. Moreover, ciprofloxacin was available in a liquid form.

E. Induction of Resistance by Serial Passage

In order to assess the effect of exposure of wild type K. pneumoniae and P.
aeruginosa to carbapenems and B-lactam/p-lactamase inhibitors on the susceptibility to
various antibiotics, induction of resistance was carried out. Exposure of K. pneumoniae
ATCC 13883, P. aeruginosa ATCC 10145, P. aeruginosa 27853 and PAN14 to
ceftolozane/tazobactam, meropenem and piperacillin/tazobactam separately was done by
serial passages using LB and MacConkey agar plates with increasing concentrations of

our target antibiotics starting with C1 and reaching C5 (Table 2).

1. Materials Needed:

LB agar powder

- Meropenem (2 mg/mL) solution

- Ceftolozane/Tazobactam (2 mg/mL) solution
- Piperacillin/tazobactam (2 mg/mL) solution
- Pipettesand Pipette tips

- Autoclaved Brucella Broth solution (1ml)
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- Petri Plates (Plastilab, Lebanon)

- Disposable Loops

2. Procedure:

a. Breakpoints of K. pneumoniae and P. aeruginosa for meropenem,

ceftolozane/tazobactam and piperacillin/tazobactam were determined from the CLSI

guidelines 2020 (Table 2).

Breakpoint (ug/mL)
Piperaci | ceftoloz | merope | imipen | ertapen |ciproflox |gentami | tigecyc | amika |Cefepi |colist
llin/tazo | ane/tazo nem em em acin cin line cin me in
bactam | bactam
K. > >8/4 | >4 >4 >2 >1 >16 05 | >64 | >16 | >4
pneumoni | 128/4
ae
P. > >16/4 | >8 >8 NA >2 >16 NA | >64 | >32 | >4
aeruginos | 128/4
a
NA: Not applicable
Table 2: Breakpoints of used antibiotics against K. pneumoniae and P. aeruginosa
b. Concentrations needed for each passage of meropenem, ceftolozane/tazobactam
and piperacillin/tazobactam for K. pneumonia and P. aeruginosa were also
determined.
Concentration Piperacillin/ Ceftolozane/ Meropene Bacteria
tazobactam tazobactam m
C1 2 ug/mL 1 pug/mL 0.5 ug/mL | K. pneumoniae
2 ug/mL 2 ug/mL 1 pg/mL P. aeruginosa
C2 4 ug/mL 2 ug/mL 1 pg/mL K. pneumoniae
4 pg/mL 4 pg/mL 2 ug/mL P. aeruginosa
C3 8 ng/mL 4 pg/mL 2 ug/mL K. pneumoniae
8 ng/mL 8 ng/mL 4 pg/mL P. aeruginosa
C4 16 pg/mL 8 ng/mL 4 pg/mL K. pneumoniae
16 pg/mL 16 pg/mL 8 ug/mL P. aeruginosa
C5 32 pg/mL 16 pg/mL 8 ug/mL K. pneumoniae
32 pg/mL 32 pg/mL 16 pg/mL P. aeruginosa

Table 3: Antibiotic concentration used for induction of resistance passages
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c. 7.4 gof LB agar powder were weighed and transferred into an Erlenmeyer flask
and 200 mL distilled water were added and boiled using a hot plateand a
magnetic stirrer. The prepared LB agar media was then autoclaved.

d. The LB agar media was removed from the autoclave into the water bath adjusted
to 55°C. Then the appropriate concertation of each antibiotic (from 2 mg/mL
initial solution) was added to each designated flask. After that, 25 mL of agar
was poured into each petri plate, ending up with agar plates supplemented with
the required concentration of each antibiotic separately.

e. K. pneumoniae ATCC 13883, P. aeruginosa ATCC 10145, P. aeruginosa ATCC
27853 and PAN14 cultured earlier on LB agar plates were sub-cultured on the
designated agar plates containing C1 of each antibiotic available.

f. Three passages of each concentrationwere carried out. After completing the
latter, the bacterium was moved to a 2-fold higher concentration, and so on until
reaching three passages C5 of each antibiotic.

g. Afull loop from each passage of each induced strain after incubation was moved
to 2 mL fresh LB Broth and incubated overnight at 37°C with the same
concentration of antibiotic
a) On the next day, 1 mL of the culture was re-suspended in 60% glycerol

suspension and stored at -80°C.

F. Antimicrobial Susceptibility Testing of Induced Mutants and Clinical Isolates
To determine whether the exposure of K. pneumoniae ATCC and P. aeruginosa
ATCC isolates to carbapenems or other B-lactams combined with B-lactamase inhibitor

altered the susceptibility of these bacteriato various antimicrobials, broth microdilution
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(BMD) was carried out using antimicrobials from different families. These included B-
lactams (meropenem, imipenem, ertapenem and cefepime), aminoglycosides (amikacin
and gentamicin), tetracycline (tigecycline), fluoroguinolones (ciprofloxacin),
cephalosporin/inhibitor (ceftolozane/tazobactam), penicillin/inhibitor
(piperacillin/tazobactam) and colistin. For each induced bacteria, the isolate exposed to
C5 of each antibiotic was used for antibiotic susceptibility testing (AST). Furthermore,
all clinical P. aeruginosa isolates were screened for their susceptibility against
imipenem, meropenem, ceftolozane/tazobactam and colistin. Breakpoint of P.
aeruginosa and K. pneumoniae against various antibiotic classes are listed in table 2 as

per CLSI guidelines 2020 and taken as a reference for BMD.

1. Materials Needed

96-wells microtiter plates (Corning®, USA)

- Cation Adjusted Mueller-Hinton broth (MHCAB)

- Antimicrobials solutions

- Densitometer (Densimat, Biomérieux Biotechnology,USA)
- Pipettesand autoclavable tips

- Disposable loops

- Shaker (Daihan, Scinetific Co, South Korea)

- 5mL glass tubes

- Bacteria incubated overnight to be tested

2. Procedure

a. Bacterial Inoculum Preparation
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- Bacterial isolates that were stored earlier in glycerol suspension at -
80°C, were cultured on LB agar plates with the appropriate
antibiotic concentrations for each mutant, and incubated overnight
at37°C.

- On the next day, few colonies were taken from the plates using a
loop and suspended in MHCAB glass tubes. The optical density of
this suspension was then measured using a densitometer and
adjusted to reach 0.5 McFarland.

- 750 pL of the 0.5 Mcfarland bacterial suspension was added to

14.25 mL of MHCAB resulting a bacterial culture of 5*10° CFU.

b. Microdilutionin 96-wells Microtiter Plates

100000000000
1000000000006

& CC I I
HOOOOOOOOOOOO

Figure 7: 96-well plate used for broth micro-dilution

- 90 pL of MHCAB were dispensed in wells of columns 2 through 12 of all
rows in each of the microtiter plates using pipette. Well 12 of each row was

used as positive and negative control.
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- The appropriate volume of each antibiotic was added to each well in
column 1, then MHCAB was added to reach a total volume of 180uL.

- The added antibiotics were diluted in 2-fold serial dilution by transferring
90 uL at each time to the next well reaching the lowest designated
concentrationinwell 11.

- 10 pL of each required bacterial inoculum was added to each well to reach
a bacterial suspension of 5*10° CFU/mL in each well and 96-well plates
were incubated at 37°C overnight.

- On the next day, results were read and interpreted in reference to the CLSI

guidelines 2020.

G. Antimicrobial Susceptibility Testing of Clinical Isolates with B-lactamase and
Efflux Pumps Inhibitors
To determine the susceptibility of clinical P. aeruginosa isolates to carbapenems
combined with B-lactamase inhibitor, broth microdilution (BMD) was carried out
against meropenem with EDTA, meropenem with avibactam and meropenem with

PABN.

1. Materials Needed
- 96-wells microtiter plates (Corning®, USA)
- Cation Adjusted Mueller-Hinton broth (MHCAB)
- Antimicrobials solutions
- EDTA solution (5 mg/mL) (Amresco, Ohio, USA)

- Avibactam solution (5 mg/mL)
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- PapN solution (5 mg/mL)

- Densitometer (Densimat, Biomérieux Biotechnology,USA)

- Pipettesand pipette tips

- Disposable loops

- Shaker (Daihan, Scinetific Co, South Korea)

- 5 mL glass tubes

- Bacteria incubated overnight to be tested

2 Procedure

a. Bacterial Inoculum Preparation

Bacterial isolates that were stored earlier in glycerol suspension at
-80°C, were cultured on LB agar plates and incubated overnight
at 37°C.

On the next day, few colonies were taken from the plates using a
loop and suspended in MHCAB glass tubes. The optical density
of this suspension was then measured using a densitometer and
adjusted to reach 0.5 McFarland.

