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Summary

Pseudomonas aeruginosa is one of the most feared Gram-negative bacterial
pathogens. It is not only among the most frequently isolated Gram-negative organisms
in bloodstream and wound infections, pneumonia, intra-abdominal-sepis and urogenital-
sepis but it is also a major cause of bacterial complication leading to chronic
colonisation and acute respiratory distress in cystic fibrosis patients. The increasing
prevalence and spread of multidrug resistant strains threatens the efficacy of currently

available antimicrobials.

Agar dilution or disc diffusion test methods were employed to determine the
susceptibilities of 194 non-cystic fibrosis (NCF) and 99 cystic fibrosis (CF) P.
aeruginosa isolates, according to Clinical and Laboratory Standard Institute (CLSI) and
The British Society for Antimicrobial Chemotherapy (BSAC) guidelines. Subsequently,
27, 102 and 65 NCF and 0, tweleve and 8y seven CF isolates were categorised as
antimicrobial susceptible, resistant and MDR, respectively. Higher rates of resistance
were detected in the CF group compared to the NCF group for all antimicrobials tested.
In contrast to emerging worldwide trends, analysis of the molecular mechanisms of
resistance, by PCR amplification and sequencing, revealed a low prevalence of acquired

resistance genes, aminoglycoside modifying enzymes: n= 3, blayim.> n=6.

Quantitative real-time PCR revealed the over expression of efflux pump genes in
60% of NCF and 78% of CF isolates examined. There was also elevated expression of
the chromosomal [B-lactamase gene, ampC in 50% of NCF and 30% of CF isolates
examined. Reduced expression of the outer member protein gene oprD, indicating loss
of OprD, was seen in 53% NCF and 56% of CF isolates examined. A total of six clonal
PFGE clusters were detected among the NCF and CF isolates, three separate cluster

groups in each.

NCF and CF isolates which were categorised as very multi-drug resistant
(vMDR) were investigated to determine their mutation rate. Twelve CF isolates were
categorised as hypermutators, these results compare favourably with other studies. Data
presented in this thesis found an equal proportion of hypermutators were mucoid or
non-mucoid which suggests that both are capable of developing a hypermutator
phenotype in the CF lung. A total of 67% of the hypermutator isolates had at least one

mutation in the mismatch repair genes examined.
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Colistin is the last line drug available for the treatment of MDR P. aeruginosa
and has been increasingly used to treat serious infection in CF patients. Not
surprisingly, a greater proportion of CF isolates were resistant (28%) to colistin
compared to NCF isolates (12%). A total of 9% of the colistin resistant NCF isolates
were vVMDR, compared to the CF collection, where 21% of the isolates were vMDR and
7% were hypermutators. Susceptibility testing methods which are frequently used in
clinical laboratories were compared to agar dilution. Etest and disc diffusion were
comparable to agar dilution results in the NCF P. aeruginosa isolates compared to CF
isolates. However, there were many NCF isolates which were defined as susceptible
according to the disc diffusion methods which were resistant according to the agar
dilution method. Since many busy clinical laboratories rely on disc or Etest methods to
detect colistin susceptibility levels in P. aeruginosa isolates, there is potential for

colistin resistance to go undetected in Irish hospitals.

In conclusion, the prevalence of antimicrobial resistance in P. aeruginosa as
documented in this thesis highlights the need for continued surveillance, hospital
infection control and antimicrobial stewardship in order to minimise the consequences
of resistance for public health. This is the first study which examines the antimicrobial

susceptibility profiles of P. aeruginosa isolates from two distinct groups in Ireland.
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Chapter 1 General Introduction



1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, aerobic rod belonging to the
bacterial family Pseudomonadaceae. Since the revisionist taxonomy based on
conserved macromolecules (e.g. 16S ribosomal RNA), the family consists only of
members of the genus Pseudomonas, which are cleaved into 8 groups. Those species
associated with human infections include; P. aeruginosa, P. fluorescens, P. putida and
P. stutzeri. Because of its close association with serious human infection P. aeruginosa

1 623 :
, Pseudomonas aeruginosa

is considered the most important of the pseudomonads
and P. maltophilia account for approximately 80% of the pseudomonads recovered
from clinical specimens. It can cause a variety of diseases as outlined in Table 1.1.

P. aeruginosa is an opportunistic pathogen capable of causing both local and
systemic infection, the difference in the severity of infection is ultimately due to the
altered host defences. It is not generally part of human microbial flora, rates of
colonisation range from 0-6% for the throat, 0-3.3% for nasal mucosa *. However, rates
of colonisation during hospitalisation can exceed 50%, especially among patients with
an impaired immune system or patients where antimicrobial therapy has disrupted
normal microbial flora . Pseudomonas aeruginosa is capable of infecting virtually any
tissue °; however, infection is often facilitated by the presence of underlying disease
(e.g. cystic fibrosis) or the breakdown in non-specific host defences. Localised
infections can occur following surgery or in burns, often resulting in serious
bacteraemia. A review of surveillance data from by the CDC found that P. aeruginosa
was responsible for 9% of all hospital-acquired infections in the US * A study of
European intensive care units found that P. aeruginosa was responsible for the highest
burden of healthcare-associated infections °. Data from the National Nosocomial
Infections Surveillance System found that P. aeruginosa was responsible for 3% of
bloodstream infections, 10% of urinary tract infections, 2% of pneumonias in the US 1
A similar European study found that P. aeruginosa was responsible for 10% of

bioodstream infections, 19% of urinary tract infections and 30% of pneumonias .



Table 1.1 Diverse sites of P. aeruginosa infection

Site Infection

Brain CNS infection

Ear Localised infection

Eye Localised infection
Blood Bacteremia

Heart Endocarditis

Kidney/bladder Urinary tract infection

Lung Respiratory tract chronic infection

Acute pneumonia

Skin/musculoskeletal tissues Burn wounds, surgical wounds

Most P. aeruginosa strains are known to produce two types of soluble pigments,
pyoverdin and pyocyanin. Pyoverdin is a siderophore, a small iron chelator scavenging
iron from the environment to be used in P. aeruginosa metabolism. Pyocyanin is a blue
pigment metabolite of P. aeruginosa, it has been shown to have numerous pathogenic
effects such as increasing 1L-8, depressing host responses and induced apoptosis in cells
®. In animal models, pyocyanin was shown to be essential to P. aeruginosa virulence °.
Pyoverdine has been shown to play a role in regulation of virulence factors '°.

Three colony types exist for P. aeruginosa; environmental strains isolated from
water and soil usually have small, rough colony morphology. Clinical strains usually
display one of two colony types; the first has a smooth, fried egg appearance, the
colonies are large and smooth with flat edges and an elevated appearance. The second is

a mucoid colony type, which is attributed to alginate production, Fig 1.1. o

Pseudomonas  aeruginosa is an ubiquitous organism found in many diverse
settings. It can be isolated from different living sources including plants, animals and
humans °. P. aeruginosa can survive on a variety of carbon sources for energy, when O,
is not available it can utilise nitrogen as a terminal electron accepter under anaerobic
conditions '*. This ability to survive on minimal nutritional requirements allows P.
aeruginosa to survive and persist in the community and the hospital setting ? In the
community, reservoirs of this organisms include water-based sources such as swimming
pools, whirlpools and hot tubs. It can also be found in soil, plants and vegetables *'°. In
the hospital setting P. aeruginosa is found on respiratory equipment, antiseptics, sinks,

mops, medicines and medical equipment '* and can be spread from patient —to- patient




on the hands of hospital personnel, by direct patient contact and through contaminated

reservoirs and ingested of contaminated water and food '

Pseudomonas aeruginosa’s ability to survive in a variety of environments is due
to its metabolic versatility. Its genome is large and complex. Sequencing studies from
the first P. aeruginosa isolate sequenced, (PAOI: a strain widely used in research and
originally isolated from a wound), in 2000 indicated that this isolate has a genome size
of 6.3 Mbp containing 5,570 predicted open reading frames (ORFs) '*. The large size of
P. aeruginosa genome reflects the numerous and distinct gene families that it contains.
This differs from other large bacterial genomes, whose size reflects gene duplication
events rather than greater genetic and functional diversity °. Because P. aeruginosa is a
soil dwilling organism it is likely that it acquired many genes through horizontal
transfer, based on the high GC content of many of its genes. The P. aeruginosa genome
contains a disproportionately large number of genes which are predicted to encode outer
membrane proteins involved in adhesion, motility, antimicrobial efflux, virulence factor
export and environmental sensing by two component systems. Not surprising the
genome contains a large number of genes (8.4% of total) predicted to be involved in
gene regulation '*, Data from comparative genomic analysis of a number of fully
sequenced P. aeruginosa clinical isolates, led to the conclusion that P. aeruginosa
genome is composed of two components: a core genome and an accessory genome
The core genome contributes to 90% of the total genome; it encodes a set of metabolic
and pathogenic factors shared by all strains, irrespective of origin. In contrast, the
accessory genome encompasses genes that are found in some but not all P. aeruginosa
isolates. These segments tend to cluster in certain loci, termed regions of genomic
plasticity ', Genetic sequences occupying many regions of genomic plasticity are often
referred to as genomic islands (>10 Kb) or islets (<10 Kb), which can possess genetic
elements that encode properties that contribute to niche-based adaptation or
antimicrobial resistance. The P. aeruginosa genome is characterised by a high G +C
content (66.6%). Genes acquired from other species (much of the accessory genome)
generally have a lower G + C content than that of the core genome. Apart from
deletions, rearrangements and mutations within the core genome, the horizontal transfer
of components of the accessory genome is primarily contributing to P. aeruginosa
diversity and evolution. The accessory genome is a source of genes encoding

_ 5 0 a 17 : 18
antimicrobial resistance determinates ' and virulence factors .
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Fig 1.1 Clonal appearance of Pseudomonas aeruginosa. (A) Environmental P. aeruginosa, © Kenneth Taylor

www.textbookotbacteriology.net. (B) Clinical mucoid P. aeruginosa isolate.




As previously discussed P. aeruginosa is an opportunistic pathogen, after being
acquired from the environment, it colonizes the respiratory epithelium in patients with
impaired immune systems or predisposing conditions. The first step towards the
establishment of infection is the binding of P. aeruginosa to the host epithelial cell. P.
aeruginosa has numerous virulence factors which aid in its dissemination. Flagella and
pili (which are responsible for bacterial motility) act as tethers in the initial binding of
P. aeruginosa to epithelial cell surface glycolipids. Additionally, lipopolysaccharide
plays a similar role in bacterial adhesion through asialo-GMI binding. After contact is
made with the host cell, the type III secretion system (TTSS) is activated. This system
allows P. aeruginosa to inject secreted toxins through a syringe-like appartus directly
into the hosts cytoplasm. Four effector proteins (ExoY, ExcS, ExoT and ExoU) are
known to participate, to varying degrees, in the cytotoxicity of P. aeruginosa resulting
in invasion and dissemination of P. aeruginosa. TTSS also secrete other virulence
factors into the extracellular space, such as elastase, alkaline phosphate, exotoxin A and
phospholipase C. These virulence factors aid in the invasion process by destroying the
protective glycocalyx of the respiratory epithelium and exposing epithelial ligands to P.
aeruginosa. In acute infections, invasion dissemination and extensive tissue damage
predominate °. However, in chronic infections P. aeruginosa adapts to the host
environment by losing its most immunogenic feature such as flagella and pili to avoid
clearance. Whether in acute or chronic infections P. aeruginosa has a multitude of
regulating systems at its disposal which allows it to adapt to its environment and most
importantly to the host defences. Quorum sensing (QS) is an example of one of these
systems and demonstrates the adaptability of P. aeruginosa. QS systems allow P.
aeruginosa isolates growing in biofilm to communicate and coordinate the production

and release of virulence factors®.

1.2 Cystic fibrosis

Cystic fibrosis (CF) is the most common inherited lethal single gene genetic
disorder of Caucasian populations. Birth prevalence varies from country-to-country, and
with ethnic background. For example, the disease occurs in roughly 1 in 3000 white
Americans, | in 4000-10,000 Latin Americans and 1 in 15,000-20,000 African
Americans . Cystic fibrosis is uncommon in Africa and Asia, with reported frequency
of 1 in 350,000 in Japan . Ireland has one of the high incidences of CF in the world

with an estimated incidence 3 in every 10, 000 with the disease and 1 in 19 individuals




classed as carriers 2°. The incidence of CF in Ireland is almost four times the average
rate in other EU countries and the United States . The outlook for people diagnosed
with CF has substantially improved in the last 10-20 years. The life expediency of a CF
patient has increased from thirty one to thirty seven years over the past decade '°. A
study by Dodge er al *' predicts that an individual born with CF today will typically live
to 50 years of age, thanks to early diagnosis and improved therapies.

Cystic fibrosis is caused by a mutation in a gene that encodes the cystic fibrosis
transmembrane conductance regulator (CFTR) protein. This protein mainly functions as
a chloride channel in epithelial cells. It also has other regulatory functions including
inhibition of sodium transport through the epithelial sodium channel, regulation of the
outwardly rectifying chloride channel, regulation of ATP channels, regulation of
intracellular vesicle transport, acidification of intracellular organelles and inhibition of
endogenous calcium-activated chloride channels **%°.

Over 1500 CFTR mutations have been identified ', but only a small portion of the
mutant cffr genes have been functionally examined, Table 1.2. The absence of

phenylalanine at position 508 accounts for two-thirds of mutated alleles in northern

Europe and North American populations '’

Table 1.2 Mutations found in CFTR®

Sample mutations Effect on CFTR

Stop codons, splicing defects with no Lack of protein production

protein production

Phe508del, Asn1303Lys, Gly85Glu,  Protein trafficking defect with ubiquitination
Leul065Pro, Asp1507, Ser549Arg and degradation in endoplasmic, results in
substantially reduced CFTR function

GlyS51Asp, Ser492Phe, Val520Phe,  Defective regulation; CFTR not activated by
Arg553Gly, Arg560Thr, Arg560Ser ATP or cyclic AMP. CFTR not functioning

Alad455Glu, Argl 17Cys, Reduced chloride transport through CFTR at
Aspl152His, Leu227Arg, the apical membrane. Functional CFTR
Arg334Trp, Argl 1 7His present.

3849+10kb C—T, 1811+1.6kb Splicing defect with reduced production of
A—G, IVS8-5T G—A normal CFTR. Functional CFTR present.

“Table adapted from "



The cftr gene is located on the short arm of chromosome 7 and encodes a
transmembrane protein termed the cystic fibrosis transmembrane regulator (CFTR).
This membrane-bound glycoprotein is a member of the ABC transporter family, the
CFTR protein consists of two transmembrane domains, TMD1 and TMD?2 7 Each of
these domains is composed of six membrane spanning alpha helices that make up the
core structure of the pore **. As with many proteins belonging to the ABC transporter
family, the transmembrane domains are each followed by a nucleotide binding domain.
These domains allow for the ATP-dependant gating of the channel *_ When the two
nucleotide binding domains bind ATP, they form a heterodimer which causes the CFTR
channel to open and allow the flow of CI" down the electrochemical gradient &

The CFTR channel is believed to be involved in the regulation of many membrane
permeability pathways *’. The majority of the salt and water transport in the airways
involves the down regulation of the epithelial sodium channel (ENaC), which is
activated by ATP. ATP release is actively facilitated by the cAMP-dependent CI°
channel *'*. ENaC is expressed in the airways and the alveolar epithelium, its channel
is responsible for sodium reabsorption which helps maintain a constant depth of the
airway surface fluid ***

of the outward rectifying chloride channel (ORCC) ****°. In the absence of the CFTR

. The CFTR channel is also involved in the positive regulation

channel, ENaC activity increases which leads to excessive absorption of sodium, water
transport follows the gradient which in combination with the decrease in CI secretion
from the CFTR and ORCC channels, leads to depletion in the CF airway 3% Therefore,
as well as affecting its own chloride channel activity, defects in the cfr gene lead to an
altered cascade of regulation of various ion transporters that causes an overall imbalance
in the water content of the airways, Fig 1.2. *".

Patients who are homozygous for mutant alleles of the cftr gene have major defeats
in chloride ion transport. This causes a build up sticky dehydrated mucus in male sex
ducts, ducts of the pancreas and the airways in the lungs “_In a functioning lung, CFTR
can act as a receptor for P. aeruginosa and normally initiates a co-ordinated and rapid
inflammatory response that quickly eliminates the bacteria and returns the tissue to its

*!. The mucus layer traps inhaled foreign particles including bacteria

baseline state
which are then propelled upwards towards the pharynx by cilia (mucociliary escalator)
and then either expectorated or swallowed. Inflammation is resolved by induction of

: )
apoptosis to restore homeostasis 4'.



In the CF lung, mucous clearance is impaired and over time bacteria become
permanent residents of the normally sterile lower airways **. In response to infection the
hosts immune systems excretes substances into the airways, including lysozyme (which
is able to hydrolyse the peptidoglycan backbone of the bacterial cell wall), lactoferrin
(an iron chelator), phospholipase A,, proteases, complement and secretory IgA **. It has
also been observed that epithelial cells of the airways (and elsewhere) can synthesise
and excrete antimicrobial peptides ***’.

A large number of pro-inflammatory factors travel to the CF bronchial tree
including neurophils, macrophages and inflammatory mediators such as tumour
necrosis factor-a (TNF), interleukin-1 (IL-1) and IL-8, ***’. Recent studies have
suggested that one of the major causes of bacterial infection in CF patients is an
imbalance between proinflammatory and anti-inflammatory cytokines in the airways )
It has been found that cells which lack a functional CFTR secrete larger amounts of IL-
1, IL-8/ keratinocyte chemoattractant (KC), TNF-a and macrophage inflammatory
protein MIP-2 after infection with P. aeruginosa compared to control cells s
Currently the mechanisms by which a mutant cftr gene effects the enhanced release of
proinflammatory cytokines while decreasing the formation of anti-inflammatory

* Nevertheless, it does appear that prolonged microbial

cytokines are unknown
colonisation and infection, which is characteristic of the CF lung, results from defeats in

the innate/ non-specific immune system, Fig 1.3. **.

1.2.1 Clinical manifestations

The severity of symptoms in CF patients varies; Table 1.3 illustrates the
approximate age of onset and some of the major clinical complications.

Established understanding of CF infection is that CF patients are generally
colonized by pathogens in a sequential manner beginning with Haemophilus influenzae
and Staphylococcus aureus and subsequently followed by P. aeruginosa and organisms

4, Table 1.4. Other pathogens which have

of the Burkholderia cenocepacia complex
also been found in CF patients who are chronically infected with P. aeruginosa include
Stenotrophomonas maltophilia, Achromobacter xylosoxidans, Mycobacterium spp,
Aspergillus fumigatus, Pandoraea apista, Ralstonia spp and a variety of uncommon

organisms *'.
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Fig 1.2 Functions and interactions of CFTR. (1) The channel itself acts as a cAMP-regulated CI- channel, which allows
Cl and HCO3- to be released and in the process ATP is also released. (2) This in turn down-regulates ENaC activity
and positively regulates ORCC activity (3). CFTR is also implicated in the regulation of vesicle trafficking (4),
intracellular compartment acidification and protein processing and the modulation of the renal outer medullary

potassium channel’s (ROMK) sensitivity to sulfonylureas, *°. Diagram adapted from *°.
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Fig 1.3 Overview of P. aeruginosa invasion and epithelial response. (A) Wild type CFTR, P. aeruginosa binds to epithelial cell via flagella and pili to various structures including asialoGM1, P. aeruginosa has a range of
virulence factors including flagella, pili and a type 3 secretion systems (T3SS) which allows P. aeruginosa to inject effecter proteins directly into the host cell cytoplasm (at least four effector proteins have been described
ExoS. ExoT, ExoU and ExoY) . In the host cell with a functional CFTR a regulated inflammatory response occurs to eliminate the infecting P. aeruginosa and to restore tissue homeostasis. (B) In the mutant CFTR
containing cell, P. aeruginosa infects an already inflamed surface with a defective mucociliary elevator. The infecting organisms may or may not be piliated and may already exist in a ‘biofilm’ state if acquired from
another patient. The infection occurs strictly in the mucous layer where the organisms bind to cell debris rather than epithelial surface. The microcolonies elect a strong immune response but are resistant to the actions of

the neutrophils, which may actually damage surrounding tissue in their efforts to eracidate Pseudomonas. Diagram adapted from +* and *!.




Table 1.3 Symptoms of cystic fibrosis in relation to age*

Any age Neonatal Infancy Childhood Adolescence
and adulthood
Cough with Meconium ileus Failure to thrive Chronic Allergic
sputum production (thickening of pansinusitis bronchopulmonary
ileum, often first aspergillosis
sign of CF)
Mucoid P. Jaundice Anasarca or Steatorrhoea Chronic

aeruginosa
isolated from the

airway

Hypochloraemic
metabolic

alkalosis

Abdominal or
scrotal
calcifications
Intestinal atresia
(malformation of

the intestine)

hypoproteinaemia
(widespread
swelling of the
skin due to
effusion of fluid
into extracellular
space)

Chronic diarrhoea

Abdominal

distension

Cholestasis
(condition where
bile can not flow

from liver to

duodenum)

S. aureus
Pneumonia
Vitamin A

deficiency
Vitamin E
deficiency causes

anaemia

Rectal prolapse

Distal intestinal
obstruction
syndrome
Idiopathic
recurrent or
chronic

pancreatitis

Liver disease

pansinusitis or

nasal polyposis

Bronchiectasis

Haemoptysis

Idiopathic
recurrent

pancreatitis

Portal
hypertension

Delayed puberty

Azoospermia

secondary to
congenital
bilateral absence

of vas deferens

* Adapted from .




Table 1.4 Medically important pseudomonads in CF infection.

rRNA homology group Species Infection in CF
| Pseudomonas P. aeruginosa Major pathogen
I1a Burkholderia B. cepacia (genomovars I, Major pathogen
I11, VI)
B. multivorans (formally Common

genomovar [I)

B. stabilis (formally Common
genomovar V)

B. vietnamiensis (formally Common

genomovar V)

Before the advent of antimicrobial therapy, most CF patients died in infancy
from Staphylococcal infections *’. Today with improved understanding of the
pathogenesis of CF and improved strategies for treating patients the prognosis for newly
diagnosed individuals has improved. However, most CF patients will eventually
succumb to concurrent pulmonary exacerbations caused by persistent P. aeruginosa
colonisation, typically over a period of 10-20 years *’. During the course of life the
average CF patient will be exposed to a number of antimicrobials. These antimicrobials
can also potentionally effect the commensal flora. Indeed it has been suggested that
commensal flora may act as a natural reservoir for bacterial resisitance, as a higher
number of bacteria and species are present. Thereby allowing multiple horizontal gene

transfers to pathogens as well as direct infection by commensal bacteria >

1.2.2 Mucoid P. aeruginosa and CF

Mucoid forms of P. aeruginosa were first associated with chronic pulmonary
infection in CF patients in the 1960’s *°*’. A study by Doggett er a/ **”" found that 90%
of CF patients examined were colonized by mucoid P. aeruginosa. Although mucoid P.
aeruginosa isolates are associated with CF patients, it appears that the mechanisms
underlying the emergence and establishment of mucoid isolates are not specific to CF
but rather instead reflect the molecular regulation and biological properties of alginate
and microbial adaptation to the host environment *’. Mucoid P. aeruginosa isolates
arise in up to 40% of non-CF patients with chronic bronchitis *® The emergence of

: : . . 59-62
mucoid P. aeruginosa often correlates with poor patient outcome .
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The appearance of mucoid isolates is a result of the excessive production of
alginate, which is an oxygen-radical scavenger. It protects P. aeruginosa against
phagocytosis and clearance from the lungs, the mucoid phenotype is therefore better
protected compared to the non-mucoid phenotype against the inflammatory defence

mechanisms of the host *, Table 1.5.

