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ABSTRACT

Longer lifespan and improved quality of life for patients with cystic fibrosis (CF) have been
attributed to, at least in part, advances in treating pulmonary infection in this disease. The
acquisition of ubiquitous environmental organisms and the development of inflammation and
airway scarring as a result is a major hurdle to improving the lives of patients with CF. This is
especially true for Pseudomonas aeruginosa (Pa), the dominant respiratory pathogen in CF
patients, due to the development of antibiotic resistance as well as the development of a
biofilm mode of growth. The problem posed by this organism has necessitated exploration of

novel therapies, including bacteriophage.

As phage therapy in the context of CF is unlikely to be used in isolation, the first part of this
thesis explores the efficacy of a cocktail of 4 lytic bacteriophages when used as adjunctive
therapy to the commonly used antibiotics ceftazidime and tobramycin in high-throughput
models of Pa infection. Reduction in both biofilm biomass and cell viability was demonstrated
when combining phage with the two antibiotics in a biofilm model of infection across 16
different clinical Pa strains. To interrogate the effect of combination therapy more
thoroughly, checkerboard experiments combining phage and ceftazidime or tobramycin
individually in both planktonic and biofilm Pa culture were performed. Although there were
individual examples of synergy, there were also examples of antagonism. Efficacy of the
phage cocktail varied based on Pa strain, type of culture (biofilm vs. planktonic), as well as the
antibiotic used. For 3 of the 16 clinical strains used in these experiments, there was an
observed conversion to mucoid phenotype on Congo Red agar. As a small pilot study,
transcriptomic analysis on 1 of these strains was undertaken and demonstrated upregulation
of genes involved in alginate production with phage in both planktonic and biofilm culture,

mirroring the phenotypic findings seen.

Lastly, bacteriophage sensitivity was tracked over time with the objective of answering
questions pertaining to the recruitment of participants to prospective clinical trials involving
phage. With the objective of knowing whether recruitment of patients could be based on
historical sensitivity to phage, | selected 24 patients with chronic Pa infection and looked at
serial isolates over the course of 12 months, performing antibiotic sensitivity testing, plaque
assays as well as variable number tandem repeat (VNTR) typing of each isolate. Results

showed that even when representing a single Pa strain, there was a high degree of variability



in sensitivity to both bacteriophage and antibiotics. There were high rates of sensitivity to
bacteriophage — even in multi-drug resistant (MDR) strains -which supports the development
of this therapy. However, the observed variability implies that selection of patients in future

trials should be on the basis of current, not past, isolate testing.

Broadly speaking, my results with relation to the development of bacteriophage therapy in
CF lung disease are promising, showing broad efficacy in a large number of clinical Pa strains
in both biofilm and planktonic culture, both as adjunctive therapy with use of commonly used
anti-Pa antibiotics, and in MDR strains. The variability of results, both across strains, but also
in individual strains at different time points, should be taken into consideration as trials with

phage are developed.
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1 CHAPTER 1: INTRODUCTION

1.1 CYSTICFIBROSIS
Cystic fibrosis (CF) is a genetic condition that is estimated to affect more than 70,000 people
worldwide (1) and roughly 10,500 people in the UK as of 2017 (2). Despite the fact that it is
considered a rare genetic disorder, it is the most frequent life-limiting genetic disease within
the Caucasian population, with an approximate incidence of 1 in every 2,500 births (3). CF is
inherited in an autosomal recessive fashion, whereby affected individuals inherit two
defective copies of a gene that encodes for an ion channel. This protein is called the cystic
fibrosis transmembrane conductance regulator (CFTR) and is vital to varied human exocrine

functions.

In a healthy human, the CFTR protein sits at epithelial cell surfaces and allows the passage of
chloride ions through a c-AMP mediated mechanism (4). These ion channels are spread
throughout the body and deranged chloride ion movement in different organs leads to a
variety of deficits according to the epithelia where they are expressed. The first scientific
description of CF was in 1938 by Dorothy Anderson (5) and describes hallmark
pancreatic/gastrointestinal and pulmonary manifestations of disease; however, it is now well
understood that CFTR is expressed in the reproductive system, liver and bone, to name but a
few other organ systems (6). There is also a developing understanding about expression of
the CFTR protein in other organs in the human body and burgeoning research into the innate
immune system has led to recognition that impaired function of neutrophils and
macrophages leads to further clinical manifestations of the disease (7). Consequently, CF is a

truly multisystem disease with complex and varied expression.