750 pL of the 0.5 Mcfarland bacterial suspension was added to
14.25 mL of MHCAB resulting in a bacterial culture of 5%10°
CFU.

For avibactam screening, 396.8 L of the above bacterial culture
were pipetted to an Eppendorf, and 3.2 pL of 5 mg/mL avibactam
were added to the culture, to resultin 4 pg/mL avibactam

concentration in each well of a 96-well plate.
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- For EDTA screening, 640 pL of 5 mg/mL EDTA was added to
9.36 mL of the bacterial suspension with 5*108 CFU/mL to get 32
ug/mL EDTA concentration in each well of a 96-well plate.

- For PapN screening, 640 pL of 5 mg/mL EDTA was added to
9.36 mL of the bacterial suspension with 5*10°® CFU/mL to get 32

png/mL PapN concentrationin each well of a 96-well plate.

b. Broth microdilutionin 96-wells Microtiter Plates

- 90 pL of MHCAB were dispensed in wells of columns 2 through
12 of all rows in each of the microtiter plates using pipette. Well
12 of each row was used as positive and negative growth control
with bacterial inoculum suspended in MHCAB.

- For clinical isolates, the highest concentration of the first well was
taken to be 2048 pg/mL for the three antibiotics (meropenem,
imipenem and ceftolozane/tazobactam from 5 mg/mL solutions).
Therefore, 82 pL of each antibiotic was added to the first well of
respective columns, with 98 uL. MHCAB to reach a total volume
of 180 L.

- The added antibiotics were diluted in 2-fold serial dilution
reaching the lowest designated concentrationin well 11.

- 10 pL of each required bacterial inoculum was added to each well,
so that after addition of bacteriato the well suspension, total
volume is 100 pL with 5*10° CFU/mL in each well and 96-well

plates were incubated at 37°C overnight.
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- On the next day, results were read and interpreted in reference to

the CLSI guidelines 2020.

H. Persister Cells Assay

To determine the presence of persister cellsamong bacterial populations of K.
pneumoniae ATCC 13883 alone, and K. pneumoniae with induced resistance to 4
ug/mL meropenem, bacterial cells at their stationary phase were treated with increasing
meropenem concentrations ranging from 5 MIC (5*0.25 pg/mL) reaching 200 MIC
(200* 0.25 ug/mL). Followed by counting of the colony forming units formed at
differentdilutions 1/10, 1/100 and 1/1000, that were further analyzed through time kill

curves (Y. Li etal., 2018).

1. Materials Needed
- LB agar plates
- LB broth
- Disposable loops
- 2 mg/mL meropenem solution
- Bacterial cultures (K. pneumoniae ATCC 13883, K. pneumoniae ATCC
13883 induced isolate with 4 ng/mL meropenem)
- Pipettesand autoclavable tips

- 5mL glass tubes

50



2. Procedure

- Stationary growth phase cultures were prepared by inoculating a single
colony of K. pneumoniae ATCC 13883 and K. pneumoniae induced with 4
pug/mL meropenem isolates each in a separate tube of 4 mL LB broth for 16
hr at 37°C.

- 250 uL of stationary phase cultures were then suspended in 250 pL fresh
media with different concentrations of meropenem, 5-, 20-, 50-, 100- or
200-times the MIC (0.25 pg/mL), of the wild type K. pneumoniae.

- Samples were incubated for 4 hrs. at 37°C.

- For concentration-dependentkill curves, each concentration of antibiotic
underwent two consecutive serial dilutions 1/10 and 1/100.

- For 1/10 dilution, 1 mL of each concentration was added separatelyto 9
mL of fresh LB broth, then 50 uL of each concentration was plated on fresh
LB agar plates and incubated overnight at 37°C for colony count next day.
Same procedure was followed for 1/100 dilution, where 1 mL of the diluted
cultures, was added to 9 mL of fresh LB Broth tubes separately. Then, 50
uL were plated on fresh LB agar plates and incubated overnight also at
37°C. The same was done from 1/100 dilution to reach 1/1000.

- Next day, all plates were observed for colony count. Plates that had
between 30 and 330 colonies were taken into consideration for completing

the curves.
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I.  Polymerase Chain Reaction

To investigate the presence of carbapenemase encoding genes in the clinical isolates,

we performed multiplex PCR with the amplification of the commonly

detected carbapenemase genes in P. aeruginosa within the Middle East and North

Africa (MENA) region including blaime, blavim, blaoxa and blanom. The below protocol
is adopted from (Ying Li et al.) with few modifications. Based on trials and taking into
consideration the annealing temperature and the length of the primer pairs (Table 4), we

grouped bla;vp, blavim and blaoxa gene in the same PCR run and the blanom Was done

alone in a separate run.

Primer Sequence BP (mer) [ GC% | Tm®
IMP-F GGAATAGAGTGGCTTAAYTCTC 22 41 57.9
IMP-R GGTTTAAYAAAACAACCACC 20 35 51.9
VIM-F GATGGTGTTTGGTCGCATA 19 47 54.9
VIM-R CGAATGCGCAGCACCAG 17 65 56.9
OXA-F GCGTGGTTAAGGATGAACAC 20 50 57.9
OXA-R CATCAAGTTCAACCCAACCG 20 50 57.9
NDM-F GGTTTGGCGATCTGGTTTTC 20 50 57.9
NDM-R CGGAATGGCTCATCACGATC 20 55 59.9

BP: Base pair, GC%: GC content, Tm®©: melting temperature
Table 4: Primers characteristics

1. Materials Needed

- Extracted DNA of the 61 P. aeruginosa isolates

- Nuclease free water
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- Master mix (Solisbiodyne, Tartu, Estonia)

- Pipettesand pipette tips

- 1.5mL, 500 pL and 200 pL Eppendorf tubes

- NDMF, NDMR, VIMF, VIMR, OXAR, OXAF, IMPF, IMPR (Macrogen,

Korea)

" Procedure

- Prepare 100 pL stock of each primer by diluting the original stock (20
nmoles) by adding 20 pl of the latter to 80 pl NFW.

- Thaw the extracted DNA and the master mix on ice.

- Spin down the master mix, primers, and the DNA using a mini-spin.

- For blaoxa, blajue,and blayim, the PCR mix was prepared by mixing 605
pL of NFW, 27.5 uL of each primer (forward or reverse), and 220 pL master
mix in a 1.5 ml Eppendorf tube. For the blanom, the PCR mix was prepared
by mixing 715 pL NFW, 220 pL master mix, and 27.5 of the forward and
reverse primersina 1.5ml Eppendorf tube.

- For each sample, 18uL of the PCR mix was added to a 200pL Eppendorf
tube followed by the addition of 2uL of the extracted DNA.

- The prepared Eppendorfs tubes were added into the PCR machine scheduled
for the following run: 10 min at 94°C and 36 cycles of 30s at 94°C, 40s at
52°C, and 50s at 72°C and 5 min at 72°C for the final extension.

- PCR products were assessed using gel electrophoresis
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J. Gel Electrophoresis
1. Materials Needed
- Tris-base (MW=121.14g/mol)
- Aceticacid
- 0.5M EDTA (Amresco, Ohio, USA)
- Agarose powder (Amresco, Ohio, USA)
- DNA ladder (Solis Biodyne, Tartu, Estonia)
- DNA loading dye (Qiagen, USA)
- Pipette and pipette tips
- Ethidium Bromide (Biorad, Lebanon)
- Gel electrophoresis (gel caster, gel UV-tray, electrophoresis chamber, power
bank)
- 500 ml beakers
- Autoclaved distilled water
- PCR products
- Parafilm
- Balance
- Weighing papers

- Microwave

2. Procedure
a. Prepare 50x TAE:
- Weigh 242 g of Tris-base

- Dissolve in 700 ml distilled water
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Add 57.1 mL of 100 % acetic acid
Add 100 mL of 0.5 M EDTA
Adjust the solutionto a final volume of 1L

Adjust the pH to 8.5 using a pH meter and store at room temperature

Prepare the gel for the electrophoresis

Dilute 50x TAE into 1x TAE by adding 20 ml of the initial stock to 980 ml
autoclaved distilled water under the hood

Weigh 3 g agarose using a weighing paper, spatula and a balance and transfer
them to a 500 ml beaker to have a 2% agarose gel

Add 150ml of 1XTAE to the beaker and boil in a microwave

Add to them 10uL ethidium bromide under a safety hood

Fix the gel tray into the gel caster and place the DNA comb properly and
balance it

Poor the prepared gel in the gel cast and remove any formed bubbles

Wait 20-30 minutes for the gel to solidify.