Table 1.5 Features of mucoid and non-mucoid P. aeruginosa isolates from the CF lung®

Features Phenotype
Mucoid Non-mucoid
Location Lung, respiratory zone”, Lung, Conductive zone in
Conductive zone® in sputum
Sputum
Biofilm in vivo Yes Yes
Motility No Yes
Multiple antimicrobial Seldom Frequent
resistance
Responsible for lung tissue Yes No
damage
Induces antibody response Yes Yes
a 63 2 3000ml: 95% of lung volume, includes bronchioles, alveolar ducts, alveolar sacs, no cilia. C

150ml: 5% of lung volume, includes trachea, bronchi, terminal bronchioles, has cilia. Mucous is

produced in this zone

Mucoid P. aeruginosa biofilms are located in the respiratory zone (3000ml: 95%
of lung volume which includes respiratory bronchioles, alveolar ducts and alveolar
sacs). This section of the lung has no cilia. Development of bacterial biofilms over time
has been intensively studied in vitro by confocal scanning laser microscopy 5 The
formation of biofilm is believed to develop in a number of stages; initial attachment,
formation of microcolonies and biofilm maturation 63, Fig 1.4. Bacteria in biofilm
communicate by means of synthesising and reacting to secreted molecules ***. The
term quorum sensing (QS) refers to the system which allows bacteria to sense when a
critical number of bacteria are present within the biofilm and respond by activating
certain genes. In P. aeruginosa, QS regulates the production of virulence factors such as

extracellular enzymes and cellular lysins, which are important for pathogenesis of

11




infections by functioning as a protective shield against phagocytes °”*. QS may also

% It has been shown to determine the

influence the development of the biofilm
tolerance of P. aeruginosa biofilms to antimicrobial therapy and to the innate
inflammatory response ''. The connection between QS and biofilms has been named
sociomicrobiology 7.

Although in vitro studies have indicated that alginate may not be essential for
biofilm formation *”’*, laboratory studies of clinical strains have shown that biofilm
produced by mucoid alginate producing strains is generally more robust and thicker
than that produced by isogenic non-mucoid strains ">~'°.

Pseudomonas aeruginosa colonizes the CF lung after a succession of other
bacteria, as mentioned in the previous section. Intermittent colonisation by P.
aeruginosa can also occur early in the life of a CF patient. Infections start with a
predominant environmental non-mucoid phenotype, which is speculated to be involved
in initial colonisation ”’. Indeed no natural ecological niche for overtly mucoid forms of
P. aeruginosa has been found.

Inside the CF lung non-mucoid strains undergo alterations that can give rise to
alginate overproducing mucoid variants, frequently due to mutations in the regulatory
genes, mainly mucA ®. This gene encodes the anti-sigma factor MucA .

It has been observed that during chronic infection both mucoid and non-mucoid

80-81 "and often these

phenotypes have been isolated simultaneously from the CF lung
mucoid and non-mucoid strains differ in their antimicrobial susceptibility patterns 5
One explanation for this which has been suggested previously, is that during chronic P.
aeruginosa infection both phenotypes may exist within a biofilm, ***** where the mucoid
alginate overproducing isolates ensure the survival of the biofilm and the non-mucoid
isolates may play a role in antimicrobial resistance. The heterogeneity of P. aeruginosa

phenotypes within the CF lung presents a difficult therapeutic challenge.

1.3 Antimicrobial resistance and P. aeruginosa

The early success of antimicrobial therapies in the 1960s, led many to believe that
infectious diseases, caused by bacterial pathogens were a thing of the past e
Unfortunately, this is not the case and today infectious diseases remain the second
leading cause of death world-wide *. In fact since the earliest use of antimicrobials,

resistant bacteria have been observed. A report in 1940 *® described a penicillin-
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inactivating enzyme produced by E. coli. By the late 1940s around 50% of S. aureus
isolates were found to produce penicillinase *’. The emergence of antimicrobial resistant
bacteria has been closely linked to the use of antimicrobials * and this is especially true

88-90 . . :
where the increased use of antimicrobials acts as a

in the hospital environment
selective pressure on bacteria which drives antimicrobial resistance.

Infections caused by antimicrobial resistant P. aeruginosa present a major public
health threat and challenge for the treatment of both community-acquired and

nosocomial infection >°'

. The selection of appropriate antimicrobials to treat such
infections is essential in order to optimise the clinical outcome ****. Studies have shown
that infections caused by antimicrobial resistant bacteria result in higher mortality,
prolonged hospital stays, higher healthcare costs compared to antimicrobial susceptible

- 91,94-95
bacteria ~' "

. The emergence of resistant bacteria during the course of antimicrobial
therapy is also a major concern and has been shown to double the length of
hospitalisation and overall cost of patient care *.

Antimicrobial resistance in P. aeruginosa can arise, for example through the
acquisition of resistance genes on plasmids, or through mutational changes which alters
the expression of chromosomally encoded genes. Mechanisms which increase P.

aeruginosa resistance severely limit the treatment options available for treatment of

serious infection.

1.3.1 Efflux mediated resistance

Multidrug efflux systems have been extensively investigated in P. aeruginosa
since their discovery in the 1990s ***®, The major role efflux pumps play in multi-drug

-104 . .
d %' The reduction in

resistance (MDR) in clinical isolates has been well documente
the accumulation of antimicrobials in the bacterial cell can be achieved by active export
by membrane associated pumps 2 Efflux pumps are categorised into different families
based on their amino acid sequence identity, the energy source required to drive the
active export and the substrate specificity of the different pumps '>'%°. There are five
efflux pumps families which are associated with MDR in P. aeruginosa ', i) the ATP-
binding cassette (ABC) family ii) the small multidrug resistance family (a subgroup of
the drug metabolite transporter family) iii) the major facilitator super family iv) the
resistance-nodulation-division (RND) family and v) the multidrug and toxic compound

family ®. The most clinically important of these families in P. aeruginosa is the RND

family, 12 RND systems have been identified in P. aeruginosa '*. RND efflux systems
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are widespread among Gram-negative bacteria and catalyse the active efflux of a wide

variety of antimicrobial substrates including many antibiotics and chemotherapeutic

agents, Table 1.6.

Table 1.6 RND efflux pumps found in P. aeruginosa

Operon® Gene Function” Regulator® Substrate/s
Product
Primary Antimicrobials® Additional compounds
mexAB-oprM MexA MFP MexR FQ, B-L/ B-LI, Tetra, Biocides, detergents, dyes,
Chlora,Macro,Sulf aromatic hydrocarbons
MexB RND NalD
OprM OMF
mexCD-oprJ MexC MFP NfxB FQ, B-L, Tetra, Chlora, Biocides, detergents,
Macro, aromatic hydrocarbons
MexD RND
Oprl OMF
mexEF-oprN MexE MFP MexT FQ, Chlora Biocides, aromatic
hydrocarbons
MexF RND
OprN OMF
mexXY MexX MFP MexZ FQ, B-L, tetra, Amino,
Macro, Chlora
MexY RND
OprM/Opm* OMF
mexJK MexJ MFP Mexl Tetra, erythromycin Biocides
MexK RND
OprM/OpmH OMF
mexGHI- MexG SoxR FQ Vanadium
opmD
MexH MFP
MexI RND
OprmD OMF
mexVW MexV MFP - FQ, Tetra, Chlora,
MexW RND
OpmE OMF
mexPQ-opmE MexP MFP - FQ, Tetra, Chlora,
Macro
MexQ RND
OpmE OMF
mexMN MexM MFP - Chlora
MexN RND
OprM OMF
triABC TriA MFP - Biocide (Triclosan)
TriB MFP
TriC RND
OpmH OMF




* Mex is an acronym for multiple efflux, Tri refers to triclosan efflux. "MFP: membrane, RND: resistance-
nodulation-division transporter, OMF: outer membrane factor. © Regulatory proteins that directly control expression
of efflux operons, -: not identified. ¢ MexXY may also use OpmB, OpmG, OpmH and/ or Ompl as outer membrane
factor. ¢ FQ: fluoroquinolones, Amino: aminoglycosides, Tetra: tetracyclines, Chlora: chloramphenicol, Macro:

macrolides, Sulf: sulfonamides, p-L: B-lactams, B-LI: p-lactam inhibitors. °.

The RND family of efflux pumps are secondary active transporter pumps that
gain the energy required for active export of compounds by proton motive force *. A
disruption in the proton gradient increases the accumulation of substrates which are

normally exported '**'%

. RND transporters exist as a three part system i) periplasmic
membrane fusion protein (MFP) ii) an outer membrane factor (OMF) and iii)
cytoplasmic membrane (RND) transporter, Fig 1.5. These parts form a tripartite
complex channel which spans the entire membrane, thus allowing the export of
lipophillic and amphillic antimicrobiais from the periplasmic and cytoplasm to the
extracellular environment >. The genes which encode the efflux pumps are organized
into operons in P. aeruginosa, Table 1.6.

The ten RND efflux pumps (excluding the metal cation transporters) are listed in
Table 1.6. Substrates of these pumps include antimicrobials, biocides, dyes, detergents,
organic solvents, aromatic hydrocarbons and homoserine lactones et

The role of some of these efflux pumps in pathogenicity has been examined in
by Piddock er al '”’. The fact that some bacterial efflux pumps export not only
antimicrobials but also naturally occurring substances such as dyes, detergents and host
derived antimicrobial agents has led to the suggestion that efflux pumps may play a role
in the export of naturally occurring substances thereby allowing the bacterium to

107

survive in a particular ecological niche "'. Indeed it has been shown by a number of

studies that the MexAB-OprM efflux pump was essential for the invasion of an

'3 Recent evidence has

epithetical cell ''* and P. aeruginosa-induced pneumonia
suggested that RND efflux pumps do not participate in biofilm resistance to frequently
used antipseudomonal agents ''* but may be involved with azithromycin resistance in

biofilms '
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1.3.1.1 MexAB-OprM efflux pump

The MexAB-OprM efflux pump was discovered by Poole er a/ in 1993 "' and is
capable of exporting several different classes of antimicrobials including;
fluoroquinolones, tetracyclines, chloramphenicol, B-lactams, B-lactamase inhibitors,
macrolides, novobiocin, trimethoprim and sulfonamides °*"'"*""”. MexAB-OprM has the
broadest substrate profile for the B-lactam class *. It can export carboxypenicillins,
aztreonam, extended spectrum cephalosporins (e.g. ceftazidime, cefepime), penicillins
(e.g. piperacillin) and carbapenems (meropenem and panipenem but not imipenem or
biapenem). The MexAB-OprM efflux pump is constitutively expressed and participates
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% Knock out studies have confirmed the
97,121-122

in the intrinsic resistance of P. aeruginosa
role of this pump in intrinsic resistance . A number of loci influence the
expression of the mex4B-oprM operon. The mexR gene (which is located upstream from
mexAB-oprM) encodes a repressor protein MexR which binds as a stable homodimer to

123-124 NalD is another

two different sites within the mexR-mexA intergenic region
repressor protein which binds to a sequence upstream of mexAB-oprM but downstream
of mexR binding site '**. Binding of these repressor proteins represses transcription of
the mexAB-oprM operon. Mutations within the genes known to regulate mexAB-oprM
may not be the only mechanism responsible for increased expression of mexA4B-opr M.
For example, it has been shown that during oxidative stress, two residues within MexR
are oxidised, which promotes the formation of an intermonomer disulfide bond which

alters the formation of MexR '**'*"  thereby allowing transcription of the mexAB-oprM
y g p

operon.

1.3.1.2 MexCD-OprJ efflux pump

The MexCD-Opr] efflux pump was sequenced and cloned by Poole ef a/ in 1996
' This pump can export many different antimicrobial classes including,
fluoroquinolones, chloramphenicol, tetracycline, novobiocin, trimethoprim and
macrolides ''7'"*'*>1%¥ Unlike MexAB-OprM, the MexCD-OprJ efflux pump does not
have a wide B-lactam substrate profile %, it exports fourth generation cephalosporins
(e.g. cefepime, cefpirome and cefozopran) 122123 " Thijs efflux pump is not thought to
contribute to intrinsic resistance ''®'*'. The expression of mexCD-opr.J is controlled by
the gene product of nfxB, which is located upstream of mexCD-oprJ 123 NfxB binds to a

site within the nfxB-mexC intergenic region thereby negatively regulating expression of
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mexCD-opr.J as well as its own expression '*>'*°. Mutations within nfxB may alter the
repressor activity of NfxB leading to the overexpression of mexCD-oprJ '**'#'%.
Regulation of MexCD-Opr] may not be limited to altered functioning of NFXB, in
PAOI1 deletion of mexAB-oprM and oprM caused an increase in mexCD-oprJ
expression which may indicate that MexAB-OprM is somehow involved in the

expression of mexCD-oprJ "*°, this mechanism has not been fully elucidated.

1.3.1.3 MexEF-OprN efflux pump

MexEF-OprN was characterised by Kohler er a/ in 1997 "' It can export
fluoroquinolones, chloramphenicol and trimethoprim unlike MexAB-OprM or MexCD-
Oprl it can not export currently available p-lactams *'. The mexEF-oprN is expressed
at low levels in wild-type P. aeruginosa *'*°. Like MexEF-OprN, MexCD-OprJ is not
involved in intrinsic resistance '*'. Multiple factor control the expression of the mexEF-
oprN operon, in constrast to the previously discussed efflux pumps, it does not have a
negative regulator "'

The mexT gene which is located upstream of mexEF-oprN is thought to
positively regulate mexEF-oprN expression °'**. However, as the sequence of mexT
varies in the wild-type P. aeruginosa isolates, the activation of MexT is thought to

¥ Another factor controlling mexEF-oprN

occur through different pathways
expression is MvaT which is a member of the histone-like nucleoid structuring protein
family which acts as a global regulator of genes involved in virulence, housekeeping

135-137

and biofilm formation . The regulation of mexCD-oprJ appears to involve many

complex pathways.

1.3.1.4 MexXY efflux pump

The MexXY efflux pump of P. aeruginosa was characterised by Mine ef al/ in
1999 ¥ MexXY does not have a gene which encodes an outer membrane protein;
instead MexXY is able to recruit the outer membrane protein OprM "**"* and possibly
other outer membrane components such as OmpB, OmpG, OpmH and OpmlI to form a
functional tripartitie system *'*'. MexXY is able to export fluoroquinolones, certain,
B-lactams (i.e. cefepime), aminoglycosides, tetracycline, chloramphenicol and
erythromycin  "'*'* MexXY is also necessary for adaptive resistance to

aminoglycosides '**. The expression of MexXY can be induced when cells are grown in
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the presence of tetracycline, erythromycin and gentamicin '**. It is believed that MexXY
is involved in intrinsic resistance to tetracycline, erythromycin and gentamicin '*"'*,
However, MexXY does not contribute to intrinsic resistance to fluoroquinolones as

144 . .
. The expression of mexXY is

these antimicrobials do not induce MexXY expression
negatively regulated by the gene product of mexZ, which is located upstream of mexXY
MO “Mutations in mexZ and mexZ-mexX intergenic region have been associated with
overexpression of mexXY '*°. However, overexpression of mexXY has been reported in
isolates which do not have any mutations within mexZ or the mexZ-mexX intergenic

. 147-149
region .

1.3.1.5 Additional RND efflux pumps

The role of the remaining RND efflux pumps in resistance and the factors which
govern their expression are beginning to be elucidated. The MexJK efflux pump was
discovered in a P. aeruginosa isolate following selection with broad-spectrum biocide
triclosan '*". Like MexXY, MexJK recruits OprM to form a tripartitie system """,
MexJK is regulated by the gene product mexL which is located upstream of mexJK *°.

The contribution of this and other (MexGHI-opmD, MexVW-MexMN, MexPQ-
OpmE, TriABC) efflux pumps mentioned in this section to clinical resistance has not

yet been fully understood.

1.3.2 B-lactams : mechanism of action and mode of resistance

B-lactams are a broad-spectrum antimicrobial class. Since the first B-lactam was
introduced in 1940, a large number of different B-lactams have been developed,
including: penicillins, cephems (cephalosporins and cephamycins), monobactams,
carbapenems and [-lactamase inhibitors. Members of this class of antimicrobial all
share a common four-atom structure known as the p-lactam ring, which consists of a
lactam (a cyclic amide) with a heteroatomic ring structure consisting of three carbon
atoms and a nitrogen atom, Fig 1.6. The B-lactams exert their antimicrobial effect by
acting on transpeptidase and carboxypeptidase (so called penicllin binding proteins,

15

PBPs), thereby inhibiting formation of peptidoglycan ' Peptidoglycan is an essential

component of the bacterial cell wall, which maintains the cell shape and structural
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integrity. Alterations in the formation of peptidoglycan ultimately leads to cell wall
damage. B-lactams are the most widely used antimicrobials in the clinical setting, they
account for 60% of all antimicrobial use by w8 '*2. As a result of their extensive use,

resistance to -lactams is now endemic.

1.3.2.1 Classification of B-lactamases

B-lactamases are enzymes which destroy B-lactams by catalyzing the hydrolysis
of the B-lactam ring, thereby inactivating the antimicrobial ability to bind PBPs "*'. Two
classification schemes which are based on molecular and functional properties of the -
lactamases are standardly used. Molecular classification is based on the amino acid
sequences. B-lactamases are divided into four classes (A-D) ' Classes A, C and D are
serine type enzymes, which have a serine moiety at the active site. Class B are enzymes
which require divalent cations (usually zinc) as metal co-factors and are therefore called
metallo-B-lactamases (MPL). Functional classification is based on substrate and
inhibitor profiles of B-lactamases '>"'*°. Under this type of classification B-lactamases
are divided into a number of groups: Group 1: cephalosporinases (class C), Group 2:
broad spectrum, inhibitor resistant and -lactamases and serine carbapenemases (class A
and D), Group 3: metallo-f-lactamases (class B), several subgroups of the major groups

have also been described.

Over 800 different B-lactamases belonging to over 30 groups have been

! The genes which encode B-lactamases are

described in Gram-negative bacteria
generally located either on the chromosome or on a plasmid. At present the spread of -
lactamases in Gram-negative bacteria is mediated by integrons "*'. Integrons are genetic
structures which are capable of capturing and mobilising antibiotic resistance. The
majority of B-lactamase genes are carried on class 1 integrons °"*7. Over 120 different
B-lactamases belonging to 18 groups have been found in clinical isolates of P.

. 151
aeruginosa .

The first plasmid-mediated p-lactamase discovered was found in £. coli in 1963
'8 The majority of TEMs (167 known) are found in Enterobacteriaceae. By 1979,
TEM-1 and TEM-2 were found in P. aeruginosa ">°. Subsequently, TEM-4, TEM-21,
TEM-24, TEM-42 and TEM-116 were also found in P. aeruginosa **'%.
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SHYV is another common B-lactamases, the first SHV was identifies in E. coli !

SHV-1, SHV-2, SHV-2a, SHV-5 and SHV-12 have been found in P. aeruginosa '**'*
168

Oxacillin-hydrolyzying (OXA-type) B-lactamases are widely distributed among
Acinetobacter spp and P. aeruginosa. To date at least 36 of the known 158 OXA’s have

151

been detected in P. aeruginosa . Among the B-lactamases so far identified in P.

aeruginosa AmpC, ESBls and MBLs are the most clinically significant.

1.3.2.2 AmpC

AmpC [-lactamases are cephalosporinases (belonging to class C). They
contribute to intrinsic resistance to most penicillins, narrow spectrum cephalosporins, f3-
lactams/B-lactamase inhibitors >'®’. Overproduction of chromosomally-encoded AmpC
enzyme in P. aeruginosa may be induced by exposure to specific Bf-lactams and (-

170-174

lactamase inhibitors (e.g. cefoxitin, imipenem, clavulanate) . In contrast, AmpC

derepression occurs when proteins involved in the induction pathway are compromised

'717 There is no doubt that AmpC overproduction has a

through mutational changes
major clinical effect. A study by Tan er a/ reported that patients were 67.5 times more
likely to be given inappropriate antimicrobials when the infection was caused by P.
aeruginosa overproducing AmpC compared to infections caused by P. aeruginosa

which did not overproduce AmpC "%

1.3.2.3 Carbapenemases

Carbapenemases are enzymes which hydrolyse imipenem and/ or meropenem.
Naturally occurring carbapenemases are chromosomally-encoded, while acquired
carbapenems are integron and plasmid-mediated '®'. Class B B-lactamases (metallo-B-
lactamases, MBLs) have a number of characteristics, i) able to hydrolyse virtually all
carbapenems and other B-lactams (aztreonom being the exception), ii) resistant to
commercially available B-lactamase inhibitors, iii) susceptible to inhibition by metal ion
chelators such as EDTA. Acquired MBLs are generally encoded by transferable genes
and the majority of the acquired MBLs have been discovered in P. aeruginosa.

IMP-type MBL is one of the acquired MBLs which have been detected in P.

aeruginosa. The first, IMP-1 was discovered in a P. aeruginosa isolate from Japan in
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1988 '*2. To date blap-1 has been detected in more than 18 species of Gram-negative
bacteria 183, suggesting horizontal transfer of blajvp.; gene has occurred 184 As blapp-
gene cassette, the IMP-1 gene was inserted in a class 1 integron and mostly co-existed
with an aminoglycoside resistance gene '*°. The IMP-1 gene has a world-wide
distribution ', Currently 26 types of IMPs (IMP-1-26) have been assigned and at least
18 types have been identified in P. aeruginosa.

Verona integron-encoded metallo-B-lactamase or VIM was first discovered in a
strain of P. aeruginosa in Verona, Italy in 1997 "™ VIM type MPLs are the second
most prevalent group of acquired MBL "', Similar to blap most of the blayiy genes
are located on class 1 integrons. VIM-1 is distantly related to IMP-1 (31.4% identity)
151

SPM-1 (Sao Paulo MBL) was found in a bloodstream isolate of P. aeruginosa
from Brazil in 2001, as part of the SENTRY Antimicrobial Surveillance Programme in
Latin America. Unlike blavp and blayiv, blaspm.) is not harboured by an integron but is
associated with a region containing a novel type of transposable structure with potential
recombinase and promoter sequences 1 The blaspn-) is located on a plasmid L

GIM-1 (German imipenemase) was found in a number of isolates of P.
aeruginosa in Germany during the SENTRY Antimicrobial Surveillance Study
Programme in 2002 18 The blogn gene is harboured on a class 1 integron on a non-

transferable plasmid along with three resistance genes, aacA4, aadAl, blapxa- s

1.3.2.4 Extended-spectrum B-lactamase

Extended-spectrum [B-lactamases (ESBLs) are a rapidly growing group of B-
lactamases that can hydrolyse broad and narrow spectrum cephalosporins and
penicillins '¥, they do not hydrolyse cephamycins or carbapenems. Over 200 different
ESBLs have been identified in Gram-negative bacteria '*’. Of these 32 have been
detected in P. aeruginosa including, TEM, SHV, CTX-M, PER, VEB, GES, BEL and
OXA-type p-lactamases "'
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1.3.2.5 Outer membrane pump OprD

OprD is one of the many outer membrane proteins found in P. aeruginosa .