In sweat glands on the skin, lack of ability to reabsorb chloride leads to sweat with abnormally
high salt content, and this is the basis for the sweat test, first described by Gibson and Cooke
in 1959 (8). It is thought that the first reference to sweat as an indicator of disease predates
any modern scientific understanding, with stories of medieval folklore making references to
children who tasted salty when kissed and were believed to be bewitched and soon die. In
1606, Alonso de los Ruyzes de Fonteca, a professor of medicine in Spain, similarly noted that
his fingers tasted salty after wiping the brow of one of these ‘bewitched child’ (9). Salt content

in sweat using the pilocarpine-iontophoresis sweat test and the principles described in 1959
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(8) is still used to this day to for diagnostic confirmation of the disease (6), and has been used

as an outcome measure in many of the new small molecule therapies as a surrogate marker

for efficacy in clinical trials (10).

There are currently over 2,000 documented CFTR mutations, many of which are recognised

as giving rise to deranged chloride ion function and CF (11). There is, however, a large degree

of phenotypic variation amongst patients with this disease, as each genetic variant is

associated with different degrees of impairment in the production, expression, function and

longevity of the chloride ion channel. These different mutations (from Class | through to Class

VI) can be seen in Figure 1.1.1.

Endoplasmic reticulum

Endoplasmic reticulum
ot ottt

Endoplasmic reticulum

Endoplasmic reticu

Normal 1 I} n v \ Vi
a]
dg % g a a
. ’f\ :L ’/ \\\ I/ )
w / e \___/Decreased
Mature Absent Absent Defective Defective Scarce CFTR
functional functional functional channel CFTR functional membrane
CFTR CFTR CFTR regulation channel CFTR stability
Golgi Golgi Golgi Golgi . Golgi Golgi Golgi :
Protease | ‘ ‘ ‘
Absent @ destruction of Scarce
Mascent nascent ﬂ misfolded Nascent Nascent r/(\l nascent m Nascent
CFTR CFTR CFTR CFTR CFTR \J CFTR U CFTR

Endoplasmic reticulum

canonical splice

aminoacid deletion

aminoacid change

aminoacid change

< < 5 | o= ==
— — 5 b
Unstable Full-length 2 Correct RNA  Incorrect RNA
Y ) P N -
N truncated ~ N m CFTRRNA N CFTRRNA “MNm CFIRRNA [N o D\ =N, ~ CFTRRNA
L RNA L) L7 L) ™ L W
. \ S .
Nucleus Nucleus Nucleus Nucleus Nucleus Nucleus Nucleus
CFTR DNA CFTRDNA CFTRDNA CFTR DNA CFTR DNA CFTR DNA CFTR DNA
h T ™ T T h | | I |
SPOOTOC PTHTOC SOTOTOC SCTOTOC METOBOL SCQOBOC SPVCOOX
CFTR defect No functional CFTR trafficking Defective channel Decreased channel Reduced synthesis Decreased CFTR
erec CFTR protein defect requlation conductance of CFTR stability
Nonsense; . . ) . ) L . ) i
Typeofmutaticris frameshift: Missense; Missense; Missense; Splicing defect; Missense;

missense

aminoacid change

Specific mutation
examples™

Gly542X

Trp1282X

Arg553X
621+1G—T

Phe508del
Asn1303Lys
lle507del
Arg560Thr

Glys551Asp
Gly178Arg
Gly5515er
Ser549Asn

Arg117His
Arg347Pro
Argl17Cys
Arg334Trp

3849+10kbC—T
2789+5G—A
3120+1G—A

5T

4326delTC
Gln1412X
4279insA

Figure 1.1.1 How different CFTR gene mutations impact protein function in health and in CF.
Reproduced from (12).

On one end of the disease spectrum, there is complete lack of CFTR protein production (Class

| mutation) and on the other, normal production of protein that has decreased conductance

(Class IV) or is less stable than the wild-type protein (Class VI).

The most common disease causing mutation in the USA and in the UK results in a

phenylalanine deletion at position 508 (F508del) (1, 2), which is categorised as a class Il

mutation, but also exhibits properties of other mutation classes. For instance, for the small

amount of CFTR that makes it to the cell membrane, it also demonstrates defective channel
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regulation (Class 1ll) and decreased stability of the CFTR protein (Class VI) (13). Whilst
pancreatic dysfunction correlates well with genotype (and hence, mutation class), extent of
lung damage is not so predictable. Even amongst people with the same genetic mutation,
there is a high degree of phenotypic variation (14, 15). Studies examining chloride
conductance within twins homozygous for the F508del variant showed a higher correlation
between monozygotic pairs, concluding that there must be other genes and factors
contributing to both chloride ion conductance and manifestation of disease (16). Other
modifier genes in CF with a bearing on disease severity are being studied, including non CFTR
ion channels, genes involved in host defence and those involved with airway responsiveness

(17).