Transfer the gel to the electrophoresis chamber

Fill the chamber with TAE until it reaches the max level indication

Load the prepared gel

Add 10 pL of the DNA ladder solution in the first well of the gel
Place 2 pL of DNA loading dye on a parafilm for each PCR product.
Take 8 pL of each PCR product and mix with 2 uL of the DNA loading dye,

then load them into the gel wells.
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- Once everything is loaded, close the electrophoresis chamber and connect
the negative electrode to the upper side of the gel (where the PCR products
are loaded) and the positive electrode to the lower side of the gel

- Adjust the power bank to 120V and keep the run for around an hour.
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CHAPTERIV

RESULTS

A. Antimicrobial Susceptibility Testing of clinical P. aeruginosa isolates

Broth microdilution was done on 61 clinical P. aeruginosa isolates to determine their
susceptibility against meropenem, imipenem, ceftolozane/tazobactamand colistin. Out
of the 61 isolates, 58 isolates were resistant to imipenem with MIC ranging from 8
ug/mL to 2048 ug/mL, 52 were resistant to meropenem with MIC ranging between 8
ug/mL and 1024 ug/mL, 44 were resistant to ceftolozane/tazobactam with MIC ranging
between 4 ng/mL and >2048 pg/mL. Moreover, all the isolates were susceptible to

colistin (Tables 5 & 6).
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Isolate Ceftolozane/ Meropenem | Imipenem | Colistin Meroepenem | Meropenem + | Meropenem

Code tazobactam + EDTA Avibactam + PABN
MIC | Int MIC | Int MIC Int |MIC Int | MIC |Int MIC | Int MIC | Int
PSA-033a 256 R 512 R 2048 R |1 S 512 R 512 R 512 | R
PSA-001b 2 I 32 R 32 R |05 S 32 R 32 R 8 R
PSA-033b 512 R 1024 R 2048 R <2 S NA | NA NA | NA NA | NA
PSA-013b 2 I 32 R 16 R <2 S 32 R 32 R 16 R
PSA-055 2 I 32 R 64 R |05 S 32 R 32 R 32 R
PSA-06la 2 I 32 R 128 R <2 S NA | NA NA | NA NA | NA
PSA-061b 2 I 128 R 16 R |1 S NA | NA NA | NA NA | NA
PSA-013c 2 I 32 R 16 R <2 S 32 R 32 R 32 R
PSA-074d 32 R 16 R 32 R |05 S 16 R 16 R 16 R
PSA-079a 2 I 64 R 32 R |05 S '8 R 64 R 64 R
PSA-013a 2 I 8 R 16 R <2 S '8 R 8 R <2 S
PSA-090 256 R 8 R 16 R <2 S '8 R 8 R 2 S
PSA-078c 16 R 256 R 256 |R 05 S 32 R 256 R 128 R
PSA-078b 16 R 256 R 512 |R 05 S 32 R 256 R 256 R
PSA-095 4 R 4 I 32 R <2 S 4 I 4 I 4 I
PSA-001e 32 R 2 S 4 I <2 S <2 S <2 S <2 S
PSA-125 512 R 256 R 512 R NA ' NA NA NA NA | NA NA | NA
PSA-121c 2 I 32 R 32 R |1 S 32 R 32 R 16 R
PSA-121d 2 I 32 R 32 R |2 S 132 R 32 R 32 R
PSA-131b 1024 R 1024 R 2048 R |2 S 128 R 1024 | R 1024 R
PSA-13la 256 R 1024 R 1024 R NA ' NA NA NA NA | NA NA | NA
PSA-133 2 I 8 R 16 R |1 S '8 R 8 R 4 I
PSA-137 2 I 32 R 16 R |05 S 32 R 32 R 8 R
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PSA-129d
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PSA-237d 64 R 16 R 16 R |1 S |16 R 16 R 16 R
PSA-270 512 R 256 R 512 R |2 S 16 R 256 R 256 R
PSA-251a 256 R 128 R 256 R |1 S |16 R 128 R 64 R
PSA-272a 128 R 128 R 512 'R |1 S 16 R 128 R 128 R
PSA-272b 256 R 128 R 512 |R 05 S 16 R 128 R 128 | R
PSA-271c 256 R 256 R 512 R |1 S |32 R 128 R 128 | R
PSA-292a 2 I 32 R 64 R |1 S |16 R 32 R 32 R
PSA-292b 256 R 16 R 32 R |1 S 16 R 16 R 16 R
PSA-271d 128 R 4 I 512 R |<2 S 4 I 4 I 4 I
PSA-275 1024 R 512 R 2048 R |1 S '8 R 512 R 512 R
PSA-302 64 R 16 R 32 R NA [NA NA |[NA NA | NA NA | NA

*MIC: Minimal Inhibitory concentration (ug/mL), NA: not applicable, Int.: Interpretation, R: Resistant, I. Intermediate, S: Susceptible
Table 5: Broth microdilution results of clinical P. aeruginosa isolates against meropenem, imipenem, colistin,
ceftolozane/tazobactam, meropenem with avibactam, meropenem with EDTA and meropenem with PaN

Antibiotics Number of Resistant | Number of Intermediate | Number of Susceptible
Isolates (%) Isolates (%) Isolates (%)

Ceftolozane/tazobactam |44 (72.1) 17 (27.9) 0

Meropenem 52 (85.3) 6 (9.8) 3(4.9)

Imipenem 59 (96.7) 1(1.6) 1(1.6)

Colistin 0 0 58 (100)*

* Only 58 isolates of the 61 were screened against colistin
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Table 6: Broth microdilution results of 61 clinical P. aeruginosa isolates against meropenem, imipenem, ceftolozane/tazobactamand
colistin

Out of 61 isolates, 55 were screened against meropenem with EDTA, meropenem with avibactam and meropenem with PABN. Among
the 55 isolates, 45 remained resistant to meropenem, 19 isolates showed decreased resistance and 1 isolate became intermediate in the
presence of EDTA. In addition, 45 remained resistant to meropenem, 1 isolate became intermediate and 3 isolates showed decreased
resistance in the presence of avibactam. Moreover, 37 remained resistant to meropenem in the presence of PABN. Moreover, 13 isolates
showed decreased resistance to meropenem, 6 isolates changed to intermediate and 3 isolates became susceptible in the presence PaN

(Table5 & 7).

Antibiotics + Inhibitors |Number of Number of Number of
Resistant Intermediate Susceptible
Isolates (%) Isolates (%0) Isolates (%)
Meropenem + EDTA 45 (81.8) 7 (12.7) 3 (5.5)
Meropenem + Avibactam |45 (81.8) 7 (12.7) 3 (5.5)
Meropenem + PABN 37 (67.3) 12 (21.8) 6 (10.9)

Table 7: Broth microdilution results of 55 clinical P. aeruginosa isolates against meropenem with PABN,
meropenem with avibactam and meropenem with EDTA
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B. Induction of Resistance

To achieve the aim of this experiment, 2 P. aeruginosa ATCC (P. aeruginosa
ATCC 10145 & P. aeruginosa ATCC 27853), 1 PAN14 and 1 K. pneumoniae ATCC
13883 isolates were consecutively cultured on LB and MacConkey agar plates with a 2
fold increase in the concentrations of the assigned antibiotics. Consecutive passages
were separated by an incubation period of 18-24 hrs at 37°C. After achieving a total of 3
passages on each concentration, the induced mutant was moved to an agar plate
supplemented with a 2-fold higher concentration. All isolates showed good growth on
agar plates with increased concentrations of piperacillin/tazobactam reaching 32 ug/mL,
which resembles the breakpoint for this antibiotic.

For meropenem, all wild type P. aeruginosa isolates showed good growth over
increasing concentrations reaching 16 pg/mL as a final concentration. However, slower
growth was observed for C3 (4 pg/mL) — C5 (16 pg/mL) compared to C1 (1 pg/mL) —
C2 (2 pg/mL), where they required 48 hrs instead of 24 hrs incubation at 37°C
respectively. Whereas, K. pneumoniae ATCC 13883 isolate did not grow over
increasing meropenem concentrations further than 1 pg/mL on LB and MacConkey agar
supplemented with meropenem. Few colonies were detected on LB agar plates and no
growth was shown on MacConkey agar plates. Therefore, induction of resistance on K.
pneumoniae ATCC 13883 was shifted to LB broth that showed good growth over
increasing concentrations of meropenem reaching a maximum of 4 ug/mL (C4) which
required 48hrs incubationat 37°C.

For ceftolozane/tazobactam, K. pneumoniae ATCC 13883 isolate showed good
growth over increasing concentrations reaching 16 pg/mL as a final concentration

separated by 24 hrs incubationat 37°C. While wild type P. aeruginosa ATCC isolates
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(P. aeruginosa 27853 and P. aeruginosa 10145) showed minimal growth on LB agar
plates on C1 (2 ug/mL) and no growth on MacConkey agar plates. Therefore, P.
aeruginosa isolates’ passages were shifted to LB broth, which showed good growth over
increasing concentrations of ceftolozane/tazobactam reachinga maximum of 16 pg/mL
(C4) that required 48 hrs incubationat 37°C.