Porins play an important physiological role in the transport of sugars, amino acids,

"I Certain hydrophilic antimicrobials

phosphates, divalent cations and siderophores
such as B-lactams, aminoglycosides and some fluoroquinolones have been shown to
transverse the outer membrane through porin channels '**. It is no surprise therefore that
the loss of an outer membrane protein can correlate to reduced susceptibility in a
bacterial isolate. OprD is the preferred port of entry for carbapenems, and its loss from
the outer membrane decreases the susceptibility of P. aeruginosa to carbapenems Ly
1% Resistance can involve mechanisms which decrease the transcriptional expression of
oprD and/or mutations that disrupt the translational production of a functional porin for
outer membrane "°""'®, Interesting mechanisms which affect the transcription of oprD
are those that are linked to the regulation of expression of the mexEF-oprN efflux pump.
The mexEF-oprN regulator gene mexT, in wild-type P. aeruginosa is inactive and this
allows mexEF-oprN to be expressed at basal levels. In mutants MexT becomes active
through a mutation within the structural gene; the activated MexT positively regulates
transcription of mexEF-oprN. Simultaneously MexT negatively regulates oprD at the
transcriptional and post-transcriptional level leading to decreased OprD production,

213213 “This highlights the complexity by which P. aeruginosa can regulate resistance

mechanisms.

1.3.3 Fluoroquinolones: mechanism of action and mode of resistance

Fluoroquinolones (e.g. ciprofloxacin and levofloxacin) are members of a fully
synthetic, broad-spectrum class of antimicrobials which also includes quinolones (e.g.
nalidixic acid, oxolinic acid). Their basic active structure is the quinolone ring which is
composed of a double ring structure consisting of 8 carbon atoms and two nitrogen
atoms, Fig 1.7.

Nalidixic acid is considered the predecessor of all members of the quinolone
family. It was introduced into the clinic in 1962 '°. The addition of a fluorine at the C-6
position in the 1970s yielded norfloxacin, the first fluoroquinolone, which was first

available in 1986 2%
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Ciprofloxacin Levofloxacin

Fig 1.7 Chemical structure of antimicrobials from the fluoroquinolone class. Members of the fluoroquinolone family: (A)

ciprofloxacin and (B) levofloxacin. Dashed purple circle highlights the characteristic quinolone ring structure.



Ciprofloxacin, probably the most used fluoroquinolone **', was introduced into
the clinical market in 1987. Since then, structural revisions of the quinolone molecules
have provided numerous new agents suited to treatment of a variety of bacterial
infections.

Fluoroquinolones enter the bacterial cell through the lipids of the periplasmic
and cytoplasmic membranes, Fig 1.8, and subsequently elicit their bactericidal effect by

interfering with DNA synthesis ***

. Fluoroquinolones target two related but functionally
distinct essential bacterial type II topoisomerases, i) DNA gyrase ii) topoisomerase [V
% DNA gyrase is composed of two subunits: GyrA (a protein which is encoded by the
gyrA gene), GyrB (encoded by gyrB), these subunits catalyse the negative supercoiling
of DNA, a process that is essential in DNA replication, recombination, transcription and
repair. Topoisomerase is composed of two subunits; ParC and ParE, which are primarily
involved in decatenation, the unlinking of replicated daughter chromosomes. These two
enzymes work together to transiently break both strands of double stranded DNA and
driven by an ATP-dependant reaction, pass a second DNA double helix through the
break, which is then resealed. Fluoroquinolones block the reaction and trap gyrase and
topoisomerase IV as a drug-enzyme-DNA complex, with the ultimate release of lethal,
double stranded breaks.

Resistance to fluoroquinolones was initially thought to be unlikely for two
reasons i) Bacteria would need to spontaneously acquire multiple resistance mutations
to survive at clinical concentrations (drug concentrations 1000-fold of those required to
inhibit growth are routinely achieved) ii) Many resistance genes have co-evolved in
nature with antimicrobials that they counteract, because fluoroquinolones are fully
synthetic it seemed unlikely that resistance genes would be available for recruitment

204

onto mobile elements Yet over the last 20 years since the introduction of

fluoroquinolones, resistance has become common and widespread and is generally not

2 Fluoroquinolones have become one of the most frequently prescribed

clona
antimicrobials worldwide due to their high potency, broad spectrum of activity, good
bioavailability and low incidence of side effects ***. They are frequently used to treat a
diverse range of bacterial infections both in humans and animals. Due to their extensive
use, resistance has inevitably emerged. Depending on the source and geographic
location, current P. aeruginosa resistance rates to fluoroquinolones ranges from 20 to

over 80% in the clinical setting and continues to increase Resistance to

fluoroquinolones is generally mediated by the accumulation of point mutations in the
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quinolone-resistance-determining region (QRDR) of DNA gyrase and topoisomerase
IV. The highest levels of resistance are observed in isolates which have mutations in the
QRDR of gyr4 and parC """, Although mutations have been observed in the other

two genes, gyrB and parE, the frequency of mutations appear to be lower *'".

Four efflux pumps which actively export fluoroquinolones in P. aeruginosa

have been described, MexAB-OprM, MexXY, MexCD-Opr] and MexEF-OprN

101,120,123,131,144,212

Plasmid—encoded quinolone resistance has also emerged among Gram-negative

bacteria 2'3, Table 1.7.

The presence of these genes confers low level fluoroquinolone resistance
(ciprofloxacin 0.025 mg/L) but they facilitates the selection of high-level clinically
significant fluoroquinolone resistance mutants (i.e. ciprofloxacin MIC 4mg/L) at more
than 100 times the frequency of a plasmid-free strain in the presence of quinolones at

therapeutic levels.

The geographical distribution of gnr-positive strains appears to be increasing
96,202,213-216

world-wide, with the majority of gnr’s being detected in the U.S . As yet gnr
genes have not been found in P. aeruginosa.
Table 1.7 Discovery of gnr genes
Date/Location Organism Gene Variants Homology Reference
1994, U.S.A. Klebsiella qnrA 6 8
pneumoniae
2003, India K gnrB 21 43% QnrA -
pneumoniae 44% QnrS i
2003, Japan Shigella gnrS 3 59% QnrA e
flexeri
2006, China Proteus gnrC 1 64% OnrA o
mirabilis 41% QnrB RER
59% QnrS
43% OnrD
2009, China Salmonella gnrD 1 48% QnrA ol
enterica 61% QnrB
32% QnrS
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Fig 1.8 Overview of resistance mechanisms to fluoroquinolones, carbapenems and aminoglycosides in P. aeruginosa. Fluoroquinolone resistance is mediated by 1)

overexpression of RND efflux pumps which pumps the drug from the periplasmic space and/or 2) alterations in the target genes, gyr4, gyrB, parC and parE. Aminoglycoside
resistance is mediated by overexpression of RND efflux pumps. Carbapenem resistance is mediated mainly by 1) loss of OprD in the outer membrane and/or 2) overproduction

of RND efflux pumps (with the exception of imipenem). Small changes in susceptibility can be observed due to the derepression of AmpC, diagram adapted from !7°.



1.3.4. Aminoglycosides: mechanism of action and mode of resistance

Aminoglycosides are among the most widely used broad spectrum
antimicrobials used to treat a variety of infections, particularly pulmonary exacerbations
in CF patients **2. The vast majority of aminoglycosides are bactericidal, they are often
used in combination with other antimicrobials most notably B-lactams. The first
aminoglycoside, streptomycin, was isolated from Streptomyces griseus in the 1940s **°.
Since then a series of aminoglycosides have been identified and characterised for
clinical use, many have been altered by chemists to generate semi-synthetic derivatives

224

with expanded activities

Aminoglycosides are multifunctional hydrophilic sugars that possess several
amino and hydroxyl functionalities, Fig 1.9. The amine moieties are mostly protonated
in biological media, and can therefore be considered polycationic for the purpose of
understanding their biological interactions. Since they are considered polycationic they
show a binding affinity for nucleic acids, specifically aminoglycosides have a high
affinity for prokaryotic rRNA ***. Aminoglycosides mechanism of action involves the
following: 1) Ribosomal blockage ii) Misreading in translation iii) Membrane damage
iv) Irreversible uptake of the antimicrobial **°. Aminoglycosides bind to the A-site of
the 16S rRNA of the 30S subunit of the bacterial ribosomes **"*** (mammalian cells do
not have a 30S subunit). This aminoglycoside-ribosome interaction impairs translational
accuracy resulting in misreading of the mRNA sequence and/or premature termination

2% The resulting in-active proteins interact with the cell membrane

of protein synthesis
causing formation of a leaky membrane and subsequently this enhances the

uptake/penetration of the aminoglycosides.
p p gly

Aminoglycosides are poorly lipid soluble, they pass across the outer membrane
of Gram-negatives by a non-energy dependant mechanism which involves a drug
induced disruption of bridges between lipopolysaccharide molecules. Transport across
the inner membrane is dependant on the transmembrane electrical potential, and
therefore is dependant on energy-requiring mechanisms which maintain the
transmembrane potential (anaerobic environments and low pH result in a reduction in

the transmembrane potential and aid in the effectiveness of aminoglycosides).

Bacterial resistance to aminoglycosides can occur by the following mechanisms;

i) enzyme modification ii) low outer membrane permeability iii) active efflux and iv)

229

rarely, target modification Of these resistance mechanisms, inactivation by
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aminoglycoside modifying enzymes is considered the most important in terms of the

level and the frequency of resistance conferred to the bacterium ***,

Aminoglycoside modifying enzymes (AME) function by attaching a phosphate,
adenyl or acetyl radical to the antibiotic molecule, thereby decreasing the binding
affinity of the modified antimicrobial to the target in the bacterial cell *". AME are
plasmid encoded and are divided into three families; 1) Aminoglycoside
nucleotidyltransferases (ANTs) ii) Aminoglycoside acetyltransferases (AACs) iii)
Aminoglycoside phosphotransferases (APHs). Each family of enzymes consists of
isozymic forms that differ in their substrate regiospecificity for their reactions ***. The
most frequently expressed in P. aeruginosa are the following: AAC (6’)-1I (determines
resistance to gentamicin, tobramycin and netilmicin), AAC (3)-1 (determines resistance
to gentamicin), AAC(3)-II (resistance to gentamicin, tobramycin, netilmicin), AAC(6°)-
I (resistance to tobramycin, netilmicin, amikacin) and ANT (2°)-1 (resistance to

gentamicin and tobramycin) **'.

Low membrane impearability is a resistance mechanism that is independent of
AME and effects all aminoglycosides ***. This resistance mechanism is attributed to
changes in the outer membrane, which make it less permeable to aminoglycosides i
Impermeability is considered a significant cause of aminoglycoside resistance,

particularly in CF P. aeruginosa isolates *°.

Aminoglycosides are also exported by the drug efflux pump MexXY iR

Target modification in the form of methylation of the 16s rRNA has emerged as

2323 Methylation is mediated by a

a new mechanism of aminoglycoside resistance
newly recognised group of 16s rRNA methylases, which share some similarity to those
produced by aminoglycoside producing actinomycetes. The genes responsible are
located on transposons within transferable plasmids 2% The first 16s rRNA methylase,
RmtA, was reported in Japan in 2003 in a clinical isolate of P. aeruginosa 26 The
enzyme was found to confer high-level resistance to all parenterally administered
aminoglycosides (including amikacin, tobramycin, isepamicin, kanamycin, gentamicin,
with MICs >1024 mg/L). The second 16s rRNA methylase RmtD was identified in

Brazil in 2005 in a pan-resistant P. aeruginosa e

Non-enzymic aminoglycoside mechanisms were examined by EI’Garch er al il
In their study they showed that the accumulation of mutants leads to a gradual increase

in resistance to aminoglycosides. They identified four genes in P. aeruginosa, galU,
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nuoG, mexZ and rplY which were shown to be involved in the gradual increase in MIC

. . 2
to aminoglycosides >’

1.3.5 Polymyxins: mechanism of action and mode of resistance

Polymyxins are amphipathic polypeptide antimicrobials, consisting of five
different compounds (polymyxin A-E). They were discovered in 1947 *** but only two,
polymyxin B and polymyxin E (colistin) have been used in clinical practice **°. They
differ by an amino acid; the D-leucine in polymyxin E is substituted by D-phenylalanine
in polymyxin B **’. Colistin, like the other member of the polymyxin group, is a
multicomponent polypepide antimicrobial, consisting of colistin A (polymyxin E1) and
B (polymyxin E2), which differ only in the fatty acid side chain **', (Fig 1.10). Colistin
was used mainly in the 1950s and 1960s to treat infections caused by Gram-negative
bacteria but reports of nephrotoxicity and neurotoxicity and the emergence of newer
less toxic antimicrobials, meant that colistin ceased to be prescribed by many clinicians
> It was not until the late 1990s that clinicians began to re-evaluate colistin as a
potential therapy option in the treatment of nosocomial infections such as pneumonia,
urinary tract infections, bacteremia, surgical wound infection and meningitis. Caused by
MDR bacteria such as P. aeruginosa, Acinetobacter species, Klebsiella pneumoniae and
Enterobacter species >****. However, by then, a large gap existed between the years
that colistin was used clinically. As a result, data regarding the pharmacokinetic and
pharmacodynamics of the drug were and still are limited. The lack of information about
the pharmacokinetics and pharmacodynamics of colistin in humans means that
appropriate colistin dosing strategies for the different routes of administration have yet
to be established. A suboptimal dose of colistin creates the risk of the development of
resistance.

Colistin (polymyxin E) is a member of a group of antimicrobials known as
polymyxins. Colistin has been available for clinical use since the early 1960s, but its use
was curtailed because of fears of nephrotoxicity and the introduction of newer broad
spectrum antimicrobials. Polymyxins interact electrostatically with the outer membrane
of Gram-negative bacteria, competitively displacing the divalent cation (Mg”") from the

243

negatively charged phosphate groups of membrane lipids The result is a

destabilising effect on the outer membrane, leading to cell leakage and eventual cell
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death ***. Resistance to polymyxin is mainly associated with decreased uptake into the
bacterial cell which is the result of reduced capacity for initial binding **> and changes

in the lipid composition of the lipopolysaccharide *****,

1.4 Scope of this thesis

Bacterial resistance is on the increase worldwide, as illustrated in numerous
surveillance studies ***"?*%, These studies contribute to our understanding of the scale
and prevalence of antimicrobial resistance. Studies like the European Antimicrobial
Resistance Surveillance System (EARSS) *** and the SENTRY Antimicrobial
Surveillance Programme monitor the changing rates of resistance and the emergence
and spread of new resistance mechanisms. However, data from Ireland is limited,
especially in relation to P. aeruginosa and often only blood culture isolates are included
in these studies. Very few national studies of P. aeruginosa resistance ****" have
examined the molecular mechanisms and rates of resistance among P. aeruginosa
isolates from CF patients.

The aim of this study was to determine the prevalence of antimicrobial resistance
and the mechanisms involved in two distinct populations of P. aeruginosa isolates.
Since many CF patients acquire P. aeruginosa from the environment or the hospital
setting, the rate of resistance among the general population was examined, as isolates

from this population could act as reservoir of resistant isolates for CF patients.
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Y — NH;

(a)L-Dab—> D-Leu —> L-Leu

Fatty acid —> (a)L-Dab —> L-Thr—> (a)L-Dab—> (a, y)L-Dab
L-Thr<— (a)L-Dab<— (a)L-Dab
Y= NH2 o= NHZ
vy — NH; vy — NH;

Fig 1.10 Structure of colistin A and B. Fatty acid: 6-methyloctanoic acid for colistin A and 6-methylheptanoic acid for colistin B, Thr: threonine,

Leu: leucine, Dab: a, y-diaminobutyric acid, a and y indicate the amino group involved in the peptide linking.



Chapter 2 Materials and Methods
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2.1 General Methods

2.1.1 Bacterial strains and patient data

2.1.1.1 Culture collection and storage

A total of 194 non-duplicate Pseudomonas aeruginosa clinical isolates were
collected from the Microbiology Laboratory, St. James’s Hospital (SJH) between May
2006 and August 2008 as a prospective study. 99 non-duplicate P. aeruginosa clinical
isolates from adult cystic fibrosis patients were collected from St.Vincent’s University
Hospital (SVH) between June 2006 to July 2007.

All P. aeruginosa isolates used in this study are listed in Table 2.1. The
laboratory control strain K/ebsiella pneumoniae ATCC 700603 was also employed as a
standard in antimicrobial susceptibility testing (see Section 2.2). This isolate encodes a
SHV-18 extended-spectrum [-lactamase. Permanent stocks of all strains were
maintained in Lennox L broth supplemented with 5% (v/v) glycerol, and stored at —

80°C.

2.1.1.2 Identification of Pseudomonas aeruginosa

After the isolates were collected they were cultured on Mueller-Hinton (MH)
agar plates, incubated at 37°C for 18 to 20 h and examined for purity. Species
identification was confirmed biochemically using the APl 20NE system (bioMérieux,
Marcy L’Etoile, France) according to the manufacturer’s instructions. Briefly, the API
20NE system uses 20 individual, miniaturised reaction wells that produce biochemical
reactions to ultimately determine the genus and species of non-fastidious Gram-negative
rods, not belonging to the Enterobacteriaceae. The dried reagent in each well was
rehydrated by distributing the pure bacterial saline solution culture into the first 8 tubes,
(and not the capsule). The remaining twelve tubes and capsules were filled, taking care
to leave a flat or slightly convex but not concave meniscus. Mineral oil was added to
three of the tubes (glucose, arginine and urea) to ensure anaerobic conditions. The strip
was incubated in a small, plastic humidity chamber for 18 to 24 h at 37°C. After

incubation, each well was assessed for a specific colour change indicating the presence
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of a metabolic reaction. Most wells change colour due to differences in pH values e.g.
amino acid decarboxylation and carbohydrate fermentation reactions. Other wells
contain end products that have to be identified using additional reagents including
James Reagent and VPl (potassium hydroxide/water)/VP2 (a-naphthol/ethanol).
Interpretation of the 20 reactions was converted to a seven-digit code and cross
referenced in a computer database containing all know bacterial species in their

database.

Table 2.1 Isolates/DNA used in this study

Strain Relevant details/Genotype Source
Isolates
2006.1 to 2006.21 P. aeruginosa non-cystic fibrosis sputa isolates from 2006 SJH
2006.22 to0 2006.99 P. aeruginosa non-cystic fibrosis swab isolates from 2006 SJH
2006.100 to 2006.113 P. aeruginosa non-cystic fibrosis MSU* isolates from 2006 SJH
2007.114 to 2007.153 P. aeruginosa non-cystic fibrosis sputa isolates from 2007 SJH
2007.154 to 2007.157 P. aeruginosa non-cystic fibrosis swab isolates from 2007 SJH
2007.158 to 2007.159 P. aeruginosa non-cystic fibrosis swab isolates from 2007 SJH
2008.160 to 2008.194 P. aeruginosa non-cystic fibrosis swab isolates from 2008 SJH
2006.195 to 2006.244 P. aeruginosa cystic fibrosis swab isolates from 2006 SVH
2007.245 to 2007.262 P. aeruginosa cystic fibrosis swab isolates from 2007 SVH
2008.263 to 2008. 293 P. aeruginosa cystic fibrosis swab isolates from 2008 SVH
LESB-58 P. aeruginosa Liverpool clone UL
MES P. aeruginosa Manchester epidemic strain UL
Midlands-1 P. aeruginosa Midiands epidemic strain UL
ATCC 27853 P. aeruginosa Standard in antimicrobial testing SJH
ATCC 25922 Escherichia coli Standard in antimicrobial testing SJH
ATCC 35218 Escherichia coli Standard in antimicrobial testing, encodes TEM-1 - SJH
Lactamase
ATCC 700603 Klebsiella pneumoniae Standard in antimicrobial testing SJH
PAOI1 P. aeruginosa Wild Type strain CNB
JFL30 P. aeruginosa, over expressing MexAB-OprM CNB
JFL28 P. aeruginosa, over expressing MexCD-Opr]J CNB
JFLOS P. aeruginosa, over expressing MexEF-OprN CNB
JFL10 P. aeruginosa, over expressing MexXY CNB
DNA
pUCP20 Escherichia-Pseudomonas shuttle vector; Ap" <68
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pANK-MI1

pUCP20 containing a 4.7-kb Xbal — HindIIl digested amplicon with

mutS from PAOI; Ap'

269

PW9409 lacZwp08q1A07 UWA
PW3129 lacZwp03q3D08 UWA
PW3128 lacZwp02q4F08 UWA
PW3130 Supplemental Plate3C08 UWA
PW3131 lacZwp04q2C09 UWA
PW3132 phoAwp02qlF10 UWA
PW9677 lacZwp07q4E10 UWA
PW9676 lacZwp02q1HO08 UWA
PW9679 phoAwp09q4B08 UWA
PW9678 lacZwp06q2C12 UWA
PW8507 phoAwp03q1H02 UWA
PW8508 phoAwp07q1HO03 UWA
PW4183 lacZwp01q3G07 UWA
PW4184 lacZwp09q2C04 UWA
PW4181 lacZwp04q3B10 UWA
PW4182 phoAbp02q1C07 UWA
PW4180 phoAwp09q4B05 UWA
PW4179 lacZwp06q3F04 UWA
PW4178 phoAbp03qlF11 UWA
PW4177 phoAwp02q2A06 UWA
PW4176 phoAbp03q3C02 UWA

SJH: St. James’s Hospital. *:

Mid stream urine. SVH: St. Vincent’s Hospital. UL: University of

Liverpool. CNB: Centro Nacional de Biotecnologia, Madrid. UWA: University of Washington, Genome

Sciences

2.1.1.3 Study setting and patient data

This study was based on isolates retrieved from two major hospitals in Dublin.
St James’s Hospital is a 963 bed tertiary care hospital, which serves a local community
of 350,000 (in correspondence from Professor Thomas Rogers), as well as being a
tertiary referral centre for hematopoietic stem cell transplantation, burns, maxilla-facial
and plastic surgery, with supra-regional services for HIV medicine, cardiothoracic
surgery, and oncology. It is the largest acute teaching hospital in the Republic of
Ireland. In 2008, almost 300,000 patients were treated here in SJH. All available

antipseudomonal antibiotics were available to be prescribed to treat P. aeruginosa
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infections in the two patient groups. Piperacillin/tazobactam with or without an
aminoglycoside, meropenem and ciprofloxacin were the antibiotics most frequently
prescribed to treat P. aeruginosa infections in St James’s Hospital. Ceftazidime or
colistin was not recommended treatment options, unless the P. aeruginosa resistance
profile indicated that it was the only suitable option.

St. Vincent’s University Hospital is a major academic teaching hospital,
affiliated to University College Dublin. The hospital has 554 in-patient beds,
incorporating 7-day, S5-day and day care options, including intensive care, high
dependency and coronary care beds as well as medical, surgical, orthopaedic, care of the
elderly and psychiatry beds. St.Vincent’s Hospital treats 280 to 300 adult Cystic
Fibrosis patients. It has an 8 bed isolation unit. When additional beds are required beds

in other wards are also used for adult cystic fibrosis patients.

2.1.2 Bacterial culture conditions

2.1.2.1 Bacterial growth medium

All media were prepared using Millipore 18 MQcm™' grade water generated by
Medica Water purifier (ELGA LabWater, Kildare, Ireland). The chemicals were
obtained from Oxoid, Fluka, Sigma and BD (Becton, Dickinson). Media were sterilised
by autoclaving at 120°C and 15psi for 20 min prior to use. Additional solutions not
suitable for autoclaving were sterilised by filtration through 0.2 pum Millex filters
(Millipore, Cork, Ireland). Media agar was allowed to cool to 50°C before the addition
of the required supplements and antimicrobials. All quantities listed below are
sufficient for 1 litre of medium.

Mueller-Hinton (MH) agar:

All antimicrobial susceptibility (with the exception of colistin) testing, i.e. agar
dilution and disc diffusion test methods, were routinely performed using MH agar base.
This agar powder is tested according to, and meets the acceptance limits of the current
Clinical and Laboratory Standards Institute Screening Guidelines, >’

MH agar:

MH agar was used throughout this study for the routine culturing of all

bacterial strains except where otherwise stated.