1.2 AIRWAY AND SPUTUM PROPERTIES IN THE NORMAL LUNG
The human respiratory tract is lined by an extensive epithelial surface, from the nose and
larynx to the distal alveoli where gas exchange takes place. Pseudo-stratified columnar
ciliated cells line the respiratory epithelium in the nose into the lower airways, with mucous
secreting goblet cells punctuating this epithelial lining. There are fewer goblet cells and cilia
in the very distal airways, in favour of other cells, including those that secrete surfactant (18).
This surface is exposed to a high burden of potentially harmful substances, from particulate
matter to bacteria that make their way into the airway from the outside environment. Though
the first line of mechanical defence of the airways is the cough reflex, the airway mucosa is

host to other strategies against substances from the external environment.

The layer formed by cilia, periciliary liquid (PCL) and mucous has many functions, but broadly,
foreign substances become stuck in the mucus while the cilia work to remove it. The nasal
mucosa traps and filters out the vast majority of particulate matter before it reaches the more
distal airways (19) and as such, it is the first line of mucosal defence. The mucus layer itself
consists of heavily glycosylated network of mucins that binds and traps inhaled molecules
which are then moved proximally and out of the lower airways by the collective action of the
cilia (20). This is termed mucociliary clearance (MCC), and is the basis for understanding — at
least in part - the mechanism underlying many chronic suppurative lung diseases, including

primary ciliary dyskinesia (PCD) and CF (20).
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The mucus is separated from the cilia by a PCL layer, which together comprise the airway
surface liquid (ASL). Bathed in this low viscosity PCL, the cilia beat at a frequency of about 8-
15 Hz, which enables movement of mucus and trapped particulate matter out of the distal
airways where they might otherwise cause damage (20, 21). Further studies have expanded
the complexity of this model, identifying a “brush layer” with mucins spanning the PCL and

cilia (22), but the basic model of MCC remains the same.

1.3 AIRWAY AND SPUTUM PROPERTIES IN CYSTIC FIBROSIS
The predominant clinical problem unifying patients with CF is lung disease and this is the
leading cause of mortality and morbidity amongst this group (23). This dual function of ASL in
innate defence, the mechanical action of the mucociliary escalator and chemical/immune
barrier to infection, has been a large focus of understanding the underlying mechanism of
disease in CF and identifying therapies. There is a large body of evidence exploring the ways
in which deranged CFTR function leads to an abnormal ASL and the clinical picture seen in CF
patients (24). Historically, there have been several hypotheses as to the primary mechanism

underlying the pulmonary dysfunction seen in this patient group.

One early theory for the airway dysregulation seen in CF was the high-salt hypothesis, which
looks at the chloride ion as a central component of salt regulation and transport. This arose
after early studies noted much higher CI" and Na* concentration in the ASL of CF airway
epithelial cultures when compared with similar airway cultures from healthy controls (25). In
this theory, the impaired ability for airway epithelial cells to secrete CI, in combination with
excessive absorption of Na* results in extra salt in the ASL, thought to contribute to the thick
secretions seen in the CF airway (26). In vitro studies like the one mentioned, however, were
not replicated in vivo, where it was shown that there was little to no difference in salt content
from BAL liquid in patients with CF — at varying stages of disease - compared to healthy

controls (27).

In addition to functioning as a chloride ion channel, the CFTR protein is now known to
participate in bicarbonate ion transport and exerts and inhibitory effect on epithelial sodium
channels (ENaCs) (28). The low volume hypothesis of CF, which, over years has become the
favoured theory underlying the mechanistic change in CF airways, asserts that low or absent

chloride ion transport, coupled with increased sodium reabsorption via ENaC, results in in a
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dehydrated PCL and an increase in viscosity of airway secretions, in turn leading to impaired
MCC (29). Early research in humans using a radiolabelled, aerosolised compound showed
gross impairment in MCC in patients with CF when compared to controls, supporting this

hypothesis (30).

Studies examining the appearance and constitution of the PCL have further supported this
theory. In healthy adults, for instance, it has been shown that the optimal PCL depth is

approximately 7 L, but reduced in patients with CF (21, 31). This is depicted in Figure 1.3.1.