In addition, K. pneumoniae ATCC 13883 isolate was grown with increasing
concentrations of avibactam starting with 128 pug/mL and reaching 512 pg/mL. Good
growth was detected over increased concentrations with 24 hrs of incubationat 37°C.

In contrast to both P. aeruginosa ATCC isolates, PAN14 showed excellent growth

over all increasing concentrations of the three different antibiotics used.

C. Antimicrobial Susceptibility Testing of Induced Mutants

Antimicrobial susceptibility testing was done for the induced resistance isolates by
broth microdilution (BMD). BMD was carried out for the wild type K. pneumoniae
ATCC 13883, P. aeruginosa ATCC 10145, P. aeruginosa ATCC 23785 and PAN14
isolates to determine their MIC against meroepenem, imipenem, ertapenem
(carbapenems), amikacin and gentamicin (aminoglycosides), tigecycline (glycylcylines),
ciprofloxacin (fluoroquinolone), cefepime (cephalosporin), colistin,
ceftolozane/tazobactam (cephalosporin/inhibitor), piperacillin/tazobactam
(penicillins/inhibitor) as a baseline for the induced mutants. These isolates were
susceptible to all listed antibiotics except for the three wild type P. aeruginosa isolates
that showed resistance against ertapenem and tigecycline due to natural resistance, and

K. pneumoniae ATCC 13883 also showed resistance against tigecycline.
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1. K. pneumoniae ATCC 13883 Induction of Resistance Results

Compared to the wild type strain, K. pneumoniae ATCC 13883 induced against 16
ug/mL piperacillin/tazobactam became resistant to piperacillin/tazobactam (2ug/mLto
64 pug/mL). K. pneumoniae ATCC 13883 induced against 32 pg/mL
piperacillin/tazobactam remained susceptible to all tested antibiotics but showed
resistance to piperacillin/tazobactam (2ug/mL to 64 ug/mL). Moreover, K. pneumoniae
ATCC 13883 induced against 8 pg/mL ceftolozane/tazobactam, became resistant to
ceftolozane/tazobactam with MIC=32 ng/mL. Also, K. pneumoniae ATCC 13883
induced against 16 pg/mL ceftolozane/tazobactam showed reduced susceptibility to
imipenem (0.125 pug/mL to 1 pg/mL), cefepime (0.25 pg/mL to 8 ug/mL), and
piperacillin/tazobactam (2 pg/mL to 16 pg/mL). It also showed increased resistance to
tigecycline (4 pg/mL to 16 pg/mL), as well as resistance to ceftolozane/tazobactam (1
ug/mL to 64 ng/mL) compared to K. pneumoniae ATCC 13883 wild type. While K.
pneumoniae ATCC 13883 induced against meropenem did not show any change in the
MIC even with isolates induced against 4 ug/mL meropenem that were still susceptible
to all tested antibiotics. In addition, K. pneumoniae isolates induced against avibactam

alone did not show any change in susceptibility towards all antibiotics (Table 8).
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Bacterial
Isolates

Meropenem

Imipenem

Ertapenem

Amikacin

Gentamicin

Tigecycline

Ciprofloxacin

Cefepime

Ceftolozane/t
azobactam

Colistin

Piperacillin/t
Azobactam

K. pneumoniae
ATCC 13883

0.125

0.125

0.125

4

0.0625

0.25

1

0.5

2

8 ng/mL
Ceftolozane/
Tazobactam

NA

NA

NA

NA

NA

NA

NA

NA

32

NA

NA

16 pg/mL
Ceftolozane/Ta
zobactam

0.125

05

16

0.25

64

0.25

16

16 pg/mL
Piperacillin/Ta
zobactam

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

64

32 pg/mL
Piperacillin/Ta
zobactam

0.125

0.125

05

0.125

0.5

05

64

8 pg/mL M
Meropenem

0.125

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

512 pg/mL
Avibactam

0.03125

0.125

<0.125

0.25

0.125

<0.125

<0.125

0.5

NA: Not applicable; MIC: pg/mL
Table 8: Broth microdilution results of K. pneumoniae ATCC 13883 induced against piperacillin/tazobactam, ceftolozane/tazobactam

and meropenem separately against antibiotics from different antimicrobial classes
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2. PAN14 Induction of Resistance Results

PAN14 induced against 16 pug/mL piperacillin/tazobactam showed increased
resistance against it (8 ug/mL to 32 ug/mL). PAN14 induced against 32 pg/mL
piperacillin/tazobactam showed increased resistance to meropenem (8 ug/mL to 32
ug/mL), ertapenem (32 ug/mL to 64 ug/mL) although it is intrinsically resistantto
ertapenem. It also showed resistance to cefepime (4 ug/mL to 32 pg/mL),
ceftolozane/tazobactam (2 pg/mL to 8 pg/mL) and piperacillin/tazobactam (4 pg/mL
to 128 pg/mL). Also, PAN14 induced against 8ug/mL meropenem showed increased
resistance against meropenem (8 ug/mL to 32 pg/mL). In addition, PAN14 induced
against 16 pg/mL meropenem showed increased resistance against all included
carbapenems (meropenem (8 pg/mL to 64 pug/mL), imipenem (16 ug/mL to 32
ug/mL), and ertapenem (32 pg/mL to 512 pg/mL)) with minimal increase in
susceptibility towards gentamicin (2 pg/mL to 0.25 pg/mL). Moreover, PAN14
isolate induced against 16 pg/mL ceftolozane/tazobactam became resistant against
ceftolozane/tazobactam (2 pg/mL to 64 pg/mL). Also, PAN14 isolate induced
against 32 pug/mL ceftolozane/tazobactam became resistant towards
ceftolozane/tazobactam (2 pg/mL to 64 pug/mL), piperacillin/tazobactam (4 pg/mL to
64 png/mL) and increase in resistance to tigecycline (64 pg/mL to 128 ug/mL) and
ertapenem (32 pg/mL to 64 pg/mL) although it is intrinsically resistant to these
antibiotics and decreased susceptibility towards cefepime (4 pg/mL to 16 pg/mL)

(Table 9).
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I?;iglt;tgsl Meropenem |Imipenem [Ertapenem [Amikacin [Ttigecycline Ciprofloxacin (Cefepime ;ifég;iztznmd Colistin t:ssgzzglr:/ Gentamicin
PAN 14 8 16 32 1 64 0.125 4 2 2 4 2
16 pg/mL NA NA NA NA NA NA NA NA NA 128 NA
Piperacillin/T
azobactam
32 pg/mL 32 16 64 1 64 0.125 32 8 1 128 2
Piperacillin/T
azobactam
8 pg/mL 32 NA NA NA NA NA NA NA NA NA NA
Meropenem
16 pg/mL 64 32 512 1 64 0.25 4 <2 <2 4 0.25
Meropenem
16 pg/mL NA NA NA NA NA NA NA 64 NA NA NA
Ceftolozane/T
azobactam
32 pg/mL 8 16 64 4 128 0.5 16 64 2 64 1
Ceftolozane/T
azobactam

NA: Not applicable; MIC: pg/mL
Table 9: Broth microdilution results of PAN14 isolates induced against piperacillin/tazobactam, ceftolozane/tazobactam and meropenem
separately against antibiotics from different antimicrobial classes
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3. P.aeruginosa ATCC 27853 Induction of Resistance Results