MH agar: 39 g MH agar base (BD).
After autoclaving, antimicrobials were added at the required

concentrations for use in agar dilution susceptibility testing.

Iso-Sentitest agar:
Colistin disc susceptibility testing was performed using Oxoid iso-

sentitest agar, as recommended by BSAC 7',

[so-Sentitest agar: 31.4 g Iso-Sentitest agar base (Oxoid).
After autoclaving, antimicrobials were added at the
prerequisite concentrations for use in agar dilution

susceptibility testing.

Mueller-Hinton (MH) broth:
MH broth was used throughout this study for routine culturing of all
bacterial strains except where otherwise stated. MH broth was used for the

growth of cultures prior to Miles and Misra testing.
MH broth: 23 g MH agar base (Fluka).

Cation adjusted Mueller-Hinton broth (CAMHB):

CAMHB was used for broth dilution experiments with colistin. Fresh
stocks of 10 mg/ml of Ca*" and 10 mg/ml Mg*" were made up. Stock solutions
were sterilized by membrane filtration and stored at 2°C. MH broth was per
manufacturer guidelines, autoclaved and chilled overnight at 2°C, with stirring
0.1 mL of chilled Ca®" and Mg*" stock solution per litre of broth was added. The
correct concentrations of Ca® and Mg®” are 20-25 mgL Ca*" and 10-12.5 mg/L
Mg

2.1.2.2 Antimicrobial powders and discs

Antimicrobials used in this study were supplied by the following companies:

Sigma (piperacillin, gentamicin, amikacin, colistin, rifampicin), GlaxoSmithKline
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(ceftazidime), Sanofi-Aventis (cefotaxime), Bayer Healthcare (ciprofloxacin), Fluka
(levofloxacin, cloxacillin) and AstrqZeneca (meropenem, imipenem). All antimicrobial
powders were prepared daily as stocks with molecular grade water (DNase-, RNase-
free, 0.1 pl filtered) (Sigma), unless otherwise stated and used at varying working
concentrations, Section 2.2.2.1. Antimicrobial discs were used when powders forms of
antimicrobials were not available and were also used to test combination antimicrobials.
Antimicrobial ~ discs  were supplied by Oxoid (piperacillin/tazobactam,
ticarcillin/clavulanic acid and colistin) and those used to confirm ESBL producers and
derepressed ampC were supplied by BD Diagnostics (ceftazidime, cefotaxime,
ceftazidime-clavulanic acid and cefotaxime-clavulanic acid and nitrocefin sticks). All
antimicrobial powders and discs were stored at 4°C, except ceftazidime-clavulanic acid

discs and cefotaxime-clavulanic acid discs which were stored at -20°C.

2.1.2.3 Bacterial culture conditions

Bacterial cultures were routinely grown on MH plates and aerobically in liquid
MH broth at 37°C, except where otherwise stated. Liquid cultures were inoculated by
transferring single colonies from 16 to 20 h MH plate cultures into an appropriate
volume of MH broth and grown overnight at 37°C with shaking at 250 rpm. Where
mid-logarithmic phase cultures were required, overnight cultures were diluted 1:100 in
fresh media and grown at 37°C with shaking at 250 rpm, to the appropriate optical

density at 600 nm.

2.1.2.4 Hypermutation study

2.1.2.4.1 Inoculum preparation and incubation

The presence of hypermutators was investigated amongst isolates which were
classified as very multiple drug resistant (high level resistant to at least one antibiotic
per class, term defined in this study). Briefly, independent triplicate 10 ml overnight
MH broth cultures of the P. aeruginosa isolates were collected by centrifugation and
resuspended in 1 ml of saline solution. Serial 10-fold dilutions were plated in MH agar
with and without 300 pg/ml of rifampicin. After 36 h of incubation colonies were
counted and the mean fraction of the mutants estimated. Isolates were considered

hypermutable if the mutation frequency was at least 20-fold higher than that obtained
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for control strain P. aeruginosa PAO1 '*. The Miles and Misra Method was employed

to determine viable counts.

2.1.2.4.2 Miles and Misra Method

The Miles and Misra Method is a technique for counting the number of colony
forming units (CFU/ml) in a bacterial suspension, it was developed in 1938 by Miles

22 Serial dilutions from bacteria were prepared using phosphate buffered

and Misra
saline (PBS) as a diluent in a logarithmic fashion ranging from 10”to 107 (1 pl sample
in 9 ul diluent). The 7-fold dilution scheme was plated onto two MH agar plate divided
up into four sections. A 10 pl aliquot of the suspension was transferred onto the
appropriate section of a MH agar plate. Plates were incubated for 36 to 48 h at 37°C and
observed for growth. The individual drops counts were used to yield estimates of the

number of CFU/ml according to Equation 1 below. Each strain was tested in triplicate.

The mutation frequency was calculated according to Equation 2 below.

Equation 1:

CFU/ml: C x — x V

Where, C = number of colonies, D = dilution factor and V = volume factor.

Equation 2:

Mutation frequency: Rif CFU/ml x V

MH CFU/ml x V

Where, Rif = rifampicin, MH= Mueller-Hinton, V= volume factor
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2.1.3 Oligonucleotide primers

The sequences of all oligonucleotide primers used in this study are listed in

Table 2.2. All primers were designed using Primer3 (http:/frodo.wi.mit.edu/primer3)

unless where otherwise stated, and were synthesised by Eurofins MWG Operon,

Ebersberg, Germany at the synthesis scale of 0.01 uM and HPSF purification.

Table 2.2 Oligonucleotide primer pairs

Primer Primer Sequence Amplicon Reference
5°-3’ Size (bp)

aac(6’)-1b TTGCAATGCTGAATGGAGAG 198 e

(aacA4) CGTTTGGATCTTGGTGACCT

ant (2")-la GAGCGAAATCTGCCGCTCTGG 299 i

(aadb) CTGTTACAACGGACTGGCCGC

aac (3)-la ACCTACTCCCAACATCAGCC 138 s

(aaccl) ATATAGATCTCACTACGCGG

ayr A TTATGCCATGAGCGAGCTGGGCAACGACT 365 5
AACCGTTGACCAGCAGGTTGGGAATCTT

grB GCGCGTGAGATGACCCGCCGT 389 £
CTGGCGGTAGAAGAAGGTCAG

par C ATGAGCGAACTGGGGCTGGAT 209 o
ATGGCGGCGAAGGACTTGGGA

par E CGGCGTTCGTCTCGGGCGTGGTGAAGGA 591 S
TCGAGGGCGTAGTAGATGTCCTTGCCGA

gnrA AAGGAAGCCGTATGGATATT 670 7
AGCTAATCCGGCAGCACTAT

gnrB CGACCTGAGCGGCACTGAAT 515 e
TGAGCAACGATGCCTGGTAG

gnrS ACCTTCACCGCTTGCACATT 571 o
CCAGTGCTTCGAGAATCAGT

aac(6’)1b TGACCTTGCGATGCTCTATG 506 e
TTAGGCATCACTGCGTGTTC

blapp CTACCGCAGCAGAGTCTTTG 587 —
AACCAGTTTTGCCTTACCAT

blayi AGTGGTGAGTATCCGACAG o
ATGAAAGTGCGTGGAGAC 261

blagim., ACAACCTTGACCGAACGCAG 747 "
ACTCATGACTCCTCACGAGG

blagpm., CCTACAATCTAACGGCGACC 600 a

37



Int (class 1 integrons)

Intl

Int2

TEM-F
TEM-R
SHV-F
SHV-R
CTX-M-1-F
CTX-M-1-R
CTX-M-2-F
CTX-M-2-R
CTX-M-9-F
CTX-M-9-R
rpslF

rpsIR
mexAl
mexA2
mexC3
mexC4
mexE4
mexES
oprDI
oprD
ampCl
ampC2
oprMI
oprM2
PS21F (LES-PS21)
PS21R
LESF9F
LESF9R
MIDIF
MIDIR
MAISF
MAISR

TCGCCGTGTCCAGGTATAAC
GGCATCCAAGCAGCAAG
AAGCAGACTTGACCTGA
CAGTGGACATAAGCCTGTTC
CCCGAGGCATAGACTGTA
TTGCGAGTATCCATAACCTG
TTACCTGCACTGGATTAAGC
ATCAGCAATAAACCAGC
CCCCGAAGAACGTTTTC
AGGATTGACTGCCTTTTTG
ATTTGCTGATTTCGCTCG
AAAAATCACTGCGCCAGTTC
AGCTTATTCATCGCCACGTT
GGACGCTACCCCTGCTATT
CCAGCGTCAGATTTTTCAGG
TCGCGTTAAGCGGATGATGC
AACCCACGATGTGGGTAGC
GCAAGCGCATGGTCGACAAGA
CGCTGTGCTCTTGCAGGTTGTGA
GCAGACGGTGACCCTGAATA
GGGTCGATCTGGTAGAGCTG
GTACCGGCGTCATGCAGGGTTC
TTACTGTTGCGGCGCAGGTGACT
CCAGGACCAGCACGAACTTCTTGC

CGACAACGCCAAGGGCGAGTTCACC

ATCTACCGCACAAACGATGAAGG
GCCGAAGCCGATATAATCAAACG
COGGCTCGGTGAGCAAGACCTTC
AGTCGCGGATCTGTGCCTGGTC
CTGGGAACTCGATCTCTTCG-
TCAGGTCGAAACTCTTCTGCTAG
AAGCAGGCCAGCGTGTCTA
AAAACGTAGCAAGCAGTG
AACACTTGCTCCATCTGC
CACGATATCCAGCAAGAC
TTGCGCTCCATCGTTTGA
CTCCAGATGCCTACGAAA
GTCGGCAGATAGCCTTTGTC
CGACTAATACCCGTCGCTTC
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Variable

160

288

516

392

415

552

152

164

156

218

206

364

431

649

308

28]

102

This s

102

102

This s

This s

This s

284

285



341f

518r
PAOrpoB1
PAOrpoB2
PAOrpoBNEW

PAOrpoBNterminal
PAOrpoBCterminal

mutS

mutS2
mutS3

mutl.

mutl?2

uvrD

uvrD2

pmrB

rpoN

arnB1

arnB2

CCTACGGGAGGCAGCAG
CCGTCAATTCMTTTGAGTTT
TCATCGATGTGCTCAAGACC
TGACGCTGCATGTTCGAG
TCGAGGTTCGTGACGTACAC
TGACGCTGCATGTTCGAG

TGGCTTACTCATACACTGAGAAAAA
CCCTTGATGGTGGAAGACGTT
GGCGAATCGGGTTAACATT
GGTGACGACGAAGGTCATTT
GGAGCTGGATATCAACCTCA

GCTGAACCTCGACCTGAATCG

CTCCTGGAAAACAGCCTTGA
GGGTGCCATAGAGGAAGTCA
CAGCGCTATGAAGTGAGCAT
AAGACATCGGAACGCTCTTG
ACGAGTTCCAGGACACCAAC
GGGGTGAGGTCTTCCTCTTC
AGTGGTTTGCCTTGAAGTGG
TTCGCTCTCGAAATTCACCT
GCGGTGGAGGCGGTACCGCTGG
GCTACAGATATGTGACCGCCCGC
ATGAAACCATCGCTAGTCCTCA
TTGATGCTATCGATGATGGTCA
ACGCGCGCCGCCAGGCCCTC
CCC AGG CCG CAG ACCTCG GC

560

789

429

712

2713

791

2302

This study

287

This study

This study
This study

This study

This study

This study

This study

This study

This study

This study

2.1.4 Statistical analyses

Statistical significance testing was carried out to compare proportions of given
characteristics (e.g. resistant vs. susceptible) between particular populations using the
Fisher’s exact test, as this was considered most accurate method, based on guidelines
outlines in software programme. The lower the P value indicates the stronger the

inference that the difference is real. P values of <0.05 were considered statistically

significant. All tests were performed with InStat version 3 software (GraphPad).
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2.2 Antimicrobial Susceptibility Testing

A phenotypic screen was performed on the P. aeruginosa isolate collection from
CF and Non-CF patients to determine the susceptibility pattern of each isolate to
thirteen antimicrobials agents from six different classes, Table 2.3. Standard agar
dilution or disc diffusion methods were employed to quantitatively measure these
susceptibility activities in vitro. P. aeruginosa ATCC® 27853, Escherichia coli
ATCC® 25922 and K. pneumoniae ATCC® 700603 were employed as negative and
positive controls, respectively, in all susceptibility tests and ESBL confirmatory tests.
The accuracy and reproducibility of these test methods were maintained in accordance
with current Clinical and Laboratory Standards Institute (CLSI) Guidelines, as outlined

e ! “susceptible” isolate was defined as one that exhibited phenotypic

below
susceptibility to all members of all antimicrobial families, a “resistant” isolate was
defined as one that exhibited phenotypic resistance or intermediate resistance to
member(s) of 1-2 antimicrobial families (as defined by CLSI), and a MDR isolate was
defined as one that exhibited phenotypic resistance to member(s) of > 3 antimicrobial

families (as defined in this study).

Table 2.3 Antimicrobials used in this study: concentrations and solvents

Concentration
Antimicrobial class Antimicrobial MIC range Disc content Solvent
(mg/L) (Hg)
B-lactams
Penicillin Piperacillin 0.25-128 - Water
f-lactam/B-lactamase Piperacillin/tazobactam - 10/1 -
inhibitor concentration Ticarcillin-clavulanic acid - 7.5/1 -
Ceftazidime/clavulanic acid - 30/10 -
Cefotaxime/clavulanic acid - 30/10 -
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3"_generation Ceftazidime 0.016-128 30png Water
Cephalosporin

4‘h-generation Cefepime 30/10 30ug -

Cephalosporin

Carbapenem Imipenem 0.016-128 - PBS
Meropenem 0.016-128 - Water

Aminoglycosides Gentamicin 0.016-128 - Water
Amikacin 0.016-128 - PBS

Fluoroquinolnes Ciprofloxacin 0.016-128 - n/a’
Levofloxacin 0.016-128 - Water

Polymyxin Colistin 0.016-128 25ug Water

n/a: not applicable, ciprofloxacin supplied in solution

2.2.1 Agar dilution and disc diffusion inoculum preparation

For each P. aeruginosa isolate, an inoculum was prepared by making a direct
sterile saline suspension of 3 to 5 well-isolated colonies selected from 18 to 20 h blood
agar plates. The density was adjusted to a 0.5 McFarland standard solution
(approximately 1 to 2 x10* CFU/ml) using a Crystalspec® Nephelometer photometric
device (BD Diagnostic Systems).

2.2.2 Agar dilution procedure

2.2.2.1 Preparation of agar dilution plates

The minimal inhibitory concentration (MIC) of each isolate, to each
antimicrobial, was determined by agar dilutions using serial twofold dilutions indexed
to the base 1 (e.g. 1, 2, 4, 8 mg/L, etc). Dilutions of antimicrobials were prepared from
standard parental stocks at concentrations of at least 1,000 mg/L or ten times the highest
concentration to be tested, whichever was greater. The range of concentrations tested for

each antimicrobial encompassed the interpretive MIC breakpoints defined by CLSI
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guidelines. These concentration ranges and the number of dilutions tested varied for
each antimicrobial, Table 2.3. Antimicrobial solutions were incorporated into 20 ml of
autoclaved MH agar per plate, with quick and thorough mixing. All plates were used on

same day of preparation.

2.2.2.2 Inoculation agar dilution plates

Within 15 min of inoculum preparation, the inocula were aseptically applied
rapidly and simultaneously to MH agar surfaces using an inoculum-replicating
apparatus that transfers 27 inocula to each plate (Biddulph & Co). The replicator pins
were | mm in diameter and delivered approximately 0.1 to 0.2 ul aliquots of inocula
onto the agar surface. A control plate (antimicrobial-free plate) was inoculated first and
then, starting with the lowest concentration, plates containing different antimicrobial
concentrations were inoculated. A second control plate was inoculated last to ensure no
contamination or significant antimicrobial carry-over during the inoculation procedure.
Plates were allowed to stand at room temperature for a maximum of 30 min while the
inoculum absorbed into the agar, and were then inverted and incubated at 37°C for 16 to

20 h.

2.2.2.3 Determination of agar dilution end points

Plates were placed on a dark, non-reflecting surface and the end points were
determined visually. The MIC was defined as the lowest concentration of antimicrobial
that completely inhibited bacterial growth, disregarding a single colony or a faint haze
caused by the inoculum. MIC interpretive standards were defined according to CLSI
breakpoints in order to classify isolates as resistant, intermediate or sensitive, Table 2.4.
These MICso and MICyy values are defined as the minimum concentration of
antimicrobial required to inhibit the growth of 50% and 90% of the collection,
respectively. The MICsy and MICyq, values were calculated as the 50th and 90th

percentile, respectively, of the MIC values of the corresponding antimicrobials.
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Table 2.4 Agar dilution breakpoints and disc zone diameter interpretive criteria

Minimal inhibitory concentration Disc diffusion zone diameter

Antimicrobial
(mg/L) (mm)
S I R R I S
Piperacillin <64 = >.128 - . i
Piperacillin/Tazobactam - - - <17 - >18
Ticarcillin/
- - - <14 - >15
clavulanic acid
Ceftazidime <8 16 >32 <14 15-17 >18
Cefepime - - - <14 15-17 > 18
Imipenem
<4 8 >16 - - -
Meropenem
=4 8 >16 = " ’
Gentamicin <4 8 > 16 - = 4
Amikacin <16 32 > 64 2 - "
Levofloxacin =2 4 > 8 = i -
Ciprofloxacin <1 2 >4 = = -
Colistin <2 4 >8 <13 = >14

2.2.3 Disc diffusion procedure

2.2.3.1 Preparation of disc diffusion test plates

Within 15 min of inoculum preparation, Section 2.2.1, a sterile cotton swab was
used to aseptically inoculate an entire MH agar plate surface by streaking. This
streaking procedure was repeated three times at 60° angles with respect to each other to

ensure a uniformly distributed inoculum.

2.2.3.2 Application of discs to inoculated agar plates

Antimicrobial impregnated discs containing ticarcillin/clavulanic,
piperacillin/tazobactam, cefepime were placed onto dried inoculated MH agar plates
(one disc per plate) for no longer than 15 min after inoculation of plates. (The

concentration of each antimicrobial per disc is documented in Table 2.3.) The plates
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were inverted and incubated at 37°C for 16 to 20 h within 15 min of antibiotic disc

application.

2.2.3.3 Interpretation of disc diffusion results

Plates were placed on a dark, non-reflecting surface to facilitate visualisation of
the end points. The diameter of each zone of inhibition was measured to the nearest
whole millimetre. Zone diameter interpretive criteria were defined according to CLSI
breakpoints in order to classify isolates as resistant, intermediate or sensitive, Table 2.4.
For most antimicrobials these criteria were developed by first comparing zone diameters
to MICs of a large number of isolates, including those with known mechanisms of
resistance relevant to particular drug classes, and secondly the MICs and correlated
zone diameters are analysed according to the pharmacokinetics of the drug from normal
dosing regimens *’°. Finally, when feasible, the tentative in vitro interpretive criteria are
analysed according to studies of clinical efficacy and microbiologic eradication efficacy

in the treatment of specific pathogens.

2.2.3.4 Double disc diffusion ESBL confirmatory test

Isolates displaying a reduced susceptibility to cefotaxime or ceftazidime were
considered potential ESBL producers. These isolates underwent further screening which

t . ESBL production was inferred

involved the use of the double-disc synergy tes
when the zones produced by the discs with clavulante were >5 mm larger than those
without inhibitor. Since ESBLs in P. aeruginosa are notoriously difficult to detect due
to the presence of an inducible AmpC enzyme and efflux pumps, cloxacillin (an
inhibitor of the AmpC enzyme) and PABN (efflux inhibitor) were included in the media.
E. coli ATCC® 25922 and K. pneumoniae ATCC® were used as negative and positive
controls respectively, in antimicrobial susceptibility and confirmatory tests.

Preparation of the double-disc diffusion confirmatory test plates was carried out
as in Section 2.2.3.1. The antibiotic discs were placed 25-30 mm apart per plate. The
concentration of each antimicrobial per disc is documented in Table 2.3. Disc diffusion
end points were determined as in Section 2.2.3.3. A positive test was recorded when the

diameter of inhibition zone of cephalosporin in combination with clavulanic acid was >

5 mm in comparison to that of the cephalosporin zone alone.
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2.2.3.5 Cephalosporinase overproduction test

Overproduction of the chromosomal cephalosporinase AmpC was evaluated by
the nitrocefin test according to the instructions in the kit (p-lactamase identification
sticks, BR0O066, OXOID). Development of a red colour within 5 minutes in the area of

the disc where the culture is applied was considered a positive result.

2.3 Nucleic Acid Methodologies

2.3.1 Preparation of chromosomal DNA, RNA and cDNA

2.3.1.1 Purification of total genomic DNA

Chromosomal DNA was extracted by suspending a single colony in 100 pl of
ultra pure H,0 and boiling for 10 min, the supernatant was used as a DNA template. In
some instances (where PCR failed) chromosomal DNA was purified from bacterial
strains using the ArchivePure DNA Isolation Kit (5§ PRIME). Briefly, bacteria from a
0.5 ml overnight culture were harvested by centrifugation at 10,000 x g for 5 min. The
supernatant was resuspended in a proprietary cell lysis solution, containing Tris
[hydroxymethyl] aminomethane, EDTA and SDS and incubated at 80°C for 5 min to
lyse the bacteria. Contaminating RNA was removed by treatment with RNase for 1 h at
37°C and cellular proteins were removed by protein precipitation using ammonium
acetate. The remaining DNA was precipitated with isopropanol, washed in ethanol
twice to remove any contaminates and resuspended in a Tris/EDTA buffer. Stock
genomic DNA solutions were stored at -80°C and working solutions (1:10 dilutions)

were stored at -20°C.
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2.3.1.2 Isolation of RNA

RNA is a chemically unstable molecule and is prone to digestion by ubiquitous
RNases which require no cofactors to function, these enzymes can maintain active even
after autoclaving or boiling. Therefore during isolation and handling of RNA, several
precautions were taken to minimise the risk of contamination with exogenous RNases.
These precautions included wearing gloves, working in a designated RNA handling area
that had been cleaned with RNaseZAP® (Ambion) and working with designated tips,
tubes, pipettes and electrophoresis tanks. Additionally, where possible, all steps in the
handling of RNA were performed expediently and on ice.

Total RNA was isolated from bacterial cultures using the RiboPure'“'-Bacteria
Kit (Ambion). Briefly, a single colony of P.aeruginosa PAO1 (fully sequenced) was
inoculated into 3 ml MH broth and incubated overnight with shaking. The overnight
bacterial culture was diluted 1:100 in 20 ml of fresh MH broth and grown to an ODggonm
of 0.6. Cells from a 10 ml aliquot of this suspension were harvested by centrifugation at
10,000 x g for S min. The cell pellet was resuspended in 1 ml PBS and centrifuged
again as before. The cell pellet was then resuspended in RNAwiz (Ambion), a
combination of phenolic, detergent and chaotropic denaturants that inhibit RNases and
stabilise RNA. Bacterial cell walls were disrupted by vortexing this suspension in the
presence of Zirconia beads (Ambion). The resultant bacterial lysate was mixed with 0.2
volumes chloroform and centrifuged to retrieve the RNA-containing upper aqueous
phase. This crude RNA preparation was diluted with ethanol and bound to a silica
filter. After several wash steps (with ethanol 70% w/v) to remove contaminants, the
RNA was eluted in a low ionic strength solution. Contaminating genomic DNA was
removed by DNasel treatment. Total RNA samples were quantified (see Section

2.3.1.3) and stored at —80°C.