P. aeruginosa ATCC 27853 induced against 16ug/mL piperacillin/tazobactam
became resistant to piperacillin tazobactam (8 ug/mL to 128 ug/mL). Also, P.
aeruginosa ATCC 27853 induced against 32 ug/mL piperacillin/tazobactam became
resistant to imipenem (4 pg/mL to 8 ug/mL), ciprofloxacin (<0.25 pg/mL to 4 pg/mL),
cefepime (2 pg/mL to 128 pg/mL), ceftolozane/tazobactam (<2 pg/mL to 8 ug/mL) and
piperacillin/tazobactam (8 pg/mL to 128 pg/mL). It also showed increased resistance
towards ertapenem (32pg/mL to 256 pg/mL) although it is intrinsically resistant to
ertapenem, and reduced susceptibility to meropenem (<2 pg/mL to 4 pg/mL). Also, P.
aeruginosa ATCC 27853 induced against 8 pg/mL meropenem became resistant to
meropenem (<2 pg/mL to 16 pg/mL). In addition, P. aeruginosa 27853 induced against
16 pg/mL meropenem became resistant against all included carbapenems (meropenem
(<2 pg/mL to 64 pg/mL) and imipenem (4 pg/mL to 32 ug/mL) and increased resistance
against ertapenem (32 ug/mL to 1024 ug/mL) considering its intrinsic resistant to
ertapenem), as well as piperacillin/tazobactam (8 pg/mL to 32 pg/mL). Also, it showed
decreased susceptibility against cefepime (2 pg/mL to 8 pg/mL). Moreover, P.
aeruginosa ATCC 27853 induced in LB Broth against 16 pg/mL
ceftolozane/tazobactam showed resistance against ceftolozane/tazobactam (<2 pg/mL to
16 pg/mL) and piperacillin/tazobactam (8 pg/mL to 32 pg/mL) and increased resistance
against tigecycline (8 pg/mL to 16 pg/mL) considering the intrinsic resistance towards
tigecycline, as well as decreased susceptibility against cefepime (2 pg/mL to 8 pg/mL).
But it did not show any further growth on increasing concentration of

ceftolozane/tazobactam (Table 10).
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Bacterial . - - . . . . . Ceftolozane/t . .. Piperacillin/t
Isolates Meropenem |Imipenem|Ertapenem | Amikacin | Gentamicin | Tigecycline | Ciprofloxacin | Cefepime azobactam Colistin azobactam
Zﬁégg%ogg <2 4 32 <2 <2 8 <0.25 2 <2 <2 8
16 pg/mL
Piperacillin/taz NA NA NA NA NA NA NA NA NA NA 128
obactam
32 pg/mL
Piperacillin/Taz 4 8 256 <2 <2 8 4 128 8 <2 128
obactam
Mseﬁ‘ogé;]]gm 16 NA NA NA NA NA NA NA NA NA NA
lergg/e‘:&m 64 32 1024 <2 <2 8 <2 8 <2 <2 32
16 pg/mL
Ceftolozane/Taz <2 4 32 <2 <2 16 <0.25 8 16 <2 32
obactam

NA: Not applicable; MIC: pug/mL
Table 10: Broth microdilution results of P. aeruginosa ATCC 28753 isolates induced against piperacillin/tazobactam,

ceftolozane/tazobactam and meropenem separately against antibiotics from different antimicrobial classes
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4. P. aeruginosa ATCC 10145 Induction of Resistance Results

P. aeruginosa ATCC 10145 induced against 16 pg/mL piperacillin/tazobactam did
not become resistant to piperacillin/tazobactam. While P. aeruginosa ATCC 10145
induced against 32 ug/mL piperacillin/tazobactam showed resistance against gentamicin
(<2 ug/mL to 32 pug/mL), cefepime (4 ng/mL to 128 ug/mL), ciprofloxacin (<0.25
ug/mL to 4 pg/mL), ceftolozane/tzobactam (<2 ug/mL to 4 pg/mL) and
piperacillin/tazobactam (8 pg/mL to 64 ug/mL). Also, P. aeruginosa ATCC 10145
induced against 8 ug/mL meropenem became resistant to meroepenem (<2 pug/mL to 32
ug/mL). In addition, P. aeruginosa ATCC 10145 induced against 16 pg/mL meropenem
became resistant against all included carbapenems (meropenem (<2 ug/mL to 64
pg/mL), imipenem (<2 pg/mL to 32 pg/mL) and ertapenem (128 pg/mL to 1024 pg/mL)
despite its intrinsic resistance to ertapenem) as well as piperacillin/tazobactam (8 pg/mL
to 256 pg/mL), ciprofloxacin (<0.25 pg/mL to 8 ug/mL) and cefepime (4 ug/mL to 64
ug/mL). Also, it showed decreased susceptibility against gentamicin (<2 pug/mL to 8
ug/mL). Moreover, P. aeruginosa ATCC 10145 induced against with 16 pg/mL
ceftolozane/tazobactam in LB Broth showed resistance against ceftolozane/tazobactam
(<2 pg/mL to 16 pg/mL), piperacillin/tazobactam (8 pg/mL to 32 pg/mL) and
tigecycline (16 pg/mL to 32 pg/mL) although it is intrinsically resistant to tigecycline,
and decreased susceptibility to cefepime (4 ug/mL to 16 ug/mL). But did not show any

further growth on increasing concentrations of ceftolozane/tazobactam (Table 11).
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Ceftolozane
Bacterial Meropenem [Imipenem Ertapene Amikaci Gentamicin [Tigecycline Ciprofloxaci Cefepime ! Colistin Piperacillin/
Isolates m n n Tazobacta tazobactam
m
2. aeruginosa
ATGC 10145 <2 <2 128 <2 <2 16 <0.25 4 <2 <2 8
16pg/mL
Piperacillin/ NA NA NA NA NA NA NA NA NA NA 8
tazobactam
32pg/mL
Piperacillin/ <2 <2 128 4 32 16 4 128 4 <2 64
tazobactam
8ng/mlL 32 NA NA NA NA NA NA NA NA NA NA
Meropenem
16pg/mL 64 32 1024 <2 8 16 8 64 <2 <2 256
Meropenem
16pg/mL
Ceftolozane/ <2 4 128 <2 2 32 <0.25 16 16 <2 32
Tazobactam

NA: Not applicable; MIC: pg/mL
Table 11: Broth microdilution results of P. aeruginosa ATCC 10145 isolates induced against piperacillin/tazobactam,
ceftolozane/tazobactam and meropenem separately against antibiotics from different antimicrobial classes
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D. Persister Cells Assay

K. pneumoniae ATCC 13883 and K. pneumoniae ATCC 13883 induced mutant
against 4 pg/mL meropenem were cultured on increasing concentrations of meropenem,
starting from 1.25 pg/mL and reaching 50 pg/mL meropenem. Colony forming units
were calculated for dilutions 1/10 (Table 12), 1/100 (Table 13) and 1/1000 (Table 14)
and then analyzed using concentration dependent kill curves. For dilution 1/10, K.
pneumoniae ATCC 13883 isolates were very confluent on plates with 5 MIC to 50 MIC
(>330 colonies per plate), so no concentration-dependent kill curve was observed for
this isolate on dilution 1/10. However, K. pneumoniae ATCC 13883 induced against 4
ug/mL meropenem showed plateau growth between concentrations 1.25 pg/mL
meropenem to 12.5 pg/mL meropenem, followed by sharp inhibitionat 25 pg/mL
meropenem then an increase in CFU at 50 ug/mL (Figure 8). Similar killing trends were
observed for this isolate at 1/1000 dilution (Figure 10), with slight variationat 1/100
(Figure 9) dilutionwhere slight decrease in CFU was observed at 5 pg/mL followed by a
plateau and a complete inhibitionat 12.5 pg/mL meropenem. Comparable growth trends
were observed for K. pneumoniae ATCC 13883 at dilution 1/1000, where growth
plateau was observed between 1.25 ug/mL meropenem to 5 ug/mL then slight decrease
at 12.5 pg/mL meropenem, followed by inhibition at 25 pg/mL meropenem then an
increase at 50 pg/mL. Same growth trend was observed for thisisolate at 1/100 dilution,

with slighter decrease at concentration 25 ug/mL meropenem rather than inhibition.
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Antibiotic K. pneumoniae K. pneumoniae induced
concentration with 4 pg/mL
5MIC >330 30
20MIC >330 75
50MIC >330 73
100MIC <30 <30
200MIC 73 46

MIC =0.125pg/mL

Table 12: Colony forming unit of 1/10 dilution results of K. pneumoniae ATCC 13883
and K. pneumoniae ATCC 13883 induced against 4 pg/mL meropenem

Antibiotic K. pneumoniae K. pneumoniae induced
concentration with 4 pg/mL
5MIC >330 44

20MIC >330 <30

50MIC 100 <30

100MIC <30 <30

200MIC <30 <30

MIC = 0.125pg/mL

Table 13: Colony forming unit of 1/100 dilution results of K. pneumoniae ATCC
13883 and K. pneumoniae ATCC 13883 induced against 4 pg/mL meropenem

Antibiotic K. pneumoniae K. pneumoniae induced
concentration with 4 pg/mL
5MIC >330 <30
20MIC 318 <30
50MIC <30 <30
100MIC <30 <30
200MIC <30 <30

MIC = 0.125pg/mL

Table 14: Colony formingunit of 1/1000 dilution results of K. pneumoniae ATCC
13883 and K. pneumoniae ATCC 13883 induced against 4 pg/mL meropenem
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Figure 8: 1/10 Dilution kill curve of K. pneumoniae ATCC 13883 induced against
4ug/mL meropenem treated with increasing concentrations of meropenem

Log C.f.u./mL

20MIC 50MIC 100MIC 200MIC
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Figure 9: 1/100 Dilution Kill Curve of K. pneumoniae ATCC 13883 and K.
pneumoniae ATCC 13883 induced against 4ug/mL with increasing concentrations of
meropenem
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Figure 10: 1/1000 Dilution Kill Curve of K. pneumoniae ATCC 13883 and K.
pneumoniae ATCC 13883 induced against 4pg/mL with increasing concentrations of
meropenem

E. Polymerase Chain Reaction

Based on the susceptibility screening results for the 55 clinical P. aeruginosa isolates,
multiplex PCR was carried out to determine the presence of blaoxa, blavim, blajve
carbapenemase genes (Figure 11) that are commonly detected in our region in P.
aeruginosa isolates. Simplex PCR was done to determine the presence of blanpm genes
since based on trials with the blanpm positive control strain, blanom Was masked in the

presence of any other primer as shown in Figure 12.
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bp  ng10ul

—3,000 108
—2,000 147
— 1,500 116
—1,000 77
— 800 62
— 700 54
DT
—500 150
OXA 438
e ®
—300 56
[mpP2327]
—200 60
—100 60

Figure 11: DNA ladder with specific primers length

251a 13a 200a 275 131b 113b 251e

Figure 12: PCR results for blanom, blapsp, and blapsps included in the same run
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Neg.
Control

Figure 13: Simplex PCR trial results for blanom only

In parallel with the BMD results detected earlier, PCR results revealed the presence
of blaoxa gene inisolate 251b (Figures 16), blavim gene inisolate 143c and bla;ve gene
in isolates 78b, 78c and 79a (Figure 16 - 19). However, for blanpm it was not detected in
any of the isolates but also the NDM positive control was not detected in the massive
trials following the first confirmatory trial (Figure 12 & 13). Moreover, other isolates
that indicated the presence of MBL or OXA genes phenotypically did not harbor any of

the genes included in PCR (Figure 14 —17).
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2513 13a 200a 275 131b 113b 251e

Figure 14: Multiplex PCR results for blaoxa, blavim and blayve genes

OXA OXA
Cont.1 Cont
v

aill el

Ed
e -
Neg. Neg Neg neg

cont.| cont. cont. gont. NDM 2923 2923 275 275 212d 212d 212b 212b 215a 2153 230a 230a
noom e dip T E T T T oo

PCR mixes: I: NDM, II: VIM and IMP, Ill: OXA, VIM and IMP, IV: OXA
Figure 15: PCR results for blanowm, blaoxa, blavim and blayve genes
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Misleading

251a 251a 251b 251b 251c 251c 270a 270a 271c 271c 272a 272a 143c  143c 131b 131b

113p 113b 79a
1 1] | mn | n 1 | 1 n 1] | Il I 1 |

PCR mixes: I: NDM, II: VIM and IMP, 1ll: OXA, VIM and IMP, IV: OXA
Figure 16: PCR results for blanpwm, blaoxa, blavim and blaive genes

e - -

M Neg Neg OXA Neg 251d 292a 270a 1310 272a 251c 78c 79a 212b 272b 27ic 78b 230a 251b
Cont Cont. Cont. Cont Cont IV | | | | | | | | | | | | |
v Il |

PCR mixes: I: NDM, II: VIM and IMP, Ill: OXA, VIM and IMP, IV: OXA
Figure 17: PCR results for blanpm, blaoxa, blavim and blajwe genes
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78b 1l 78b | 78cll 78cl 272b 251e 272b
1 v 1

PCR mixes: I.: NDM, II: VIM and IMP, 1lI: OXA, VIM and IMP, IV: OXA
Figure 18: PCR results for blanpwm, blaoxa, blavim and blayve genes

2531a Z2a224d TSc 113b 27S5a TSb 21S5Sa 143c 251da
I i 1 I I 1} I n 1

PCR mixes: I: NDM, II: VIM and IMP, Ill: OXA, VIM and IMP, IV: OXA
Figure 19: PCR results for blanom, blaoxa, blavim and blaive genes
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CHAPTERV

DISCUSSION

Antimicrobial resistance in Gram-negative pathogens has been increasing
drastically over the past 10 years, due to the absence of new antibiotics with unexploited
targets, novel mode of action or chemical structure (Theuretzbacher, 2017b). Infections
with these organisms are associated with increased mortality and morbidity rates (Kaye
& Pogue, 2015; Theuretzbacher, 2017Db), especially those with MDR and XDR bacteria
that tend to be resistant to carbapenems; one of the last resort drugs available. This sheds
the light on the importance of investigating the resistance mechanisms of these bacteria.
In this study, we focused on investigating the resistance mechanisms of the predominant
carbapenem resistant species among Enterobacteriaceae, carbapenem resistant K.
pneumoniae (Theuretzbacher, 2017b), in addition to the widespread carbapenem
resistant P. aeruginosa (Karampatakiset al., n.d.). Carbapenem resistance surveillance
of these organismsis limited to few high to medium income countries as we lack data in
3" world countries. In 2011 — 2015, 10% of K. pneumoniae isolates recovered from
hospital acquired infections (HAI) in USA were carbapenem resistant, compared to 8%
in Europe in 2015. Moreover, 25% of HAI P. aeruginosa isolates were carbapenem
resistantin USA, compared to 19% in Europe (World Health Organization, 2017).
Moreover, in 2008, carbapenem resistance among K. pneumoniae increased from 0 to
4% (Kissoyan et al., 2016).

First line treatment of P. aeruginosa infections mainly includes
piperacillin/tazobactam, cephalosporins with antipseudomonal activity such as cefepime,

ciprofloxacin (quinolones) and carbapenems starting with meropenem, followed by
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doripenem then imipenem since it has a higher tendency to induce resistance during
treatment. Other antimicrobial agents that are reserved for MDR P. aeruginosa
infections include ceftolozane/tazobactam, cefiderocol (Novel Cephalosporin) and
imipenem-cilastatin-relebactam (Principles of antimicrobial therapy of Pseudomonas
aeruginosa infections - UpToDate, n.d.). A study including 3851 P. aeruginosa isolates
was done between 2012 and 2015 from 32 U.S. hospitals in the Program to Assess
ceftolozane/tazobactam Susceptibility (PACTS) (Shortridgeet al., 2017). Out of 3851
isolates, 607 of these isolates were MDR with 84% being susceptible to
ceftolozane/tazobactam, 23.1% to meropenem and only 19.8% to
ceftolozane/tazobactam, compared to 363 being XDR of which 76.9% were susceptible
to ceftolozane/tazobactam, 12.1% susceptible to meropenem and 7.2% susceptible to
piperacillin/tazobactam. Moreover, out of 699 carbapenem resistant P. aeruginosa
isolates, 87.6% were susceptible to ceftolozane/tazobactam. Furthermore, within the 241
isolates that were non-susceptible to cefepime, meropenem, ceftazidime and
piperacillin/tazobactam, 68% isolates were susceptible to ceftolozane/tazobactam
(Shortridge et al., 2017). Another study carried out in United Arab Emirates, showed the
effectiveness of ceftolozane/tazobactam against wild type and carbapenem resistant P.
aeruginosa where 97% out of 31 isolates and 94% out of 16 isolates respectively were
susceptible to ceftolozane/tazobactam (Alatoom et al., 2017). This sheds light on the
effectiveness of ceftolozane/tazobactam against resistant P. aeruginosa compared to
piperacillin/tazobactam and meropenem, and on the capability of P. aeruginosa to
rapidly develop resistance against piperacillin/tazobactam and meropenem compared to
ceftolozane/tazobactam. Furthermore, meropenem non-susceptibleisolates showed only