2.3.1.3 Quantitation of nucleic acids

Nucleic acid concentration (pg/ml) and purity (A26onm:A280nnm ratio) were
assessed using a NanoDrop® ND-8000 spectrophotometer (NanoDrop Technologies).
Pure nucleic acid (DNA or RNA) has an Axeonm:A280nnm ratio equal to 1.8-2.1.
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2.3.2 In vitro manipulation of DNA

2.3.2.1 Purification of DNA fragments

Following PCR amplification, linear DNA fragments were purified directly from
solution using a QIAquick PCR Purification Kit (Qiagen) or from an agarose gel slice
using a QIAquick Gel Extraction Kit (Qiagen). To purify DNA from solution, 5
volumes of Binding Buffer was added and mixed thoroughly. Binding Buffer contains
isopropanol and the chaotropic salt guanidine hydrochloride, which denatures proteins.
This solution was added to a spin column where the DNA fragments bind to a glass
fibre matrix. Bound DNA was then purified in a series of ethanol based wash steps to
remove salts, enzymes, dyes and unincorporated nucleotides. Purified DNA was eluted
from the column in Elution Buffer (10 mM TrisCl, pH 8.5). Purification of DNA from
an agarose gel slice was achieved by melting the gel slice at 50°C in the presence of 3
volumes of Solubilisation Buffer. Solubilisation Buffer contains the chaotropic protein
denaturant guanidine thiocyanate. Once the gel slice had melted and the DNA was in
solution, 1 volume of isopropanol was added and mixed thoroughly. This solution was
added to a spin column where the DNA fragments bind to a glass fibre matrix. The
column was washed with a further aliquot of Solubilisation Buffer to remove all traces
of agarose. Bound DNA was purified in a series of ethanol-based wash steps to remove
salts, enzymes, dyes and unincorporated nucleotides. Purified DNA was eluted from the

column in Elution Buffer.

2.3.2.2 DNA sequencing

Nucleotide sequencing of DNA fragments of interest (both strands where
necessary) was performed by The Genomics Core Facility, Belfast City Hospital.
Briefly, 2 pg of purified linear DNA fragments and 10 uM of specific primers were sent
for analysis. Files received back were in FASTA format. Multiple sequence alignments
were performed with genes of known GenBank entries using Clustal W2 software
program (http://www.ebi.ac.uk/Tools/clustalw2/index.html) to determine nucleotide
sequence homologies. Where protein sequences were needed before alignment, FASTA
nucleotide sequence files were firstly translated into proteins in all reading frames using
a DNA sequence translator programme (http://searchlauncher.bcm.tmc.edu/seq-

util/Options/sixframe.html).
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2.3.3 Agarose gel electrophoresis

2.3.3.1 DNA agarose gel electrophoresis

DNA samples were separated on 1.5-2.5% (w/v) agarose gels, depending on the
size of the DNA. Briefly, for a 1% gel, 1 g of agarose was added to 100 ml of 0.5X
TBE buffer (44.5 mM Tris borate (pH 8.3), | mM EDTA) and microwaved to dissolve
the agarose. Ethidium bromide was added to a final concentration of 1 png/ml and the
molten gel was poured into a gel mould and allowed to set. DNA samples were
prepared by adding an appropriate volume of 6X Blue/Orange Loading Dye (Promega)
and these samples were subjected to electrophoresis through the gel usually at 70 V for
1 hrin 0.5X TBE buffer. The separated DNA fragments were visualised under UV light
using a gel documentation system and analysed using the corresponding software

program (Quantity One® UV transillumination, Bio-Rad Laboratories).

2.3.3.2 Denaturing RNA agarose gel electrophoresis

RNA samples were analysed by denaturing agarose gel electrophoresis to
prevent the formation of extensive RNA secondary structures via intramolecular base
pairing, which prevents it from migrating strictly according to its size. The quality and
yield of RNA samples were was assessed on a 1% denaturing agarose gel. Briefly, 1 g
of agarose was added to 72 ml of molecular grade water and microwaved to dissolve the
agarose. After cooling to 60 °C, 1X MOPS running buffer (40 mM MOPS pH 7.0, 10
mM sodium acetate, | mM EDTA) and 7% formaldehyde were added. The molten gel
was poured into a gel mould and allowed to set. Samples containing 1 pg of total RNA
in 50 pl RNA running buffer (1x MOPS running buffer, 7% (w/v) formaldehyde, 50%
formamide) were prepared for electrophoresis by heating to 55°C for 5 min to denature
any RNA secondary structures. Denatured RNA samples were mixed with 1 volume of
formaldehyde loading dye (1 mM EDTA, 0.25% bromophenol blue, 0.25% xylene
cyanol, 50% glycerol, 60 pg/ml ethidium bromide). Samples were subjected to
electrophoresis through the gel at 5 V/cm in 1X MOPS running buffer. Separation of
16S and 23S ribosomal RNA (rRNA), which infers good quality rRNA, fragments were

visualised under UV light using a gel documentation system and analysed using a
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corresponding software program (Quantity One® UV transillumination, Bio-Rad

Laboratories).

2.3.4 Polymerase chain reaction

The polymerase chain reaction (PCR) was used for the routine amplification of
specific DNA fragments responsible for antimicrobial resistance and virulence. PCR is
based on the ability of certain thermostable DNA polymerases to synthesise a new DNA
strand complementary to a provided single-stranded, denatured DNA template when
primed with specific complementary oligonucleotides. The procedure involves
successive rounds of thermal denaturation of a double-stranded DNA template,
hybridisation of two complementary oligonucleotides (primers) and synthesis of the
new DNA strand by the DNA polymerase. The primers are designed to be
complementary to opposite strands at either end of the fragment to be amplified and
orientated such that their 3’ ends face each other. The new DNA strand is synthesised
from provided dNTPs by the DNA polymerase in the presence of Mg®". Each new
strand acts as a template in further rounds of amplification and the procedure thus

results in exponential amplification of the desired DNA fragment.

2.3.4.1 Amplification of DNA by polymerase chain reaction

Two different Tag DNA polymerases were used for routine amplification of
DNA fragments. 7ag DNA polymerase, a recombinant purified thermostable
polymerase from Thermus aquaticus YT-1, which has 5’—3’ DNA polymerase activity
and 5’—3’ exonuclease activity was used in amplification of DNA fragments to detect
presence/absence of genes of interest, and also in amplification of DNA fragments that
were to be sequenced. Tag polymerase SU/uL was used in combination with 10x buffer
(Sigma, 100nMTris-HCI, S00mMKCI), dNTP mix (Promega, dATP, dCTP,dGTP and
dTTP final ANTP concentration of 200uM for each ANTP) 25mM MgCl, with 0.4puM of
forward and reverse primer and 10ng of template DNA. When increased sensitivity,
specificity and yield of PCR product were required, a Hot Start technique was employed
using AmpliZ7agGold® PCR 2X Master Mix (Applied Biosystems). AmpliZagGold is a
chemically modified form of Ampli7agGold® DNA Polymerase. When the proprietary

chemical moiety is attached to the enzyme, it is inactive, allowing for flexibility in
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reaction setup. The enzyme requires a heat activation step, well above optimal
annealing, to activate the enzyme, therefore diminishing chances of mis-primed primer
extension. Ampli7agGold® PCR Master Mix contains 0.025 U/ul AmpliZ7aqgGold®
DNA Polymerase, GeneAmp PCR Gold Buffer (15 mM TrisHCI, 50 mM KCl), 0.2 mM
of each dNTP and 2.5 mM MgCl,. PCR amplification reactions were performed in
either a PTC-100® Peltier Thermal Cycler (Bio-Rad Laboratories Inc, CA, USA) or
GS1 G-Storm® Thermal cycler (Gene Technologies). As seen in Table 2.2, 15 different
primer sets were designed and optimised based on the individual Tm of the primers and

the optimal/recommended use of the polymerase taq, based on manufacturer guidelines.

2.3.4.2 Detection of B-lactam resistance genes

The presence of blayiv, blammp, blaspm and blagiv genes were detected by
individual PCR amplifications in isolates with a reduced susceptibility to imipenem
and/or meropenem. Briefly, blayiv, blawp, blaspm and blagiv genes were amplified with
the following master mix- 0.5ul Tagq, 3ul 25mM MgCl,, Sul 10X PCR buffer, 1ul dNTP
mix, 0.1 uM of each forward and reverse primer, 10 ng template genomic DNA and
molecular grade water to a final volume of 50 pl. The PCR reactions were transferred to

the thermal cycler and incubated as follows:

blayiw blayvie blaspm blagim

1 Initial denaturation 94°C 5min 94°C 2min 95°C 15 min 96°C 5 min

2 Denaturation 94°C 25sec 94°C 1min 95°C 1 min 96°C 1 min

3 Annealing 52°C 40s 55°C Imin 50°C 1 min 58°C 1 min

4 Extension 72°C 1min 30s 72°C Imin 30s 72°C 1 min 72°C 1 min

5 Repeat steps 2-4 30 30 additional 29 additional 34
cycles cycles

6 Final Extension 72°C 7min 72°C 6min 72°C for 10 min 72°C for 10 min
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2.3.4.3 Detection of ESBL resistance genes

Isolates which were positive for the ESBL double disc test, Section 2.2.3.4, were
screened for the presence of ESBLs. PCR amplification of blargm and blasyy were
performed using 12.5ul AmpliTaq Gold® Gold 2x Master mix, 1pM of each primer,
DNA for PCR amplification was prepared by making a suspension of a few colonies in
molecular grade water and boiling for 10min. Following centrifugation 1ul of crude
DNA was used directly in 25 ul volumes. PCR amplification of CTX-M [-lactamases
were performed using 12.5ul AmpliTaq Gold® 2x Master mix, 0.4uM of each CTX-M-
1F/R, CTX-M-2F/R AND CTX-M-9 F/R. The PCR reactions were transferred to the

thermal cycler and incubated as follows:

blaygm blasuy blacrx.m
1 Initial denaturation 95°C for 15 min 96°C for 5 min 94°C for 5 min
2 Denaturation 95°C for 1 min 96°C for 1 min 94°C for 25s
3 Annealing 52°C for | min 58°C for 1 min 54°C for 40s
4 Extension 72°C for 1 min 72°C for 1 min 72°C for 50s

5 Repeat steps 2-4

6 Final Extension

30 cycles

72°C for 10 min

35 cycles

72°C for 10 min

29 cycles

72°C for 10 min

2.3.4.3 Detection of quinolone resistance genes

Point mutations in the quinolone resistance-determining regions of gyrA4, gyrB
and parC, parE genes were studied by specific PCR amplifications in isolates that
displayed a reduced susceptibility to levofloxacin and/or ciprofloxacin antimicrobials
Individual PCR amplifications of gyrA4, gyrB and parC, parE genes were performed
using the following master mix- 0.5ul 7Tagq, 3ul 25SmM MgCl,, Sul 10X PCR buffer, 1l
dNTP mix, 0.1 uM of each forward and reverse primer, 10 ng template genomic DNA
and molecular grade water to a final volume of 50 pl., 1 uM of each gyrA-F, gyrB-F
and gyrA-R, gyrB-R primer or | uM of each parC-F, parE-F and parC-R, parE-R primer
(Table 2.2), DNA for PCR amplification was prepared by making a suspension of a few
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colonies in molecular grade water and boiling for 10min. Following centrifugation 1pul
of crude DNA was used directly in 25 pl volumes. The PCR reactions were transferred

to the thermal cycler and incubated as follows:

qvrd @B parC parE
| Initial denaturation 94°C Smin 94°C Smin 94°C Smin 94°C Smin
2 Denaturation 94°C 1min 94°C Imin 94°C Imin 94°C Imin
3 Oligonucleotide annealing 57°C Imin 65°C Imin 57°C Imin 55°C Imin
4 Extension 72°C Imin 72°C Imin 72°C Imin 72°C Imin
5 Repeat steps 2-4 for additional 35 cycles 35 cycles 35 cycles 35 cycles
6 Final Extension 72°C 10min 72°C 10min 72°C 10min 72°C 10min

2.3.4.4 Detection of gnr genes

The presence of plasmid-mediated quinolone resistance genes (gnrA, gnrB and
gnrS) were analysed in all quinolone resistant isolates, along with any further isolate
with a ciprofloxacin MIC of > 0.25 mg/L. Amplification of these genes was performed
by individual PCR amplification with the following master mix- 0.5ul 7aq, 3ul 25mM
MgCly, 5ul 10X PCR buffer, Iul dNTP mix, 0.1 uM of each forward and reverse
primer, DNA for PCR amplification was prepared by making a suspension of a few
colonies in molecular grade water and boiling for 10min. Following centrifugation 1l
of crude DNA was used directly in 25 pl volumes containing | uM of each gnrA-F,
gnrA-R, qnrB-F, gqnrB-R, qnrS-F and gnrS-R primer, Table 2.2, DNA for PCR
amplification was prepared by making a suspension of a few colonies in molecular
grade water and boiling for 10min. Following centrifugation lul of crude DNA was
used directly in 25 ul volumes. Amplification of this gene was performed by PCR with
the following master mix- 0.5ul Tag, 3ul 25SmM MgCl,, Sul 10X PCR buffer, 1ul dNTP
mix, 0.1 uM of each forward and reverse primer, DNA for PCR amplification was
prepared by making a suspension of a few colonies in molecular grade water and boiling
for 10min. Following centrifugation lul of crude DNA was used directly in 25 ul
volumes. The PCR reactions were transferred to the thermal cycler and incubated as

follows:
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gnrd qnrB gnrS
1 Initial denaturation 94°C 5 min 94°C 5 min 94°C 5 min
2 Denaturation 94°C 45s 94°C 45 s 94°C 45 s
3 Oligonucleotide annealing 58°C 45 56°C45s 558€45is
4 Extension 72°C 1 min 72°C 1 min 72°C 1 min
5 Repeat steps 2-4 for additional 32 cycles 32 cycles 32 cycles
6 Final Extension 72°C 10 min 72°C 10 min 72°C 10 min

2.3.4.5 Detection of aminoglycoside modifying enzymes

The presence of aminoglycoside modifying enzymes were detected by
individual PCR amplifications in isolates with a reduced susceptibility to gentamicin
and/or amikacin. Briefly, aac(6°)1b, ant(2"’)la, aac(3)la genes were amplified with the
following master mix- 0.5ul Tag, 3ul 25mM MgCly, Sul 10X PCR buffer, 1ul dNTP
mix, 0.1 uM of each forward and reverse primer, DNA for PCR amplification was
prepared by making a suspension of a few colonies in molecular grade water and boiling
for 10min. Following centrifugation lul of crude DNA was used directly in 25 pl

volumes. The PCR reactions were transferred to the thermal cycler and incubated as

follows:

aac(6’)1b ant(2”’)la aac(3)la
I Initial denaturation 94°C 5 min 94°C Smin 94°C 5 min
2 Denaturation 94°C 455 94°C45s 94°C 455
3 Oligonucleotide annealing 59°C 45s 61°C 45s 57°C 458
4 Extension 72°C 1 min 72°C 45s 72°C 4S5's
5 Repeat steps 2-4 for additional 33 cycles 33 cycles 33'cycles
6 Final Extension 72°C 10 min 72°C 10min 72°C for 10 min

2.3.4.6 Detection of integrons

The presence of integrons were detected by individual PCR amplifications in
isolates with were positive for blayi, blamp, blaspm and blagiy genes. Isolates which
were positive for the presence of an integron were further tested with Intl and Int2

primers. Briefly, isolates were amplified with the following master mix- 0.5ul Tag, 3ul
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25mM MgCl,, Sul 10X PCR buffer, 1pl dNTP mix, 0.1 uM of each forward and
reverse primer, DNA for PCR amplification was prepared by making a suspension of a
few colonies in molecular grade water and boiling for 10min. Following centrifugation
lul of crude DNA was used directly in 25 pl volumes. The PCR reactions were

transferred to the thermal cycler and incubated as follows:

Int Intl Int2
| Initial denaturation 94°C 5 min 94°C 5min 94°C 5 min
2 Denaturation 94°C 455 94°C 45 s 94°C 45s
3 Oligonucleotide annealing 59°C 45s 61°C 45s 57°C 45s
4 Extension 72°C 1 min 72°C 45s 72°C 45s
5 Repeat steps 2-4 for additional 33 cycles 33 cycles 33 cycles
6 Final Extension 72°C 10 min 72°C 10min 72°C for 10 min

2.3.4.7 Detection of Liverpool, Midlands and Manchester epidemic strains

In order to detect if the Liverpool, Midlands 1 and Manchester epidemic strains
were present in the CF population, a multiplex PCR was carried out, Y DNA for PCR
amplification was prepared by making a suspension of a few colonies in molecular
grade water and boiling for 10min. Following centrifugation 1pl of crude DNA was
used directly in 25 pl volumes containing, 1 x GoTaq Green Master Mix (Promega),
300 nM of each primer. 1 x Taq buffer, 1.5 mM MgCl, and 200uM nucleotides (dATP,
dCTP, dGTP, dTTP). Amplifications were carried out as follows:

Multiplex PCR
LES-PS21, LESF9, MID1, MA1S, 16S rRNA

1 Initial denaturation 95°C 5 min
2 Denaturation 95°C 1 min
3 Oligonucleotide annealing 52°C 1 min
4 Extension 72°C 2 min
5 Repeat steps 2-4 for additional 30 cycles

6 Final Extension 72°C 10 min
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2.3.4.8 Detection of mutation in rpoB gene

Hypermutator isolates were investigated to determine if there were mutations in
the rpoB gene which could have caused rifampicin resistance. Isolates were amplified
with the following master mix- 0.5ul Taq, 3ul 25mM MgCl,, Sul 10X PCR buffer, 1ul
dNTP mix, 0.1 uM of each forward and reverse primer. DNA for PCR amplification
was prepared by making a suspension of a few colonies in molecular grade water and
boiling for 10min. The PCR reactions were transferred to the thermal cycler and

incubated as follows:

PAOrpoB PAOrpoBNTerminal PAOrpoBNew
| Initial denaturation 98°C 30s 98°C 30s 98°C 30s
2 Denaturation 98°C 10s 98°C 10s 98°C 10s
3 Oligonucleotide annealing 58°C 30s 58°C 30s 59°C 30s
4 Extension 72°C 21s 72°C 21s 72°C 21s
S Repeat steps 2-4 for 30 cycles 30 cycles 30 cycles
additional
6 Final Extension 72°C 10 min 72°C 10 min 72°C 10 min

2.3.4.9 Detection of mutation in genes associated with mutator phenotype

Hypermutator isolates were investigated for mutation in the mutS, mutlL and
uvrD genes as follows; isolates were amplified with the following master mix- 0.5ul
Taq, 3ul 25mM MgCl,, 5ul 10X PCR buffer, 1ul dNTP mix, 0.1 uM of each forward
and reverse primer, DNA for PCR amplification was prepared by making a suspension
of a few colonies in molecular grade water and boiling for 10min. The PCR reactions

were transferred to the thermal cycler and incubated as follows:

mutS mutL uvrD

1 Initial denaturation 98°C 30s 98°C 30s 98°C 30s

2 Denaturation 98°C 10s 98°C 10s 98°C 10s

30ligonucleotide annealing 54°C 30s 57°C 30s 56°C 30s

4 Extension 72°C 1 min 10s 72°C 27s 12°C 27s

5 Repeat steps 2-4 for 30 cycles 30 cycles 30 cycles

additional

6 Final Extension 72°C 10 min 72°C 10 min 72°C 10 min
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2.3.4.10 Detection of mutation in genes associated with colistin resistance

[solates which were resistant to colistin were investigated for mutation in the
pmrB and rpoN genes as follows; isolates were amplified with the following master
mix- 0.5ul Tag, 3ul 25mM MgCls, Sul 10X PCR buffer, 1ul dNTP mix, 0.1 uM of each
forward and reverse primer, DNA for PCR amplification was prepared by making a
suspension of a few colonies in molecular grade water and boiling for 10min. The PCR

reactions were transferred to the thermal cycler and incubated as follows:

pmrB rpoN

| Initial denaturation 95°C 5 min 95°C 5 min
2 Denaturation 95°C 1 min 95°C 155

30ligonucleotide 60°C 1 min 55°C 1Ls5s

annealing

4 Extension 72°C 1 min 72°C 30s

5 Repeat steps 2-4 for 30 cycles 40 cycles

additional

6 Final Extension 72°C 10 min 72°C 10 min

2.4 Real-Time Reverse Transcriptase-Polymerase Chain Reaction

Real-time reverse transcriptase PCR (qRT-PCR) is the most sensitive and
reliable method for quantification of RNA transcripts. Reverse transcriptase is a
multifunctional enzyme with three distinct enzymatic activities, two of which (an RNA-
dependant DNA polymerase and a ribonuclease: RNase H) are utilised in the reverse
transcription of RNA to single-stranded ¢cDNA. The quantity of ¢cDNA produced by
target genes can then be determined during the exponential phase of real-time PCR by

the detection of, for example, florescent SYBR Green (a specific dSDNA binding dye).
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2.4.1 Generation of DNA standards from each gene of interest

DNA PCR amplifications were performed for each gene of interest in order to
obtain high quality and quantity DNA standards. Reactions consisted of 12.5 pl of
AmpliTag Gold® PCR 2X Master Mix mixed with 0.4 uM of each relevant forward and
reverse primer, 10 ng template genomic P. aeruginosa DNA and molecular grade water
to a final volume of 25 pl. These primers were as follows: rps/: rps/F and rpsiR, mexA:
mexA1 and mexA2, mexC: mexC3 and mexC4, mexE: mexE4 and mexES, oprD: oprD]1
and oprD2, ampC: ampCl and ampC2, oprM: oprM1 and oprM2, arnB: arnBI and
arnB2, Table 2.2. Each set of primers were designed to a length of 26 oligos, with a 59-
60°C melting temperature, in order to generate a 150-250 bp product. The PCR

reactions were transferred to the thermal cycler and incubated as follows:

1 Denaturation: 95°C for 3 min
Denaturation: 94°C for 30 s
Oligonucleotide annealing: 57°C for 30 s
Extension: 72°C for 15 s

Repeat steps 2-4 for an additional 29 cycles

AN N B WD

Final Extension: 72°C for 10 min

Resulting PCR products were separated by electrophoresis on a 2% (w/v)
agarose gel (see Section 2.3.3.1). They were subsequently purified, see Section

2.3.2.2, and quantified, see Section 2.3.1.3, then stored at -20 °C until further use.