50.5% and 41.8% susceptibility to cefepime and piperacillin/tazobactam respectively
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(Shortridge et al., 2017), which could be related to similar resistance mechanismsin P.
aeruginosa that affect susceptibility of other sub-classes of B-lactams. This data supports
our results of the induction of resistance and the susceptibility testing experiments
carried out to determine the capability of P. aeruginosa to develop resistance against
ceftolozane/tazobactam, piperacillin/tazobactam and meropenem, and the effect of this
resistance on the susceptibility of the organism to other antimicrobial agents including
B-lactams and some of the first line treatment agents. Our antimicrobial susceptibility
screening results indicated that the exposure of P. aeruginosa ATCC isolates (27853 and
10145) to meropenem, induces resistance against different carbapenems including
imipenem (MICpsa 27853 & psa 10145 = 32 pg/mL) and meropenem (MICpsa 27853 & Psa 10145 =
64 ng/mL)) and other B-lactam antimicrobial agents including piperacillin/tazobactam
(MICpsaz7ss3 = 32 pg/mL & MICpsai0145 = 256 pg/mL) and cefepime (MICpsa 27853 = 32
ug/mL)) but not against ceftolozane/tazobactam (MICpsa27ss3 & psat0145 <2 pg/mL)).
These results are consistent with the literature where exposure to meropenem was found
to decrease the susceptibility of 50 P. aeruginosa isolates towards meropenem, cefepime
and piperacillin/tazobactam but not ceftolozane/tazobactam(Kutiet al., 2015).
Moreover, exposure of P. aeruginosa ATCC to ceftolozane/tazobactam triggered
resistance to ceftolozane/tazobactam (MICpsa27ss3 & psato145s = 16 ug/mL) and
piperacillin/tazobactam (MICpsa27853 & psat10145 = 32 ug/mL) but did not affect the
susceptibility to carbapenems. While exposure of piperacillin/tazobactam, showed an
increase in MIC againstimipenem (MICpsa 27853 = 8 pg/mL) and meropenem (MICpsa
27853 =4 pg/mL) in P. aeruginosa ATCC 27853, cefepime (MICpsa27853 & psa10145 = 128
ug/mL), ciprofloxacin (MICpsaz7s53 & psato14s = 4 pg/mL), piperacillin/tazobactam

(MICpsai0145= 64 pg/mL & MICpsa27ss3 = 128 pug/mL) and ceftolozane/tazobactam
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(MICpsat0145=4 pg/mL & MICpsaz7853= 8 pg/mL) in both isolates. Cross resistance
against antibiotics belonging to the same class or different classes could be relatedto the
various mechanisms of resistance in MDR P. aeruginosa.

As discussed earlier, certain antibiotics that act against P. aeruginosa needs to
penetrate the cell membrane to reach the intracellular targets. f-lactams and quinolones
use porin channels to penetrate the cell membrane mainly OprD channel that is a basic
amino acid specific porin involved in antibiotic uptake and contains carbapenem binding
sites (Pang et al., 2019). Whereas polymyxins and aminoglycosides trigger their own
uptake by interacting with the bacterial LPS. This indicates that changes in permeability
by OprD modification can confer resistance towards -lactams without inhibiting
polymyxins and aminoglycosides from entering the cell (Pang et al., 2019). OprD
deficiency confers resistance in P. aeruginosa to carbapenems mainly imipenem as
analyzed within 61 carbapenem resistant isolates, 50 had either frameshift mutations or
premature stop codon, while 5 isolates showed reduced OprD expression and 5 others
did not express OprD at all. OprD protein contains imipenem entrance and/or binding
sites, hence mutations at this site lead to conformational changes and induce carbapenem
resistance. However, OprD loss alone is insufficient to induce increase in resistance
against meroepnem (Solé et al., 2015). Furthermore, carbapenems are potent inducers of
AmpC-mediated hydrolysis but they are insusceptible to it (Ruppé et al., 2015) and to
AmpC type beta-lactamases (Ruppé et al., 2015). Moreover, exposure to meropenem has
shown that it selects for OprD mutations or loss and overexpression of mexB gene that
controls MexAB-OprM efflux pump (Solé et al., 2015). In additionto few cases
reported that the overexpression of MexXY-OprM or MexEF-OprN (Cabot et al., 2014)

results in extruding various B-lactam antibiotics outside the cell including
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piperacillin/tazobactam, cefepime, carbapenems and quinolones, as it is also the major
resistance mechanism against cefepime (Solé et al., 2015). Moreover, MexCD-OprJ, and
MexXY-OprM efflux pumps also showed ability of exporting carbapenems, although
MexAB-OprM are better exporters of meroepnem (Poole, 2011). However,
overexpression of MexAB-OprM or loss of OprD do not affect susceptibility of P.
aeruginosa to ceftolozane/tazobactam since ceftolozane/tazobactam is not a substrate for
MexAB-OprM and does not enter the cell through OprD (Wi etal., 2018). Main
resistance to ceftolozane/tazobactam, was reported in Spanish P. aeruginosa isolates
that acquire 2 or more MBL and Class D enzymes that are not inhibited by tazobactam
(Ahmed et al., n.d.). This explains our observations where exposure to meroepnem
affected the susceptibility of P. aeruginosa towards piperacillin/tazobactam, cefepime
and carbapenems but not ceftolozane/tazobactam. Although ceftolozane/tazobactamis
effective against MDR P. aeruginosa (Principles of antimicrobial therapy of
Pseudomonas aeruginosa infections - UpToDate, n.d.), and it is less sensitive to AmpC
B-lactamase compared to piperacillin/tazobactam (Zamudioet al., 2019b), accumulation
of point mutations in chromosomally encoded AmpC genes includingampR regulatory
factor is the major resistance mechanismin P. aeruginosa (Haidar et al., 2017; Zamudio
etal., 2019a). This justifies the emergence of resistance in ATCC isolates exposed to
ceftolozane/tazobactam against ceftolozane/tazobactam and piperacillin/tazobactam
without affecting sensitivity towards carbapenems, cefepime or other B-lactams or other
antimicrobial classes. On the other hand, in contrast to earlier findings where no
associationwas found between the exposure of P. aeruginosa isolates to
piperacillin/tazobactam and the selection for OprD mutations or loss, MexAB-OprM

overexpression or AmpC hyper production (Solé et al., 2015), our antimicrobial
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susceptibility screening results showed that exposure of P. aeruginosa ATCC 10145, P.
aeruginosa ATCC 27853 and PAN14 isolatesto piperacillin/tazobactam, led to
resistance against ciprofloxacin, piperacillin/tazobactam, ceftolozane/tazobactamand
cefepimein all 3 isolates, in addition to resistance to meropenemand imipenem in P.
aeruginosa ATCC 27853 and PAN14 only.

As mentioned earlier, carbapenem resistance in P. aeruginosa can be intrinsic (such
as membrane permeability modifications and chromosomal gene expression of
hydrolytic enzymes), acquired (horizontal gene transfer or mutation) or
adaptive (biofilm formationand persister cells exhibition) (Fernandez & Hancock, 2012;
Pang et al., 2019). After investigating the main intrinsic resistance mechanismsin P.
aeruginosa, we carried out susceptibility testing for 61 clinical P. aeruginosa isolates
against ceftolozane/tazobactam, meropenem, imipenem and colistin. All isolates were
susceptible to colistin, 37 were resistant to ceftolozane/tazobactam, imipenem and
meropenem, 15 were resistant to meropenem and imipenem only and 5 were resistant to
imipenem and ceftolozane/tazobactam, 2 were resistant to ceftolozane/tazobactam only,
and 1 was resistant to imipenem only. Out of the 55 isolates screened against
meropenem with EDTA, 19 isolates showed a 2 to 8 fold decrease in MIC, and one
isolate became intermediately susceptible. Moreover, 3 isolates showed 2 to 6 folds
decrease in MIC, and one isolate became intermediately susceptible when tested against
meropenem with avibactam. Furthermore, 14 isolates showed 2 to 6 folds decrease in
MIC, and 6 isolates became intermediately susceptible with 4 folds decrease in MIC
when tested against meropenem with PABN. These isolates were tested by PCR for the
presence of blaoxa, blanom, blaime and blayim genes. The results revealed the presence of

blaoxa gene in isolate PSA-251b although thisisolate did not show any change in MIC
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once tested against meropenem with avibactam. Moreover, blayim gene was detected in
PSA-143c that showed a 2-fold decrease in MIC once tested against meropenem with
EDTA. Furthermore, blayue gene was detected in isolates PSA-78b, PSA78c and PSA-
79a where each showed a 6-fold decrease in MIC when exposed to meropenem with
EDTA. This could be correlated to a previous work done at our lab. Where an E. coli
isolate harboring the blanom-1 gene showed a decrease in the MIC of meropenem from
64 pg/mL to <1 pg/mLin the presence of EDTA. Moreover, another E. coli isolate
harboring the blaoxa-ssgene showed a decrease in the MIC of meropenem from 32
pg/mLto<1 pg/mLin the presence of avibactam. This indicates the ability of avibactam
and EDTA to inhibit the carbapenemase activity exhibited by blaoxa-4s and blanpm-1
respectively (Sleimanetal., 2021). Furthermore, we ca not eliminate the option of
having modified or suppressed OprD expression since it was not investigated here.
Therefore, carbapenem resistant P. aeruginosa isolates that are ceftolozane/tazobactam
susceptible can be related to modification of OprD or efflux pumps expression, and less
likely through MBLs that do not cover ceftolozane/tazobactam. Moreover, out of 37
isolates resistant to meropenem, imipenem and ceftolozane/tazobactam, 6 harbored
MBLs (all had MIC>128 ug/mL) only, 7 expressed efflux pumps only, 9 expressed
efflux pumps and MBLs (6 with high MIC >128). Also we ca not exclude OprD
modifications contribution to resistance to carbapenemsand ceftolozane/tazobactam
since this mechanism was not investigated here. In addition, only one isolate (PSA-194)
showed resistance to imipenem alone and could not be related to neither efflux pumps
overexpression, nor to MBLs or OXA genes expression, hence can only be related to
OprD modifications. Compared to the isolates that showed resistance only to

carbapenems, developing resistance to meropenem, imipenem and
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ceftolozane/tazobactam implicates the presence of MBLs as a resistance mechanism that
can inhibit ceftolozane/tazobactam effect too. These findings correlate favorably with
(Rieraetal., 2011), where out of 175 P. aeruginosa isolates examined, 12 (6.9%)
expressed MBLs and were highly resistant to carbapenems. In addition, all but 1 of the
60 isolates that were only resistant to imipenem showed OprD inactivation. While
further resistance mechanisms are required to induce resistance against meropenem,
including overexpression of efflux pumps such as MexAB-OprM, MexXY-OprM and
MexEF-OprN. High-level of resistance to meropenem were observed with the
overexpression of efflux pumps and the OprD (MIC>32 pg/mL) inactivation in addition
to higher levelsin the presence of MBLs

Although tazobactam was used in combination with piperacillinto suppress the
resistance against piperacillinin K. pneumoniae (Kim et al., 2017), resistance to this
combination has been strongly observed in clinical isolates (Kim et al., 2017). Also,
increase in resistance to piperacillin/tazobactam during 2007 — 2010 was observed in K.
pneumoniae isolates as a result of increased prescription in Korean hospitals (J. Lee et
al., 2013). Accordingly, rapid growth of K. pneumoniae ATCC 13883 was observed
with induction of resistance passages against piperacillin/tazobactam reaching resistance
concentration of 32 pg/mL of piperacillin/tazobactam. Moreover, considering the rare,
reported emergence of ceftolozane/tazobactam resistance in K. pneumoniae, a case of
ceftolozane/tazobactam resistant K. pneumoniae was reported in 66-year-old patientin
London with stage-4 kidney disease in Feb 2021 (Arumairaj et al., 2021). In
comparison, a higher prevalence of ceftolozane/tazobactam resistant K. pneumoniae was
detected at the American University of Beirut Medical Center (AUBMC) in Lebanon,

where among 75 clinical isolates of which 26 were MDR, only 54% were susceptible to
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ceftolozane/tazobactam. This supports our induction of resistance results that show the
ability of K. pneumoniae to develop resistance against increasing concentrations of
ceftolozane/tazobactam. Moreover, treating complicated K. pneumoniae infections has
been always challenging especially after reporting the first carbapenemase producing K.
Pneumoniae isolate in 2001 in North Carolina (Arabaghian et al., 2019). After which
carbapenem resistant K. pneumoniae were frequently described around the world
(Arabaghian et al., 2019). Relying on this data, we carried out induction of resistance
passages on K. pneumoniae ATCC 13883 over increasing concentrations of meropenem,
however, K. pneumoniae did not grow any further than 4 pug/mL meropenem in LB
broth media, which showed the slow capability of this organism to develop resistance
against meropenem during a short period of time.

Klebsiellaspp. are known to intrinsically express low-levels of B-lactam resistance
due to the presence of chromosomally integrated enzymes. These enzymes include
AmpH which is an AmpC-related enzyme that acts as a penicillin binding protein, in
addition to B-lactamase SHV, LEN or OKP family that exist as one chromosomal copy
in K. pneumoniae (Heinz et al., 2019). Strains that overproduce SHV-1 encoded by SHV
family may be resistant to piperacillin, but susceptible to B-lactamase inhibitor including
tazobactam. However, mutations to the enzyme extends the spectrum of coverage to
enhance resistance against inhibitors (Klebsiellaspecies (K. pneumoniae, K. oxytoca, K.
ozaenae and K. rhinoscleromatis) - Infectious Disease and Antimicrobial Agents, n.d.).
Moreover, resistance to piperacillin/tazobactam among Enterobacteriaceae is mainly
caused by hydrolyzing enzymes such as carbapenemases, AmpC B-lactamases, and
extended-spectrum B-lactamases (ESBLS) that hydrolyze piperacillinand are not

adequately inhibited by tazobactam. These enzymes are also able to hydrolyze third
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generation cephalosporins (Baker et al., 2018). This could justify our AST results where
exposure of K. pneumoniae to increasing concentrations of piperacillin/tazobactam
resulted in notable resistance towards piperacillin/tazobactam (MIC = 64 pg/mL) and
resistance towards ceftolozane/tazobactam (MIC= 2 pg/mL) that include a -lactamase
inhibitor. In addition to a minimal decrease in susceptibility towards imipenem (MIC =
1 pg/mL), noting that it did not affect the susceptibility of K. pneumoniae towards other
pB-lactams including meropenem, cefepime, ertapenem as well as quinolones
(ciprofloxacin). On the other hand, resistance to ceftolozane/tazobactam israrely
reported, however, studies showed that AcrAB efflux pumps of K. pneumoniae are able
to bind and extrude carboxylated B-lactams including piperacillin, tazobactam and
ceftolozane (J. Li et al., 2020), and overexpression of these pumps showed decrease in
susceptibility to ceftolozane/tazobactam in K. pnuemoniae strains (J. Li et al., 2020).
This explains our observations where K. pneumoniae ATCC induced against
ceftolozane/tazobactam, showed increased resistance to ceftolozane/tazobactam and
notable decrease in susceptibility to piperacillin/tazobactam. However, overexpression
of AcrAB is not known to cause cefepime insusceptibility (J. Li et al., 2020) although
our isolates showed decrease in susceptibility to cefepime upon exposure to
ceftolozane/tazobactam. Movingon to resistance of K. pneumoniae against meroepnem,
and knowing that most antimicrobial resistance in K. pneumoniae is a result of
horizontal gene transfer and the acquisition of large conjugative plasmids (Wyres &
Holt, 2018), we observed that K. pneumoniae ATCC 13883 isolate did not grow at any
meropenem concentrations higher than 4 pg/mL. And its susceptibility against
meropenem did not change, indicating that no intrinsic resistance mechanisms were

activated by exposure to meropenem. However, the behavior of K. pneumoniae isolates

90



grown with increasing concentrations of meropenem were further investigated for the
formation of persister cells. Persister cells represent usually a small subpopulation of
bacterial cells with “non-heritable phenotypic variations” that contribute to failure of
antibiotic treatment and development of resistance (J. S. Lee et al., 2019). To investigate
the presence of persister cells population, wild type K. pneumoniae ATCC were exposed
to increasing concentrations of meropenem for 4 hrs., then cultured on LB agar plates
with different dilutions (1/100 & 1/1000) overnight for CFU count. For 1/100 and
1/1000 dilution, a plateau was observed for concentrations 5MIC — 50MIC then a
decrease in survival at 100MIC followed by a regrowth at 200MIC indicating the
presence of persistent cells that adapt to increasing concentrations. This is different from
what was observed with Ying Li et al. that upon exposure of untreated K. pneumoniae to
increasing concentration of imipenem, a sudden decrease in survival was observed
followed by a plateau (Y. Li et al., 2018). However, our resultsat 1/100 dilution showed
that cells induced against 4 pg/mL meropenem, showed a decrease in cells survival
between concentrations 5MIC to 20 MIC followed by plateau to 50MIC then another
decrease at 100MIC, followed by an increase at 200MIC which are more comparable to
Ying Li observations with the untreated isolates. Several studies showed the ability of K.
pneumoniae in forming persister cells (J. S. Lee etal., 2019; Y. Li et al., 2018), and our
results confirmed the presence of persister cells subpopulations among K. pneumoniae
isolates where their antibiotic tolerance ability is closely related to the establishment of
resistance mechanisms (Y. Li et al., 2018). Also, our results showed that the exposure
and growth of K. pneumoniae to sub-bactericidal concentrations of meropenem did not
significantly affect the survival of persister cells. However, challenging these cells with

increasing concentrations of meropenem did show a significant decrease in survival
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once we reached 100MIC, although cells still decreased but not completely inhibited
survival at 200MIC. This indicate the ability of persister cells to sustain significantly
high concentrations of meropenem; one of the last resort drugs, and their major role in
persistent infection that might lead to resistant K. pneumoniae as it triggers the selection
of these populations that later can acquire developed resistance mechanisms.

In conclusion, resistance to carbapenemsin P. aeruginosa is caused through the
overexpression of efflux pumps, and detection of blaoxa, blavim, and bla;ve
carbapenemases encoding genes. Moreover, K. pneumoniae showed its ability to resist

carbapenems through the formation of persister cells.
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