2.4.2 Establishment of standard DNA amplification curves

A standard DNA amplification curve is defined by the number of points in the
dilution series, the number standard replicates, the starting quantity and the serial factor.
Standard DNA amplification curves were set up for each gene of interest to optimise
each individual reaction, using the above DNA standards as templates. This was
achieved by real-time PCR amplification using the QuantiTect® SYBR® Green PCR
Kit (Qiagen). Briefly, 10 ul of Qiagen QuantiTect® SYBR® Green PCR Master Mix
(contains HotStarTaq DNA Polymerase, QuantiTect SYBR Green PCR Buffer, SYBR
Green 1 and ROX passive dye), 0.1 to 0.6 uM of each relevant reverse primer only,

serial 1 in 10 dilutions of standard DNA ranging from 10 pg to | fg and molecular grade
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water to a final volume of 20 pl. These reverse primers were as follows: rspl: rspl-R,
mexA: mexA-2, mexC: mexC-4, mexE: mexE-S, oprD: oprD-2, ampC: ampC-2, oprM.
oprM-2, arnB: arnB2, Table 2.2. All reactions were performed in triplicate. The
reactions were transferred to an Applied Biosystems 7500 Fast System and incubated as

follows using a Standard Curve Quantitation program:

1 Activation of HotStarTaq® DNA polymerase: 95°C for 15 min

2, Denaturation: 94°C for 15 s

3. Oligonucleotide annealing: 60°C for 30 s

4. Extension: 72°C for 30 s

& Repeat steps 3-5 for an additional 30 cycles

6. Followed by Melt Curve analysis: 95°C for 15 s, 94°C for 15s, 61°C

for 30 s and 72°C for 30s

Resulting standard DNA amplification curves were accessed for percentage
efficiency (optimally 100%, = 10%) and slope (optimally -3.3, + 0.2). Furthermore, the
slope and amplification efficiency of any two assays (i.e. endogenous control vs. gene
of interest) must be as similar as possible to ensure accurate expression results in further
testing of cDNA transcripts. The slope is the regression coefficient generated from the
regression line in the standard curve, while the amplification efficiency is generated
using the slope of the regression line in the standard curve. The regression line is the

best-fit line from the standard curve and is calculated by the following equation:

Cr=m [log (Qty)] + b,

Where, Ct = threshold cycle (the PCR cycle number at which the fluorescence
meets the threshold in the amplification plot), m = slope, b = y-intercept and Qty

= standard quantity.

2.4.3 Reverse transcription PCR for first-strand ¢cDNA synthesis

RNA extracted from P. aeruginosa was reverse transcribed into single-stranded
cDNA by reverse transcriptase PCR (RT-PCR). RT-PCR was performed using the

Omniscript® Reverse Transcription Kit (Qiagen) for each gene of interest. Briefly, 2 pg
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of template total RNA was mixed with 2 pl of 10X Qiagen Omniscript® RT buffer, 4 U
of Qiagen Omniscript® RT enzyme, 0.5 mM of each dNTP, 1 uM of reverse primer (as
in Section 2.3.6.2; Table 2.2), 10 U of RNase inhibitor (Promega) and RNase-free water
to a final volume of 25 pl. The reactions were incubated at 37 °C for 1 h and stored at -

20 °C until further use.

2.4.4 Quantification of cDNA P. aeruginosa targets

The quantity of cDNA expressed from P. aeruginosa for each gene of interest,
was evaluated by real-time PCR amplification using the QuantiTect® SYBR® Green
PCR Kit (Qiagen) with optimised conditions (see Section 2.3.5.3). The expression level
of one gene was analysed in any one run relative to the endogenous control, rpsL.
Briefly, 10 pl of Qiagen QuantiTect® SYBR® Green PCR Master Mix (contains
HotStarTaqg DNA Polymerase, QuantiTect SYBR Green PCR Buffer, SYBR Green 1
and ROX passive dye), 0.1 to 0.6 uM of each forward and reverse primer (as in Section
2.3.6.1; Table 2.2), 10 ng cDNA and molecular grade water to a final volume of 20 pl.
All reactions were performed with 5 replicates. The reactions were transferred to an
Applied Biosystems 7500 Fast System and incubated as in Section 2.3.5.3, using a
Comparative Ct (AA Cr) Quantitation program. This program measures amplification of
the target (i.e. gene of interest) and of the endogenous control (#psL) in the samples and
in a reference sample .Measurements are normalised using the endogenous control. The
program software then determines the relative quantity of target in each sample by
comparing normalised target quantity in each sample to normalised target quantity in

the reference sample.

2.5 Clonality

2.5.1 Pulsed field gel electrophoresis

Pulsed field gel electrophoresis is a separation technique similar to gel
electrophoresis, with an exception; instead of the voltage continuously running in one
direction the voltage is periodically switched in three directions. The pulse times are

equal for each direction. This technique allows large pieces of DNA (30-50kb) to be
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separated. The technique was first developed by Schwartz er a/ **° PFGE is typically

used for genetic fingerprinting.

2.5.1.1 Isolate selection for pulsed field gel electrophoresis

Isolates which were classified as vMDR or colistin resistant were selected for

pulsed field gel electrophoresis analysis.

2.5.1.2 Preparation of isolates for PFGE analysis

Isolates were grown on Mueller Hinton agar overnight. A single colony from
each was used to make separate agar plugs, which were then suspended in 2 ml Lysis
buffer (N-lauroylsarcosine 1g, EDTA Na, 18.6g, deionised water 80ml. Approximately
10ml of 10M NaOH was required to dissolve the EDTA Na, Solution was adjusted to
pH 9.5, filter sterilized and stored at room temp), and 10 pl TritonX-100 (all Sigma-
Aldrich unless otherwise stated) and incubated in a water bath at 55°C overnight. The
plugs were then cut to size (Imm x 1mm) and placed in an eppendorf tube containing
90 pl deionised H,0, 10ul reaction buffer, 2 pl bovine serum albumin, 2 ul dithiothreitol
and 2 pl restriction enzyme (Xbal). The eppendorfs were then placed in a water bath at
37°C overnight. The restriction fragments were separated in 1% (w/v) agarose gel using
a CHEF DR 111 (Bio-Rad). CHEF changes the direction of the electric field
electronically to reorient the DNA by changing the polarity of an electrode array. The
field strength was 6V/cm in recirculating 0.5X Tris-borate-EDTA buffer, pH 8.2. The
running time was 16-18hr. The gel was stained with ethidium bromide (0.5 pg/ml) for
45min and analyzed using Bionumerics software. The PFGE patterns were examined,

. . : . . 291
according to criteria outlined in Tenover ~.

2.6 Complementation

2.6.1 Preparing competent Pseudomonas aeruginosa cells

A number of colonies of the P. aeruginosa are inoculated into 5 ml of MH broth,
grown overnight in shaking incubator at 37°C. After 18 h, 1 ml of overnight culture is
inoculated into fresh MH broth (in 2 L culture flask) and grown in shaking incubator at
37°C for 2.5-3.5 h (log phase, 0.3-0.5 OD). After this time the culture is transferred into
50ml flask (which has kept on ice) and centrifugated at 7000g for 10min at 4°C. The
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supernatant is drained and the cells are resuspended in SOml of 300mM sucrose and
centrifugated at 7000g for 10 min. The supernatant is drained and the cells are washed
in 25ml of 300mM sucrose, the cells are centrifugated at 7000g for 10min. The
supernatant is drained and the cells are resuspended in 500ul sucrose. Aliquots of 40l

are stored on ice for 10min and then stored long term at -80°C, ***,

2.6.2 Preparing Pseudomonas aeruginosa cells for transformation

The 40 pl cell suspension is chilled on ice for 30 min, 5 ul of purified DNA
(containing vector) is added to the cell suspension and transferred to a chilled 0.2 ¢m
gap cuvette. The cuvette is placed in the Bio-RAD GenePulser®, the volts are set to 2.5,
and ideally time constant is 4.3-4.8. Following delivery of the pulse, the cells are mixed
with 3 ml MH broth and transferred to the shaking incubator, 37°C for 2 h. The cells are
then plated onto MH plates containing 200 pg/ml carbenicillin. Each isolate to be
examined is done in triplicate independent culture, component cells of the test isolate
are plated out on 3 carbenicillin containing MH plates, the test isolate containing the
vector are plated out onto 3 carbenicillin (200 pg/ml) containing MH plates, test isolate
containing the plasmid of interest are plated out onto 3 carbenicillin (200 pg/ml)

containing MH plates.
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Chapter 3 Comparative Phenotypic Analysis of
Antimicrobial Susceptibility in Pseudomonas
aeruginosa isolates from Non Cystic Fibrosis and

Cystic Fibrosis patients
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3.1 Introduction

The purpose of antimicrobial susceptibility testing is to assess the level of
effectiveness a given antimicrobial has on a microorganism in vitro, thereby allowing
the pathogen to be classified as susceptible, intermediate or resistant to the antimicrobial
tested. This assists clinicians in the selection of appropriate antimicrobial therapy for
patient care. A common way of assessing the effectiveness of an antimicrobial against
bacteria is to determine the minimum inhibitory concentration (MIC). The MIC is
defined as the minimum concentration of an antimicrobial agent, which is required to
inhibit growth of the organism. Agar dilution and broth dilution are the most commonly
used techniques to determine the MICs of antimicrobials ***. Agar dilution involves the
serial dilution (usually log, serial dilutions) of an antimicrobial which is then
incorporated into agar medium; the result is each plate contains a different concentration
of the antimicrobial. A standardised bacterial suspension is then applied rapidly to the

agar surfaces and incubated overnight at 37°C, after which time the MIC is read.

Phenotypic susceptibility testing methods frequently used in diagnostic and
research laboratories include; disc diffusion, Etest and automated systems such as Vitek
2 (bioMérieux, Marcy-I’Etoile, France) and Phoenix (BD Diagnostics System, Sparks,
MD). In general, these techniques are less time consuming and are favoured in a busy

diagnostic laboratory ***.

Vitek 2 is the automated system currently used in the
diagnostic microbiology laboratory in St. James’s Hospital (SJH). The Vitek 2 is an
integrated system that automatically performs rapid identification using algorithms and
antimicrobial susceptibility testing (based on kinetic analysis of growth data) % 1t has
an Advanced Expert System (AES) which analyses the antimicrobial susceptibility
testing data using a knowledge base of 2000 phenotypes and 2000 MIC distributions. It
also offers interpretative reading of susceptibility tests which aims to analyse

susceptibility patterns so that underlying resistance mechanisms may be predicted R

MICs which are determined by susceptibility test methods are interpreted by
specific breakpoints, the particular MIC that differentiates resistant, assumed
untreatable from susceptible which are assumed treatable. Features that determine
breakpoints are MIC distributions, pharmacodynamics, pharmacokinetics and the
clinical outcome of an antimicrobial. A definition of resistance (above the MIC
breakpoint) is associated with a very high likelihood of therapeutic failure, whereas a

definition of susceptible is associated with a greater likelihood of therapeutic success.

63



The therapeutic outcome of isolates from patients which are defined as intermediate is
uncertain **°. The accepted standards for these classifications are published by a number
of different organisations such as the Clinical and Laboratory Standards Institute (CLSI)
7 in the USA, European Committee on Antimicrobial Susceptibility Testing

(EUCAST) and the British Society for Antimicrobial Chemotherapy (BSAC) =

Pseudomonas aeruginosa is a leading cause of nosocomial infections and the
most prevalent bacterial pathogen in cystic fibrosis (CF), and contributes to significant

2,7,229,297-299 \37:41n: : .
s . Within SJH P. aeruginosa is one of the

levels of morbidity and mortality
top five isolates recovered from respiratory specimens, urinary isolates and eye and
throat specimens (data supplied by Surveillance Scientist, SJH). At a national level
Ireland has one of the highest rates of CF in the world **° with incidence at 1:1353 “
With this in mind, rapid identification and determination of the susceptibility profiles of

these organisms is essential for effective management of infection.

The aim of the study presented in this chapter was to determine and compare the
susceptibilities of a collection of P. aeruginosa isolates from non-cystic fibrosis
population with those from a cystic fibrosis population to a panel of antimicrobials
commonly used to treat such infections. CLSI guidelines were used for all
antimicrobials with the exception of colistin disc testing where BSAC guidelines were
used. Agar dilution and disc testing were used as reference methods when comparing

Vitek 2 system.
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3.2 Results

3.2.1 Collection and identification of clinical isolates of P. aeruginosa

The 194 non-duplicate P. aeruginosa clinical isolates were collected from the
microbiology laboratory, St. James’s Hospital (SJH) between May 2006 and August
2008 as a prospective study. A total of 99 non-duplicate P. aeruginosa clinical isolates
from adult cystic fibrosis patients were collected from the National Adult Referral
Centre, St. Vincent’s University Hospital (SVH) between June 2006 and July 2007. The
isolates were confirmed as P. aeruginosa by standard laboratory techniques and

identification using the API 20NE tests (Fig. 3.1).

3.2.2 Clinical data from patients colonised by P. aeruginosa

Demographic data from NCF patients (n=194) and CF patients (n=99) was
gathered with the help of the Surveillance Scientist at SJH and Deirdre Keating
(Department of Microbiology, SVH). In the NCF population the average patient age
was 62 years: 5% were aged 16-26 years, 10% were aged 27-37 years, 14% were aged
38-48 years, 10% were aged 49-59 years, 13% were aged 60-70 years, 35% were aged
71-81 years and 13% were aged 82 + years. Among the CF collection the average
patient age was 28 years: 51% were aged 16-26 years, 38% were aged 27-37 years and
11% were aged 38-48 years. In the NCF population 41% of isolates were hospital-
acquired (HA), 16% were healthcare-associated (HCA) and 43% were community
acquired (CA). An isolate was considered HA (SJH definition) if it was recovered from
an inpatient > 48 hours in after administration to SJH. An isolate was considered HCA
(SJH definition) if it was recovered from a patient with one of the following risk factors:
1) inpatient in SJH in the previous 90 days, 1ii) outpatient in SJH in the previous 30
days, iii) referred or transferred from another hospital, iv) resident in a nursing home.
Isolates were defined as CA (SJH definition) if they did not fall into HA or HCA
category.

Primary sources for the NCF isolates included respiratory tract sputum (50.5%),
wound swabs (41%), mid stream urine (6%), bronchoalveolar lavage (2%), bone

(0.5%), (Table 3.1). The CF isolates from SVH originated from the CF reference

65



laboratory. All of the CF isolates (n=99) were isolated from respiratory tract, with 41%

of the isolates being mucoid and 59% been non-mucoid, (Fig. 3.2).

Table 3.1 Primary sources of NCF P. aeruginosa isolates

_ HA® HCA® CA®

Primary source
n=80 n=30 n=84

Respiratory tract sputum 52 11 35
Wound swabs 24 18 38
Mid Stream Urine 0 1 10
Bronchoalvelar Lavage 3 0 1
Bone 1 0 0

“HA: hospital acquired, "HCA: healthcare-associated, “CA: community-acquired.

3.2.3 Determination of antimicrobial susceptibilities

A phenotypic screen was preformed to determine the susceptibility patterns of
each isolate to twelve antimicrobial agents from six different antimicrobial classes. Agar
dilution and double-disc test were performed in accordance with CLSI guidelines, as
outlined in Section 2.2. Selection of the most appropriate antimicrobials was achieved
in consultation with The Empiric Antimicrobial Guidelines of the Prescriber’s Guide,
along with the CLSI recommendations for P. aeruginosa infections. An isolate was
considered resistant if it fell into the intermediate or resistance categories as defined by

CLSYor BRAC <1

3.2.3.1 Minimum inhibitory concentrations

The MIC for each antimicrobial tested using the agar dilution method to the
NCF and CF P.aeruginosa collection are summarised in Table 3.2 and Table 3.3
respectively. MICsy and MICy values were calculated as outlined in chapter two. The
rates of resistance to each antimicrobial are shown in Fig 3.3. The Fisher's test was

chosen as it always gives the exact P value, while the chi-square test only calculates an
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Fig 3.1 Identification of P. aeruginosa by the API 20NE system. Identification of
NCF.2006.54 by the API 20NE system. The seven digit code, 1554575, corresponds to
P. aeruginosa. Substrates: NO® potassium nitrate, TRP : tryptophan, GLU: glucose,
ADH: arginine, URE: urea, ESC: esculin, GEL: gelatine, PNPG: p-nitro-phenyl-fD-
galactopyranoside, GLU: glucose, ARA: arabinose, MNE: gmannose, NAG: N-acetyl-
glucosamine, MAL: maltose, GNT: gluconate, CAP: caprate, ADI: adipate, MLT:
malate, CIT: citrate, PAC: phenyl-acetate and OX: tetramethyl-p-phenylene diamine).
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Fig 3.2 A representative collection of P. aeruginosa isolates. (A) PAO1, (B) Mucoid CF.2006.196, (C) Non-Mucoid
CF.2008.285, (D) P. aeruginosa ATCC 27853, (E) NCF.2006.100, (F) NCF.2006.67.



approximate P value. In the NCF population the rate of resistance was lowest for

cefepime with levels of resistance at 3%.

Table 3.2 Minimum inhibitory concentrations of antimicrobials against P. aeruginosa

NCF collection

Antimicrobial Range Breakpoint MICs MICyy

mg/L CLSI mg/L mg/L

mg/L
R I 5

Piperacillin 0.06-256  >128 <64 16 64
Ceftazidime 0.06-128 =32 16 =8 4 32
Imipenem 0.06-128 216 8 =4 4 32
Meropenem 0.06-128 >l6 8 <4 2 16
Gentamicin 0.06-128 >16 8 <4 ¢ 32
Amikacin 0.06-128 >64 32 <16 4 16
Ciprofloxacin 0.06-128 >4 2 =] 0.5 8
Levofloxacin 0.06-128 >8 4 <2 1 16
Colistin 0.06-128 >8 4 <2 1 2

The second most effective antimicrobial against the NCF population was piperacillin-
tazobactam. Amikacin was the third most efficacious antimicrobial against the NCF
population; the MICs; and MICy, were within two doubling dilutions of each other and
still within the sensitive range according to CLSI guidelines. The other aminoglycoside
gentamicin was not as effective against NCF isolates, with levels of resistance to the
antimicrobial at 35%. The MICs; of gentamicin was in the range of sensitive, its MICog
was in the range of resistance.

The B-lactam, piperacillin had MICsy and MICyy values within the susceptible
range and levels of resistance at 19%. The carbapenem meropenem was more potent
against the NCF collection than imipenem which was the least effective antimicrobial
against NCF population with level of susceptibility at 42%. There was a three doubling
dilution difference in imipenem between the MICs, and MICqyy with the MICyy values

falling into the resistant category.
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The cephalosporins ceftazidime and cefepime were effective against the NCF
collection with resistance at 26% and 3% respectively.
The fluoroquinolones levofloxacin and ciprofloxacin were equally effective against the
NCF collection. In both there was a four-fold doubling dilution difference between the

MICso and MICyg, with the MICq values for both antibiotics within the resistant range.

Table 3.3 Minimum inhibitory concentrations of antimicrobials to P. aeruginosa CF

collection
Antimicrobial Range Breakpoint MIC™ MIC”
mg/L CLSI mg/L mg/L
mg/L
R | S
Piperacillin 0.06-256 >128 <64 32 128
Ceftazidime 0.06-128 >32 16 <8 16 64
Imipenem 0.06-128 >16 8 <4 32 64
Meropenem 0.06-128 >16 8 <4 4 32
Gentamicin 0.06-128 >16 8 <4 8 64
Amikacin 0.06-128 >64 32 <16 16 64
Ciprofloxacin 0.06-128 >4 2 =] | &
Levofloxacin 0.06-128 > 4 <2 4 16
Colistin 0.06-128 >8 4- 51 2 4

The MICsy and MICq, were higher in the CF population for all the
antimicrobials in comparison to NCF isolates. The lowest rate of resistance in the CF
population was for piperacillin-tazobactam, with levels of resistance at 22%. Colistin
was the second most effective antimicrobial with levels of resistance at 30%. Of the two
aminoglycosides tested, amikacin was more effective than gentamicin with levels of
resistance at 55% and 83% respectively.

Between the two carbapenems tested, meropenem was more efficient than
imipenem against the CF isolates (40% susceptible meropenem vs. 17% susceptible
imipenem). The fluoroquinolones, ciprofloxacin and levofloxacin were equally effective
against the CF isolates with levels of resistance at 63%. Of the two cephalosporins

cefepime was more effective then ceftazidime against CF collection, which followed the
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same trend as in the NCF population. The level of resistance to cefepime was 37%
whereas with ceftazidime the level of resistance was 64% with MICso and MICq values
of 16-64mg/L. A summary of the resistance profiles displayed by the MDR isolates is
described in Table 3.4.

Table 3.4 Prevalence of MDR isolates according to resistance profile

Phenotypic characteristics MDR isolates
NCF CF
(n=65) (n=87)

Resistant to three antimicrobial classes
FQ®, AMINO®,CARBA"® 7

FQ® AMINO®, POL" 0

FQ®, CARBAR, B-L/B-LI* 0 I
FQ", AMINO® PEN * 0

FQ, AMINO®, CEPH® I I
FQ®, CARBAR, PEN® I
FQ®, POL®, CARBAR
FQR, AMINOR, B-L/B-LI?
FQX, PEN®, B-L/p-LI}
AMINOR, POL®, B-L/B-LI?
AMINOF, POL¥, CARBA® 1
AMINO®, CARBA®, PEN®
AMINO®, CARBA®, CEPH® I
AMINO®, CARBA®, B-L/B-LI*
AMINO®, CEPHR, B-L/p-LI*
AMINOR, POLR, CARBAR
POLR, CARBA®, p-L/p-L1® | 0

[89)

S O O
o=

o
3 N e BN -

(8]

S ©

Resistant to four antimicrobial classes
FQR, AMINO® CARBAR,CEPH® I 4
FQ®, AMINO®, POL®, PEN"® I 0
FQ®, AMINO® CEPH®, PEN® 0 I
FQ®, AMINO® POL®, CARBA® I
FQ®, AMINO®, CARBAR B-L/B-LI ® 3
FQ®, AMINO®, CARBA®,CEPH" 2
FQ®, AMINO®, POL® B-L/p-LI*® 1
FQR, AMINO®, CEPH® B-L/p-LI* 0
FQ®, AMINO®, PEN® B-L/B-LI% I
FQ*AMINO®CARBAF, PEN® 8
FQ®POL®CARBA®B-L/B-LI* 0

LB = S == SR = > )

15 S = R = |
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FQ*CARBARCEPH® PEN® 0 1
FQ*CARBARCEPH®@-L/p-LI ® I
AMINO®CARBA®CEPH" PEN*® I
AMINORCARBARPEN®B-L/B-LI? I
AMINOR, CARBAR®, CEPH® B-L/p-LI® I
AMINOR, POL®, CARBAR p-L/g-LI ® I
AMINOR, POL®, CARBAR CEPH ® I
CARBAR, POL®, PENR B-L/B-LI ® 1
CARBAR, CEPH®, PEN® B-L/B-LI ® 0 1
POL®, CARBAR, PENR B-L/p-LI® 1
POL®, CARBA® CEPH® B-L/B-LI ®

[\ B ] S O NN NN O » O

o

Resistant to five antimicrobials
FQ", AMINO®,CARBA®,CEPH", B-L/B-LI ® 1 1
FQ®, AMINO®,CARBA® PEN", B-L/B-LI® I I
FQR, AMINO® POL® CARBAR, CEPH } 1 2
FQR, AMINO® ,CARBA® CEPH®, PEN *
FQ" AMINO®,POL® CARBA®, B-L/p-LI®
FQ® POL®,CARBAR,CEPHR, p-L/g-LI ® 3
FQR POL®,CARBAR,CEPH®, PEN® 1 0
3
3

o O O

FQ® CARBAR CEPH® PENF, p-L/-LI ®
AMINOR, CARBAR,CEPH® PENR®, B-L/B-LI®
AMINO®, POL®, CARBA®, PEN®, CEPH®
Resistant to six antimicrobials

FQR, AMINO®, CARBAR, CEPH® |, PEN® | B-L/B-LI} 6 18
FQ® AMINO® , CARBA® , CEPH® , POL® |, B-L/B-LI}®
FQY AMINO® , CARBA® |, CEPH® , POL? , PEN®
AMINOR POL® | CARBAR , CEPH® |, PEN® | B-L/B-LI®

o O W
o

(8]

= i )

Resistant to seven antimicrobials
FQ®, COL®, CARBAR, CEPH®, PENR, AMINOR, B-L/B-LI®

[§9)

7

FQ: fluoroquinolone (s), AMINO: aminoglycoside (s), CARBA: carbapenem (s), CEPH: cephalosporin
(s), POL: Polymyxin, Colistin, PEN: penicillin and B-L/B-LI: B-lactam/B-lactamase inhibitor. R: resisitant

Extended-spectrum B-lactamase (ESBL) producing strains were identified using
the double-disc confirmatory test method, Fig. 3.4. Overproduction of the chromosomal
cephalosporinase AmpC was evaluated by the nitrocefin test, see Section 2.2.3.5. A
total of 27 isolates (13.9%) from the NCF population were categorised as ‘susceptible’,
102 (52.6%) as ‘resistant’ and 65 (33.5%) as ‘multidrug-resistant (MDR)’ (resistant to >

three drug classes). All of the CF isolates (n=99) were resistant to at least one
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CTX CTX/CL

CAZ/CLE
CAZ

Fig 3.4 ESBL double disc testing. ESBL production was inferred in isolate NCF.
2006.110 using the double disk diffusion test. Since ESBLs in P. aeruginosa are
notoriously difficult to detect due to the presence of an inducible AmpC enzyme and
efflux pumps, cloxacillin (an inhibitor of the AmpC enzyme) and PABN (efflux
inhibitor) were included in the media. The antibiotic disks were placed 25-30 mm apart
per plate. A positive test was recorded when the diameter of inhibition zone of
cephalosporin in combination with clavulanic acid was > 5 mm in comparison to that of
the cephalosporin zone alone. CTX/CL: Cefotaxime/ Clavulanic acid. CTX:
Cefotaxime. CAZ: Ceftazidime. CAZ/CL: Ceftazidime/ Clavulanic acid.



antimicrobial, a total of 12 isolates (12%) were resistant and 87 isolates (88%) were

MDR.

Three isolates were confirmed as ESBL producers by the double-disc test
method: NCF.2006.110, NCF.2007.142, and NCF.2008.175. All of these isolates were
resistant to one or more cephalosporin. A total of thirty NCF isolates displayed
derepression of chromosomal AmpC, of these isolates 73% were resistant to both
imipenem and meropenem, 17% were resistant to imipenem and 10% were susceptible
to both imipenem and meropenem. Forty six CF isolates displayed depression of
chromosomal AmpC, 67% of these isolates were resistant to both imipenem and

meropenem, 29% were resistant to imipenem while 4% were resistant to meropenem.

[solates which were resistant to imipenem and/or meropenem were examined for
metallo-B-lactamase (ML) activity. An Etest MBL strip (AB BioDisc, Sweden)
consisting of Imipenem (IP)/ Imipenem + EDTA (IPI) was used. In the NCF collection
12% of isolates and 30% of the CF isolates tested (imipenem, meropenum resistant)

where shown to be positive for presence of MBLs, (Fig 3.5).

3.2.3.2 Rates of resistance among NCF and CF isolates in relation to age

The rates of resistance among the NCF and CF population in relation to age are
shown in Fig 3.6 and Fig 3.7. The levels of resistance across the age groups where

higher in general in the CF collection compared to the NCF collection.

In the CF group, the highest levels of resistance to aminoglycosides,
carbapenems and penicillins were seen in the 38-48 age group. The highest levels of
resistance to the fluoroquinolones and cephalosporins were seen in the 27-37 age group.
And the highest levels of resistance to the B-lactam/B-lactamase inhibitor combination
were seen in the 16-26 age group. Conversely in the 16-26 age group, was most
susceptible to the carbapenems and cephalosporins. In the 27-37 age group the lowest
levels of resistance seen were to the B-lactam/B-lactamase inhibitor combination and the
aminoglycosides. The 38-48 age group, was most susceptible to fluoroquinolones and

colistin.

In the NCF population, the highest proportion of resistance was seen in the 49-
59 age group, which had the highest levels of resistance to aminoglycosides,

carbapenems, cephalosporins and B-lactam/B-lactamase inhibitor combination. The
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lowest level of resistance was seen in the 38-48 year group, which had the lowest level
of resistance to f-lactam/B-lactamase inhibitor combination, polymyxin and penicillins.
The highest level of resistance to fluoroquinolones was seen in the 82+ group,
the lowest level of resistance to fluoroquinolones was seen in the 60-70 age group. The
60-70 age group also had the lowest level of resistance to the aminoglycosides. The
lowest level of resistance to the carbapenems was seen in the 16-26 age group, however
the highest level of resistance to cephalosporins was seen in this group. Similarly the
lowest level of resistance to penicillins was seen in the 38-48 and 71-81 age group, but

the highest level of resistance to polymyxins was seen in the 71-81 age group.

3.2.3.3 Antimicrobial susceptibility trends, comparisons in hospital acquired (HA),
healthcare associated (HCA), community acquired (CA) NCF and CF P.

aeruginosa isolates

The prevalence of antimicrobial resistance within isolates from the NCF

collection, according to whether they were HA, HCA and CA compared to the CF
isolates is illustrated in Fig 3.8. Overall, the levels of resistance were higher for all of
the antimicrobials tested in the CF collection compared to the NCF collection.
Among the NCF isolates the highest rates of resistance for seven (ciprofloxacin,
levofloxacin, meropenem, ticarcillin-clavulanic acid, piperacillin, colistin and
piperacillin-tazobactam) out of the twelve antimicrobials tested were among the HA
population, ranging from 6%-44%. Community acquired isolates had the highest rate of
resistance for the other five antimicrobials (imipenem, gentamicin, ceftazidime,
amikacin and cefepime), ranging from 5%-62%. Health-care associated and CA had a
similar rate of resistance to amikacin.

The highest rates of resistance to imipenem, gentamicin and ceftazidime are in
the CF and CA population. Fluoroquinolone, meropenem and ticarcillin-clavulanic acid
resistance was highest in the CF and HA population. Amikacin resistance was highest in
the CF followed by CA and HCA population. Piperacillin, piperacillin-tazobactam and
colistin had the highest rate in CF isolates followed by HA isolates. Cefepime had the
highest rate of resistance in the CF and CA population. The distribution of the multidrug
resistant, resistant and susceptible phenotypes are shown in Table 3.5. There was an
extremely significant difference in the rate of MDR (P=0.0001) between the NCF

isolates and the CF isolates. Similarly there was also an extremely significant difference
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Fig 3.5 MBL production was inferred using the imipenem Etest. MBL test, containing
imipenem (IP) and imipenem EDTA (IPI) isolate NCF.2006.1.
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Fig 3.6 Rates of resistance in relation to age in NCF collection. FQ: Fluoroquinolones, AMINO: Aminoglycosides, CARBA:

Carbapenems, CEPH: Cephalosporins, POL: Polymyxin, B-L/ B-L I: B-Lactam/ B-Lactamase Inhibitor combination.
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in the rate of susceptible isolates in the NCF compared to CF population (P=0.0001-
0.0002) between the NCF isolates and the CF isolates.

Table 3.5 Distribution of hospital-acquired (HA), healthcare-acquired (HCA) and
community-associated (CA) NCF P. aeruginosa according to antimicrobial

susceptibility category

Prevalence of
characteristic, no (%) of

isolates

HA HCA CA CF HA HA HCA HA HCA CA
n=80 n=30 n=84 n=99 VS. VS. VS VS Vs. Vs.
HCA CA CA CF CF CF

MDR 3B & 6 B - : - 0.0001 0.0001 0.0001
R 37 18 47 12 - - - - - y
S 0 6 11 0 s - - 0.0002 0.0001 0.0001

MDR: multi-drug resistant, R: resistant, S: susceptible. * P values (by Fisher’s exact test) are shown only

where P<0.05

3.2.3.4 Comparison of antimicrobial susceptibilities in CF collection based on

mucoid or non-mucoid phenotype

The antimicrobial susceptibility profiles of mucoid and non-mucoid CF isolates
are illustrated in Fig. 3.9. Overall, in the CF population the non-mucoid phenotype has a
higher rate of resistance to all antimicrobials tested with the exception of piperacillin,
where the rates of resistance are identical at 23% for both mucoid and non-mucoid
morphologies. A greater number of non-mucoid isolates were MDR compared to

mucoid isolates, Table 3.6. The entire CF collection originates from sputa specimens.
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Table 3.6 Distribution of non-mucoid and mucoid CF isolates of P. aeruginosa

according to antimicrobial susceptibility category

Non Mucoid Mucoid P* comparison of
n=58 n=41 NM vs. M
MDR 52 35 -
R 6 6 -
S 0 0

MDR: multi-drug resistant, R: resistant, S: susceptible. * P values (by Fisher’s exact test) are shown only

where P<0.05

3.2.4 Comparison of antimicrobial susceptibility testing results based
on testing procedures

Vitek 2 is an automated system routinely used in clinical laboratory for rapid
microbial identification and antibiotic susceptibility testing. The system is used
extensively in St. James’s Hospital diagnostic microbiology laboratory for P.
aeruginosa isolates with the exception of mid-stream urine (MSU) isolates. Mid-stream
urine isolates are routinely examined using disc diffusion methods. The Vitek 2 system
is not used for the examination of CF isolates in St. Vincent’s hospital, disc diffusion

tests are used.

3.2.4.1 Comparison of antimicrobial susceptibility testing results from Vitek 2 with

the agar dilution and disc diffusion tests for NCF isolates

The antimicrobial susceptibility results determined by agar dilution and disc
diffusion testing were compared to the Vitek 2 (bioMérieux, Mary-I’Etoile, France)
automated system for 158 NCF isolates. MSU isolates were not included, Vitek results
for the remaining NCF isolates (n=27) were not available. The results from the Vitek 2
system for seven antimicrobials were compared based on antimicrobial susceptibility
categories as defined by CLSI guidelines, resistant, intermediate and susceptible, Table
37,

When calculating the very major (VM) and major error (M), the total number of
tested isolates was used as denominator. The acceptability criteria of <3% for VM and

<10% for a combination of M and minor errors (m) were applied. The correlation
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Fig 3.9 Rates of antimicrobial resistance, a comparison between mucoid and non-mucoid cystic fibrosis (CF) P. aeruginosa isolates n=99.
The rates of resistance to cefepime were significantly different (P = 0.0347) and extremely significantly different for gentamicin (P =

0.0001) between non-mucoid and mucoid isolates.



agreement should be >90% for the accuracy to be acceptable **'>%. Overall there was
83% correlation between the Vitek 2 system and the reference methods (agar dilution).
Very major errors indicating false susceptibility were at 6.6%, major errors indicating
false resistance were at 1.8% and minor errors (susceptible/intermediate and
resistant/intermediate discrepancies) were at 8.9%.

Two disc diffusion methods were used as reference methods,
piperacillin/tazobactam and cefepime, they correlated 94% and 87% respectively. The
remaining five antimicrobials were examined using agar dilution as the reference
method, correlations ranged from 65-92%. Very major errors ranged from 13.9% for
ciprofloxacin to 1.3% for amikacin. Major errors ranged from 0.6% for amikacin and
ceftazidime to 3.8% for cefepime, Table 3.7. Minor errors ranged from 0% for
piperacillin/tazobactam to 23% for gentamicin.

The overall best correlation was 94% for piperacillin/tazobactam. The worst correlation
was for gentamicin, this is mainly due to the high number of minor errors (23%).

The antimicrobial susceptibilities for MSU isolates are routinely determined in
the Clinical Laboratory in SJH using disc diffusion methods. Of the eleven MSU
isolates included in this study, disc diffusion results from the Clinical Laboratory in SJTH
were only available for ten of the isolates. These results were compared with agar
dilution (reference method) for three antimicrobials, ciprofloxacin, meropenem and
gentamicin. There was a 10% correlation for ciprofloxacin between disc diffusion
methods and the reference method. Very major errors, false susceptibility, for
ciprofloxacin were at 20%. Major errors, false resistance were at 70%. There was a no
correlation between disc testing methods and agar dilution. Major errors, false

resistance, were at 90%. Correlation for gentamicin was at 20%, with 80% major errors.
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Table 3.7 Comparison of susceptibility results determined by agar dilution and disc

diffusion compared to Vitek 2 for NCF (n=158) P. aeruginosa isolates

Antimicrobial Method® Interpretation”  No. (%) errors‘  Correlation’ P

% value®

R I S VM M m

Piperacillin- Vitek 2 -+ 0 154 6 4 0 94 -
Tazobactam

Reference 8 0 150 (3.8) (2.5

Ceftazidime Vitek 2 16 9 133 12 1 13 84 -
Reference 28 11 119 (7.6) (0.6) (8.2)

Cefepime Vitek 2 9 15 134 0 6 15 87 -
Reference 6 1 151 0 (3.8) (9.5)

Meropenem Vitek 2 {7 4 137 16 2 8 84 0.0068
Reference 31 10 117 (10) (1.3) (5)

Gentamicin Vitek 2 13 18 127 16 3 37 65 0.0005
Reference 31 29 98 (10)  (1.9) (23)

Amikacin Vitek 2 - 5 149 2 1 10 92 -
Reference 4 S 149 (1.3) (0.6) (6.3)

Ciprofloxacin ~ Vitek 2 23 13 122 2] 4 17 73 -

Reference 44 6. 108 (13.2) (2.5) (10.8)

“Reference: agar dilution or disc diffusion method, "Defined by CLSI, R: resistant, I: intermediate, S:
susceptible, “VM: very major errors (false susceptibility), M: major error (false resistance), m: minor
error (susceptible/intermediate and resistant/intermediate discrepancies), Calculated by dividing the
number of correct correlations by the total number of test, ‘P values (by Fisher’s exact test) are a
comparison between the two antimicrobial susceptibility testing methods with regards to

resistant/intermediate results and susceptible results, and are shown only where P < 0.05.

3.2.4.2 Comparison of susceptibility results determined by agar dilution compared

to disc diffusion results for CF isolates

Disc diffusion testing methods are routinely used to determine antimicrobial
susceptibility for CF P. aeruginosa isolates in SVH. This technique is preferred due to

the slow growth of CF P. aeruginosa isolates. The disc diffusion results from SVH
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microbiology laboratory were compared with agar dilution methods. Overall there was a
55.5% correlation between disc diffusion and the reference method (agar dilution).
There was an extremely significant difference ranging from (P =0.0001-0.0005)
between disc testing and agar dilution. Very major errors (false susceptibility) were at
16.5%, major errors (false resistance) were at 4.2% and minor errors were at 24%, Table
38

The best correlation was seen in colistin (74%). The worst correlation was seen
in ciprofloxacin (36%), with very major errors of 14.1%, major errors of 8% and minor
errors of 41.4%.There was an extremely significant difference, ranging from
(P=0.0001-0.0068) between the disc diffusion method and the agar dilution method for

all of the antimicrobials included.

Table 3.8 Comparison of susceptibility results determined by agar dilution compared to

disc diffusion in CF (n=99) P. aeruginosa isolates

Antimicrobial Method® lnterpretationb No. (%) errors® Correlation’ P

% value®

R I S VM M m

Ceftazidime Disc 31 0 68 23 5 19 53 0.0001
Reference 43 20 36 (23.2) (5 (19.1)

Meropenem Disc 28 0 71 20 2 11 67 0.0001
Reference 44 15 40 (20.2) (2) (11.1)

Gentamicin Disc 33 7 59 23 6 32 38 0.0001
Reference 52 30 17 (23.2) (6) (32.3)

Amikacin Disc 28 1 70 9 3 23 65 0.0005
Reference 32 22 45 9) 3) (23.2)

Ciprofloxacin ~ Disc 19 0 80 14 8 41 36 0.0001
Reference 20 42 37 (14.1) (8) (41.4)

Colistin Disc 5 50 94 9 1 16 74 0.0001

Reference 13 16 70 9) (1) (16.1)

“Reference: agar dilution or disc diffusion method. "Defined by CLSI, R: resistant, I: intermediate, S:
susceptible. “VM: very major errors (false susceptibility), M: major error (false resistance), m: minor
error (susceptible/intermediate and resistant/intermediate discrepancies). ‘Calculated by dividing the
number of correct correlations by the total number of test. “P values (by Fisher’s exact test) are a
comparison between the two antimicrobial susceptibility testing methods with regards to

resistant/intermediate results and susceptible results, and are shown only where P < 0.05.
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3.2.5 Antimicrobial susceptibilities in relation to antimicrobial

consumption rates at St. James’s Hospital

The rates of antimicrobial resistance were examined in relation to the rates of
antimicrobial consumption in SJH for hospital acquired (HA) isolates. The rates of
antimicrobial consumption are expressed as defined daily doses per 100 occupied bed
days; these data were provided by Colm Mc Donald, Antimicrobial Stewardship
Pharmacist, SJH. The results are presented in Table 3.9. Unfortunately the dispensary
computer system does not record antimicrobials under individual patients, only by ward.
So it is not possible to retrospectively examine the amount of certain antimicrobial
dispensed for P. aeruginosa, in this regard the data is limited. Furthermore, these data
only includes hospital prescribing antimicrobial rates and therefore only relates to
hospital acquired P. aeruginosa isolates. With this in mind resistant hospital acquired
isolates are only included in Table 3.9.

The Table 3.9 illustrates the increased rate of consumption of piperacillin-
tazobactam, imipenem, meropenem and gentamicin from 2006 to 2007 to 2008. Table
3.10 illustrates the levels of MDR resistance among the HA isolates, there is an increase
in MDR from 2006-2008.

Imipenem in SJH is prescribed as imipenem/cilastatin (Primaxin), which
contains equal quantities of imipenem and cilasatin. Imipenem is the active
antimicrobial agent, if administered alone it is rapidly degraded and can cause kidney
damage, cilastatin which has no antimicrobial activity acts to block the renal enzymes.
The rate of resistance amongst the HA isolates against imipenem decreased from 2006-
2007, at the same time there was an increase rate of consumption of imipenem from 0 in
2006 to 0.01564 DDD/100 OBD it would appear that imipenem was initially effective.
From 2007-2008 there was an increase in consumption of imipenem which coincided
with an increase rate of resistance among the HA isolates, there was also an increase
rate of MDR HA isolates from 2006-2007-2008. For imipenem it would appear that the
initial increase in consumption had the negative effect on the bacteria, increase

consumption may have contributed to the emergence of increased levels of resistance.

From 2006-2008 there was a steady increase in the rate of consumption of
meropenem, this coincided with an overall increase rate of resistance. Piperacillin-
tazobactam consumption increased from 4.6170-6.1643 DDD/100 OBD from 2006-
2008, the rates of resistance increased from 2006-2007 but returned to 2006 levels in
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2008. It is a similar case for gentamicin, where levels of consumption increased from
0.80-1.642 DDD/100 OBD from 2006-2008. Levels of resistance initially increased but
then decreased. It appears that lower levels of consumption stimulated resistance among
the HA isolates but increased levels of consumption appeared to be effective, with
levels of resistance decreasing. The amount of ticarcillin-clavulanic acid, ceftazidime,
ciprofloxacin and levofloxacin dispensed fell from 2006-2008. Decreasing levels of
consumption of levofloxacin coincided with decreasing levels of resistance among the
HA isolates. For ticarcillin-clavulanic acid, ciprofloxacin and ceftazidime decreasing
levels on consumption actually resulted in increased levels of resistance from 2006-
2007, in 2008 the levels of resistance decreased. It appears that the initial reduction of
consumption of these antimicrobials did not have an immediate effect on the levels of
resistance.

Cefepime and piperacillin were not dispensed in 2006, 2007 or 2008. Yet there
was an increase in the rates of resistance to piperacillin, this could be due to the increase
levels of MDR isolates from 2006-2008.

From 2006-2007 the rate of consumption of amikacin increased from 0.0325-
0.1654 DDD/100 OBD, the rate of resistance also increased during this time period.
When the rate of consumption decreased from 2007-2008 the levels of resistance also
decreased.

The reduction in the amount of colistin dispensed from 2006-2007 correlated
with the reduction of resistance in the HA isolates. In 2008 there was an increase in the

amount of colistin dispensed with correlates with an increase in resistance.

79



Table 3.9 Rates of antimicrobial consumption at St. James’s Hospital in comparison to

rates of resistance from HA NCF P. aeruginosa isolates

Antimicrobial 2006 2007 2008 Resistance (%)b
DDD/100  DDD/100  DDD/100 2006
OBD* OBD OBD
= n=22 n=16
Piperacillin 0 0 0 4(13)  7(32) 744
Piperacilli/ #6100 54776 6.1646 2(6) 2(9) 1(6)
tazobactam
Ticarcilli/  0.0085  0.0024 0.0005 6(19)  8(36) 5@
clavulanic
acid
Ceftazidime ~ 0.0664  0.0609 0.0583 8(25) 6(27) 4(25)
Cefepime 0 0 0 0 1(5) 0
Imipenem 0 0.0156 0.0422 20(63)  12(55) 11 (69)
Meropenem 4938 210381 2.5049 9(28) 10(45) 7(44)
Gentamicin 0807 12873 1.6428 9(28) 11(50) 6(38)
Amikacin 00325 0654 0.1353 1(3) 3(14)  1(6)
Ciprofloxacin  10.4554  10.0266 551¥7 15(47) 12(55) 8(50)
Levofloxacin ~ 0.6760  0.3774 0.1372 16 (50) 10 (46) 3 (19)
Colistin 0.0648 0.0474 0.0801 5(16) 3(14) 531

*DDD/100 OBD: Defined daily dose/100 occupied bed days. Red indicates an increase, yellow a
decrease. "Resistant, includes isolates which are fully resistant and intermediately resistant according to
CLSL guidelines. Isolates included HA (n=80).

Table 3.10 Rates of MDR among the HA NCF P. aeruginosa isolates

HA isolates n= 70 2006 n=32 (%) 2007 n=22 (%) 2008 n=16 (%)

MDR 41 50 56
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3.3 Discussion

The emergence of P. aeruginosa as a major opportunistic pathogen is a
consequence of its ability to survive on minimal nutritional requirements and to tolerate

a variety of physical and chemical conditions '*+*%%,

Pseudomonas aeruginosa is a prevalent cause of nosocomial infection and a
predominant cause of chronic infection, ultimately leading to increased morbidity and
mortality in cystic fibrosis patients worldwide ***?°%  With this in mind, the
monitoring and reporting of antimicrobial resistance is essential in order to provide an
informed guide for antimicrobial therapy. Early diagnosis and appropriate antimicrobial
therapy are essential factors in reducing the acquisition and spread of resistance genes in
bacterial pathogens, thereby improving the prognosis of the patient and the overall cost
of treatment **'". The life expectancy of patients with CF has steadily improved over
the last number of decades, so much so that it is now estimated that a child born today

2

with CF will survive into their late forties *'. The improved survival rate has been

attributed to a number of factors, one of which is the effective use of antipseudomonal

ast - .o 41312314
antimicrobial therapies

. However, due to prolonged and frequent antibiotic
treatments antimicrobial resistant P. aeruginosa isolates have emerged. The prevalence
of these resistant strains in the clinical setting have so far only been looked at in a

- o o 256-258,31
relatively small number of European studies in recent years **° e

Overall the levels of resistance were higher for all antimicrobials tested in the
CF population as compared to the NCF population. High prescribing rates to
piperacillin-tazobactam, meropenem, ciprofloxacin and levofloxacin (which were
routinely prescribed in SJH) corresponded to higher levels of resistance in the HA group
compared to the HCA and CA group. Interestingly piperacillin resistance was highest in
the HA group even though there was no reported dispensing of piperacillin from SJH
pharmacy, one explanation for this is the higher rate of MDR isolates among the HA
group followed by the CA and HCA group. Resistance to the cephalosporins
(ceftazidime, cefepime), aminoglycosides (gentamicin, amikacin) and imipenem was
highest in the CA group reflecting possible higher levels of consumption of these
antimicrobials in the community.

The rate of MDR was highest in the CF population at 88%. The next highest
level was seen in the HA isolates at 41% followed by the CA and HCA. The majority of
CF isolates were MDR, whereas the majority of HA, HCA and CA isolates were classed
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as resistant, at a rate of 46 %, 60% and 56% respectively. The development of MDR
phenotype increases mortality and monetary costs associated with treating bacterial

infection 198,316-317

. Based on these data MDR appears at a higher (but not statistically
significant) rate in the HA group compared to CA and HCA group. There is an
extremely significant level of MDR in the CF population compared to the NCF isolates
(HA, HCA, CA). In the NCF population 40% of MDR isolates are resistant to four
different drug classes, 31% are resistant to three drug classes, 14% to five drug classes,
12% to six drug classes and 3% to seven drug classes. The majority of NCF isolates
which were MDR to four drug classes were resistant to a combination of
fluoroquinolones, aminoglycosides, carbapenems and penicillins. Seven out of the 20
isolates which were MDR for three drug classes were resistant to fluoroquinolones,
aminoglycosides and carbapenems. Six out of the eight isolates which were MDR to six
drug classes were resistant for fluoroquinolones, aminoglycosides, carbapenems,
cephalosporins, penicillin’s and f-lactam/ f-lactmase inhibitor combinations. No
distinct pattern was seen amongst the isolates MDR to five drug classes. In the CF
group, 25% of MDR isolates were resistant to four drug classes followed by 24% to six
drug classes, 22% to five drug classes, 21% to three drug classes and 8% to seven drug
classes. A total of 18/21 isolates which were MDR for six drug classes were resistant to
fluoroquinolones, aminoglycosides, carbapenems, cephalosporins, penicillin’s and B-
lactam/ B-lactmase combinations, similar to NCF population. The majority of CF
isolates which were MDR to three drug classes were resistant to fluoroquinolones,
aminoglycosides and carbapenems this is also similar to NCF population.

Collectively resistant levels in the NCF population to the twelve antimicrobials
tested ranged from 3-59%. Comparison of the results from the NCF collection to other
similar published studies, TEST (The Tigecycline Evaluation and Surveillance Trial)
which looks at antimicrobial resistance among bacterial isolates with hospital infections
from 266 centres in Asia/ Pacific rim, North America, Latin America and Europe

#2 MYSTIC (Meropenem Yearly Susceptibility Test Information

(including Ireland)
Collection) which looks at antimicrobial susceptibility in 40 European centres (not
including Ireland) from patients hospitalized with serious infection **°, a Japanese study
which looked at hospital 371 isolates™ and a collection of USA surveillance studies
231,253.259-262318 ‘aple 3.11. EARSS was not included as only blood culture isolates are
included in the data. It is also important to note that some studies did not use the same

breakpoints as were used in this study.
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Piperacillin resistance was higher in the NCF collection than the other studies
including a UK study **. Piperacillin-tazobactam and cefepime resistance was lowest in
the NCF collection compared to TEST, MYSTIC, Japanese, United States and
significantly lower than the UK study where cefepime resistance was at 38.9 %. The
rates of resistance to imipenem, meropenem and gentamicin were generally higher when
compared to the MYSTIC, Japanese and USA surveillance studies. The levels of
resistance to imipenem and meropenem were similar to the UK study, with gentamicin
resistance lower in the NCF group. Amikacin resistance levels were similar to the levels
found in the TEST European study and Japanese study. Levofloxacin resistance was
also similar to the levels found in the TEST European study. Overall in the NCF group
resistance was highest for imipenem (59%), this is a similar result to the Japanese study

were resistant was highest for the antimicrobials tested.
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Table 3.11 Rates of resistance among NCF P. aeruginosa isolates from hospitals and ICU’s

Antimicrobials® NCF TEST® MYSTIC?  Japan® USA'
n=194 n=5128 n=1449 n=371 n=589 n=606
2006-2008 2004-2006 % R 2002-2006 2002- 2005 2006
% R® Asia/Pacific North Latin Europe % R 2003 % R % R
Rim America America % R
Pipercillin 19 9.4
Pip-Tazobactam 5 11.2 9.6 13.8 10.6 151 9 11
Ceftazidime 26 26.9 17.2 40.6 21.8 19.1 1.3 10 13
Cefepime 3 29.6 21.8 42.1 242 5 6
Imipenem 59 18.6 15.4 34 18 24.6 37.5 7 11
Meropenem 25 18.1 18.3 7 6
Gentamicin 35 293 21.8 12 12
Amikacin 6 14.3 2.8 28 6.5 24.2 6.5
Ciprofloxacin 33 273 12.1 22 21
Levofloxacin 31 36.4 36.7 34.7 33 13.5 22 22

 Colistin, Ticarcillin-clavulanic acid excluded from comparison as they weren’t included in TEST, MYSTIC, Japan or USA study.
CLSI in used to interpret % resistant.

® Based upon CLSI interpretive breakpoints.

¢ TEST: The Tigecycline Evaluation and Surveillance Trial, nosocomial isolates from blood, respiratory tract, urine, skin, wound and
body fluids™”.

4 MYSTIC: Meropenem Yearly Susceptibility Test Information Collection, nosocomial isolates from blood, sputum, urine,
cerebrospinal fluid, swabs®*’

¢ Japan: Japanese study, clinical isolates, n = 199 from respiratory system, n = 59 from urine, n = 98 from pus or secretion, n =12 from

blood and n = 3 from other*’.
fUSA: 25! 255.259-262, 318

84



There is evidence that P. aeruginosa can exist as a biofilm in the lungs of CF

63,319-325

patients . A number of groups have hypothesised that biofilm susceptibility

testing would be a more accurate measure of in vivo resistance for chronic P.

326-330

aeruginosa infections With this in mind various groups have attempted to

develop biofilm assays 326-330

. As yet there is a lack in clinical evidence to support the
belief that treatment regimes based on biofilm susceptibility testing results have an
effective clinical response.

During acute exacerbation of CF lung infection it has been suggested that two
bacterial states exist in the CF lung. The first is a biofilm plaque; bacteria growing in

s ; oo : 25
biofilm are known to be more resistant to antimicrobials

. This biofilm plaque acts
as a reservoir for the second state, planktonic bacteria which ‘bloom’ from the biofilm
8 These planktonic bacteria can be treated effectively with antimicrobials, but the
existence of a biofilm ensures the persistence of an infection even when a clinical
response to antimicrobials is observed. Over time and exposure to antimicrobials these
planktonic bacteria may also develop resistance which would result in exacerbation of
CF lung infection. Based on the currently available data, agar dilution was chosen as the
reference method for examining susceptibility patterns in the CF P. aeruginosa isolates.
The susceptibility profiles of the 99 CF isolates were compared with similar
studies from Europe 2% Table 3.12. Among the CF isolates in this study the highest
rate of resistance was seen against imipenem and meropenem (83% resistant). The
highest levels of resistance in the UK study were similarly seen to gentamicin and
meropenem. Cephalosporin resistance was the most prevalent amongst the isolates from
Turkey. Amikacin and ciprofloxacin were the least effective antimicrobials amongst the
Italian patients. Lower levels of resistance were seen in the CF collection compared to
the UK study with the exception of piperacillin and colistin. Overall the levels of
resistance were higher for the antimicrobials tested compared to the Turkey and Italian
study. Disc diffusion susceptibility testing is a method employed by SVH to determine
the pattern of resistance. Based on these data, disc diffusion method showed
unacceptable correlation agreement ranging from 67-65% for all of the antimicrobials
examined. Very major errors ranged from 9-23%, which were well over the accepted

<3% limit **

. A European consensus statement for antibiotic therapy against P.
aeruginosa in CF was published in the year 2000 **'. It recommended that disc diffusion
method should be used as the standard for antimicrobial susceptibility. The data

presented here suggest that the disc diffusion method is unreliable.
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Table 3.12 Rates of resistance among CF P. aeruginosa

Antimicrobials® CF UK Turkey® Italy®
n=99 n=315 isolates, 76 patients n=49, 22 patients n=1315,224 patients
2006-2007 2001-2008 % R* 2003 1993-1997
% R" % R' % R"
1993 1994 1995 1996 1997
Pipercillin 47 31 2] 18 315 27,5 23
Pip-Tazobactam 24 i 14
Tic-Clavulanic acid 58 Ui/
Ceftazidime 64 i 39 232 18.4 21.7 248 155
Cefepime 37 39
Imipenem 83 18 13.4 11.8 232 233 268
Meropenem 60 72 16
Gentamicin 83 79
Amikacin por 69 20 29.1 34 60.1 703 3738
Ciprofloxacin 63 70 39 29.1 249 454 476 359
Colistin 30 16

* Levofloxacin not excluded for comparison. CLSI in used to interpret % resistant.

® resistance based on CLSI guidelines for agar dilution, 99 CF isolates from 99 patients.
¢ UK study, 315 multidrug isolates from 76 Scottish CF patients”°.
4 o4 resistant based on disk diffusion methods.

€49 P. aeruginosa isolates from 22 patients at Istanbul Medical Faculty, Turkey257.
"9 resistant based on disk diffusion methods.
£ 1315 P. aeruginosa isolates from 224 patients from CF centre of Gaslini Children’s Hospital, Italy>®.
" o4 resistant based on disk diffusion methods.
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The overall correlation agreement was 83% (due to high level of minor errors)
for the Vitek 2 system with the antibiotics tested. The correlation agreement should be
>90% for the accuracy to be acceptable. Results from the Vitek 2 automated system
show that the very major error (VMA) rates for ceftazidime, meropenem, gentamicin
and ciprofloxacin were higher than has been previously published ***°°**323% these data
suggest that the Vitek system was unable to detect high level resistance against these
antimicrobials. Previously reported minor error rates (m) for meropenem, cefepime and
ceftazidime were 21.7-23.5%, 14.4-18.3% and 16.6-21.7% respectively these data

which were higher than those reported in this study >**"%%%33

Unacceptable
correlation with the reference method was due to high rate of VM errors in ceftazidime,
meropenem and ciprofloxacin. A high rate of minor errors was responsible for the poor
correlation agreement for cefepime and gentamicin, suggesting that the Vitek 2 system
was unreliable at detecting intermediate level resistance. In previous evaluations of
Vitek 2 **** the VM errors for piperacillin-tazobactam ranged from (10.2-27%) which
higher than what was found in this study but similar to ***. The VM errors for amikacin
were below <3% and the M and m errors were <10%. The overall correlation agreement

5

was 92% for amikacin, similar to *”*. Based on these data, although the number of
isolates tested was not large the Vitek 2 system was accurate at detecting piperacillin-
tazobactam and amikacin resistance, but was unable to detect high level resistance in
ciprofloxacin, meropenem and ceftazidime. A high rate of minor errors mainly
contributed to the correlation agreement for cefepime, suggesting that the Vitek 2
system was capable at detecting high level resistance rather than intermediate level
resistance. The combination of VM and minor errors for gentamicin meant that the
Vitek 2 system was unreliable at detecting low and high level resistance.

The average age of CF patients in the collection was 28 years and 62 years in the
NCF patient collection.

The highest levels of resistance were seen to aminoglycosides, carbapenems and
penicillins in 38-48 year age group. The most effective antimicrobials in this age group
were the fluoroquinolones and colistin. In the 27-37 year age group the most effective
antimicrobials were the aminoglycosides and the p-lactam/B-lactamase inhibitor
combinations. Carbapenems, cephalosporins and penicillins were most effective in the
16-26 year age group. The differences seen in the antimicrobial resistant profiles in the
each age group presumably reflects the different antimicrobial regimes. Penicillins,

cephalosporins and carbapenems are the first line antimicrobials used to treat CF
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patients. Antimicrobials such as ciprofloxacin and colistin are often reserved for more
serious P. aeruginosa infections. It is also important to point out that the severity of
disease in each patient varies, often CF patients do not receive antimicrobial therapy and
are instead treated with physiotherapy.

In the NCF collection, the highest levels of resistance were seen in the 49-59
year age group, where the highest levels of resistance to aminoglycosides, carbapenems
and PB-lactam/B-lactamase inhibitor combinations were seen. It was presumed that
overall antimicrobial resistance would increase with age, (assuming elderly patients
would have poorer general health as compared to younger individuals and therefore
have increased exposure to antimicrobials). However, resistance was spread across all
age groups. As demonstrated in the 16-26 year age group which had the highest level of
resistance to cephalosporins and the second highest level of resistance to
aminoglycosides. These antimicrobials (cephalsporins and aminoglycosides) were most
effective in the 71-81 year age group and the 60-70 age group. Polymyxin, specifically
colistin is prescribed for bowel decontamination and not routinely prescribed in SJH as
a nebulised form. It is interesting to see higher levels of resistance to this antimicrobial
in the 27-37 and 49-59 age group.

Previous studies indicated that mucoid and non-mucoid phenotypes of P.

80

aeruginosa are frequently isolated simultaneously from CF patients ! Since the

mucoid phenotype is not seen in the environment it is assumed that most patients are

77,335-337 In

initially colonized by environmental strains displaying wild-type phenotypes
the CF lung non-mucoid isolates can convert to the mucoid phenotype, this conversion
is caused by mutations in regulatory genes mainly in the mucA gene 78 Mucoid isolates
produce an excess of alginate, which has been associated with increased tolerance to the

) 8
host immune defence &%

, and described in connection with biofilm formation 2 The
antibiotic susceptibility patterns of the CF isolates in this study showed that the mucoid
isolates were generally more susceptible than the non-mucoid isolates. These results are
similar to previously published data 8082 There was a significant difference (P=0.0347)
in the susceptibility between mucoid and non-mucoid for cefepime and an extremely
significant difference (P=0.0001) between susceptibility to gentamicin.

Non-mucoid P. aeruginosa isolates are thought to be involved in the initial and
intermittent colonisation of the CF lungs '’ and appear to do little damage to the CF
lung **%-#234 nitially acquired non-mucoid P. aeruginosa strains can reside in the CF

lung for many years'' The conversion to the mucoid form is indicative of the
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overproduction of a capsule- like polysaccharide called alginate which is believed to be
involved in biofilm formation the development of anti-P. aeruginosa antibodies and

Since mucoid and non-mucoid isolates are

poor prognosis for the patient
simultaneously isolated from CF lungs it would be reasonable to assume that non-
mucoid and mucoid isolates may co-exist in a biofilm of chronically infected patients.
One explanation for the difference in susceptibilities could be the greater selective
pressure on the non-mucoid isolates outside the biofilm. While antimicrobial therapy
may not eradicate biofilms, clinical evidence has shown that antimicrobials with little
activity in anaerobic biofilms can provide a clinical benefit in the management of acute
P. aeruginosa infection by acting on planktonic P. aeruginosa.

Continued antimicrobial surveillance is essential to improving antimicrobial
prescribing and implementation of effective infection control. The single most
important control measure in the containment of antimicrobial resistant bacteria in the

hospital setting is infection control *’, this is especially important in hospitals which

treat CF patients.
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Chapter 4 Genotypic Analysis of Resistance

Mechanisms in Pseudomonas aeruginosa
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4.1 Introduction

Bacterial resistance to antimicrobials is the result of a number of factors:
antimicrobial inactivation/modification, target alteration, the acquisition of plasmid-
encoded genes, and reduced accumulation due to decreased permeability and/or

. 96,14 2,342-344
increased efflux %6!44162,342-3

. All of the mechanisms reduce or eliminate the efficiency
of an antimicrobial.

B-lactams are amongst the most widely used antimicrobials in the clinical setting
'3 Since their introduction in the 1940’s a large number of divergent f-lactams have
been developed, including penicillins, cephems (cephalosporins and cephamycins) and
carbapenems. They all have a common four atom structure known as the f-lactam ring
and exert their antimicrobial activity by binding to penicillin binding proteins, thereby
inhibiting the cross linking of peptidoglycan (an essential cell wall component). B-
lactamases are enzymes which are produced by bacteria which hydrolyse the B-lactam
ring. A huge variety of B-lactamases exist in bacteria, at least 120 have been identified
in clinical isolates of P. qeruginosa ka1 B-lactamases are divided into four classes based
on their amino acid sequence. Class A, C and D possess a serine group at their active
site. Class B enzymes require divalent cations to function and are known as metallo-p-
lactamases (MPBL). Five groups of MBLs have been found in P. aeruginosa to date,
IMP, SPM, GIM, VIM, AIM-1"". Extended spectrum B-lactamases known as ESBLs,
and are capable of hydrolyzing broad spectrum cephalosporins ***. Of the 200 ESBLs
discovered in Gram-negative bacteria, 32 have been detected in P. aeruginosa
belonging to Class A and D, (TEM, SHV, CTX-M, PER, VEB, GES, BEL-, OXA-type)
' Resistance to B-lactams, including advanced cephalosporins and carbapenems is a
growing clinical problem and can be the result of intrinsic resistance, and/or the
derepression of the chromosomally encoded AmpC  [-lactamase 32388 low
permeability and/or efflux **>*. Acquired p-lactam resistance involves plasmid and
integron mediated B-lactamases '*****. Both intrinsic and acquired mechanisms of
resistance are often present at the same time, thereby conferring multi-drug resistance
351

Aminoglycosides are an important component of anti-pseudomonal
chemotherapy, especially for the treatment of pulmonary infections in CF patients e
They are often used in combination with B-lactams as it is thought they exhibit synergy

222

with B-lactams ““*. Amikacin is the most frequently used of the aminoglycosides for P.
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aeruginosa infections. Isolates which are resistant to amikacin also exhibit a relatively
high level of resistance to other aminoglycosides such as gentamicin, netilmicin,
tobramycin and isepamicin 333 Resistance to aminoglycosides, including gentamicin
and amikacin is observed in all parts of the world but especially in Europe and Latin
America ***, Aminoglycoside resistance may be caused by one or more of the

following:

1) Presence of aminoglycoside-modifying enzymes, ANTs (aminoglycoside

nucleotidyltransferases), AACs (aminoglycoside acetyltransferase), APHs

(aminoglycoside phosphotransferase) >,

2) Structural alterations in the ribosomal target of the antimicrobial **.

3) Decreased cell permeability ***.

4) Export of aminoglycosides by efflux pumps such as Mex XY '¢!1827¢

MexAB-OprM '4*!'%,

b |

Fluoroquinolones are one of the most effective antibiotics available for both
parenteral and oral treatment of P. aeruginosa infections ***. However, the extensive use
of fluoroquinolones both clinically and agriculturally has lead to high rates of resistance
amongst bacteria *>°. Resistance to fluoroquinolones involves two main mechanisms;
alterations to the molecular targets of the quinolones and decreased accumulation due to
impermeability of the outer membrane and/or overexpression of drug efflux systems
107.2%8 " Both of these mechanisms are chromosomally mediated. The first involves
alterations in the quinolone resistance determining regions (QRDR) within
topoisomerase II (GyrA and GyrB subunits) and topoisomerase IV (ParC and ParE

107336357 The second type of mechanism involved in fluoroquinolone

subunits)
resistance is the expression of drug efflux pumps and loss of permeability. To date 12
potential efflux systems belonging to the resistance nodulation-division (RND) family
have been identified in P. aeruginosa genome *. Of these, four have been characterised

96,110

as antimicrobial transporters . MexAB-OprM (which is constitutively expressed) is
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known to efflux fluoroquinolones, p-lactams, [-lactam/B-lactamase inhibitor
combinations, and imipenem.

The MexCD-Opr] and MexXY-OprM efflux systems are known to efflux
fluoroquinolones, piperacillin, cefepime and meropenem but not ceftazidime or
imipenem. MexXY-OprM is responsible for adaptive resistance to aminoglycosides
143338 Fluoroquinolones are known substrates of MexEF-OprN and more recently
MexPQ-OprM and MexVW-OprM **,

Recently three plasmid-mediated quinolone resistance determinants have been
described *>**. The first is gnr, initially described in Klebsiella pneumoniae *"*. The
plasmids carrying the gnr genes are capable of being transferred horizontally. Five gnr
genes have been described so far; gnrd, gnrB, gnrS, gnrC and gnrD *'®. These genes
code for pentapeptide repeat protein that protects type II topoisomerases from

: 218
quinolones

. The second plasmid-mediated quinolone resistance determinant is acc
(6°)-1b-cr gene, which is a variant of aminoglycoside acetyltransferase, it is capable of
modifying ciprofloxacin and reducing its activity and has been shown to be associated
and often co-located with ¢gnr genes *'®. The third type of plasmid-mediated quinolone

30 To date none of

resistance determinant is the quinolone efflux pump gene gepA
these plasmid-mediated quinolone resistance determinants have been found in P.
aeruginosa.

The aim of the study presented in this chapter was to investigate the molecular
mechanisms involved in non-cystic fibrosis (NCF) and cystic fibrosis (CF) P.
aeruginosa antimicrobial resistance. It is important to understand at a molecular level
the basis of antimicrobial resistance in order to maximise the efficacy of antimicrobials
which are used to combat infection caused by P. aeruginosa. Based on the phenotypic

resistance patterns presented in Chapter 3, NCF and CF P. aeruginosa isolates were

examined by:

1) Amplification and sequencing of genes associated with [-lactam,

fluoroquinolone and aminoglycoside resistance

2) Quantitative real-time PCR (qRT-PCR) was used to establish the relative
expression of efflux genes, the depression of the chromosomal AmpC and
the loss of the outer membrane protein OprD, all of which contribute to -

lactam, aminoglycoside and fluoroquinolone resistance
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3)

4)

The degree of genetic relatedness among the multidrug resistance isolates
was examined using the DNA typing method; pulsed field gel
electrophoresis (PFGE).

And finally, the presence of three epidemic clones, the Liverpool,
Manchester and Midlands 1 epidemic strains, which have been found in
many CF centre across Europe, was investigated by PCR amplification,

sequencing and PFGE.
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4.2 Results

4.2.1 Molecular characterisation of resistance mechanisms to the [3-

lactam antimicrobials

All isolates resistant to > 1 B-lactam were screened for the presence of various
acquired resistance genes in order to establish the genetic basis of resistance. A
schematic representation of all resistance mechanisms to the B-lactams that were

investigated in this study are summarised in Fig 4.1.

4.2.1.1 Resistance mechanisms to the B-lactams

[solates which were resistant to imipenem and or meropenem were
phenotypically screened for the presence of MBLs, as outlined in Chapter 3. A total of
23 NCF and 30 CF isolates demonstrated the presence of Class B -lactamases (MfL).
These isolates were screened for the blaviv, blawmp, blaspm, blaspm P-lactamase genes

(the most common tranferable MBLs) '*''

) by PCR amplification reactions and
sequencing, as outlined in Section 2.3.4.2. The blayy gene was detected in 6 of these
isolates. A representative gel is shown in Fig 4.2. Sequencing confirmed the presence
of blavima. Two isolates, NCF.2006.26 and NCF.2006.46 which according to the
phenotypic test possessed a MBL, did not possess the blayiv, blawp, blaspm, blaspm
genes. These isolates did have Class 1 integron fragments according to PCR

amplification, a representative gel can be seen in Fig 4.2.

Based of phenotypic results from Chapter 3, three isolates were screened for the

presence of ESBL genes, Fig 4.3. None of the genes selected for analysis were detected.
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4.2.2 Molecular characterisation of resistance mechanisms to
fluoroquinolones

All NCF and CF isolates which were resistant to >1 fluoroquinolone were
screened for the presence of chromosomal mutations in the DNA gyrase and
topoisomerase IV genes, along with various acquired resistance genes, in order to
investigate their genetic mechanism (s) of resistance. A schematic representation of all
resistant m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>