A

- e\ AV
IR ST
.' A @, i v —

: »
D SR
e

BRSSO L

S

Figure 1.3.1: Diagram and EM images of healthy cilia when compared with cilia in dehydrated
PCL.

Upper panel: Diagram of healthy cilia (A) when compared to cilia structurally compressed by
a dehydrated PCL (B). Lower panel: Electron microscopy (EM) shows ciliated airway
epithelium from a healthy individual (A) after a small volume of ASL added, whereas (B)
demonstrates the dehydrated PCL and mechanically distorted cilia with addition of ASL in CF
epithelium. Diagram reproduced from (22). Electron microscopy slides below the diagram
reproduced from (24).

Mucins tethered on the cilia form a mesh network that attracts water, which can be drawn

into the PCL to ensure adequate hydration. In CF, the loss of chloride ion secretion with the
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deficient CFTR protein results in sodium and water reabsorption, leading to dehydration of
the ASL. Though much research has focused on the role of the CFTR protein as a chloride ion
transporter, it also is key in the secretion of bicarbonate in bronchial epithelial cells from the
small airways (32). Studies have shown that mucins are released in condensed granules from
the crypts of small airways and the presence of bicarbonate allows the mucins to disperse
and disaggregate from the epithelial cell surfaces. In CF, lack of bicarbonate leads to a thick

and tenacious layer of mucins that adheres to the epithelial surface (33, 34).

Initial studies in both animal models of disease and patients with CF seem to support a low
volume, dehydrated ASL as the likely mechanism initiating lung disease in CF (35). Early
studies demonstrated that these same properties adversely affected even the first line
mechanical defence of cough clearance (36). Far from the complete story, the mechanism
being elucidated in studies which look at how the lungs work in vivo alludes to something

much more complex.

As an example, though in vitro work looking at airway epithelial cultures from patients with
CF does indicate a depleted PCL, in conditions that mimic the phasic motion of the lung, there
is ATP release into the PCL with subsequent restoration of a PCL depth adequate for ciliary
function and MCC (37). In this same model, however, infection with respiratory syncytial virus
(RSV) disrupted the ATP signalling pathway and reduced PCL depth in CF airway cultures when
compared to airway cultures from healthy controls. Thus, though the dehydrated PCL with an
overlying viscous mucous layer is indeed a factor seen in CF lung disease, it is by no means
the whole picture and factors like viral infection on top of impaired ion transport are likely to

be part of the mechanism by which lung damage begins.

The dehydrated PCL with impaired MCC seen in CF is one element contributing to mucus
plugging of the small airways, resulting in fixed dilatation and bronchiectasis, hallmark
findings on chest imaging. In studies looking at both the histopathology and radiology of end
stage CF lungs, there is also marked distention and distortion of the alveoli, denoting
emphysema (38). From a clinical perspective, this is represented by more frequent pulmonary
exacerbations and admission to hospital, reduced FEV1, worse quality of life scores, and

increased mortality.
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1.4 THEIMMUNESYSTEM, INFLAMMATION AND THE AIRWAY
The mucus layer is home to many substances that are bactericidal, including but not limited
to IgA, lysozyme and lactoferrin (39). Indeed, it is in the mucus layer where foreign substances
first encounter cells from the human immune system like chemokines and cytokines (40),
which in turn initiate the recruitment of leukocytes (41). This cascade of inflammatory
processes in CF exaggerated and is an intrinsic part of the pathophysiology that is interlinked

with the mucus properties described above.

Persistent high level inflammation in response to exogenous pathogens is thought to lead to
structural damage of the airway and decline in lung function (42). A schematic of this

deterioration can be seen in Figure 1.4.1.

CF gene defect

L
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L

Na'/CI transport abnormality

L

Osmotic movement of water
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!

Progressive lung damage
Figure 1.4.1. Schematic of the postulated pathophysiologic cascade in CF lung disease.
It should be noted in this depiction that many processes, including infection and

inflammation, are processes that run in parallel. Reproduced from (29).
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The cascade of inflammation and infection is still being established. Seminal studies in the
1980s demonstrated structurally normal lungs in newborns with CF (43, 44) and the pathway
of microbial infection leading to inflammation was thought to be the explanation of lung
disease. Since then, examination of broncho-alveolar lavage fluids of infants in comparison
with healthy controls has shown elevated levels of neutrophils and other pro-inflammatory
markers (45), even in the absence of any pathogen, suggesting that inflammation could in fact
be a precursor to bacterial infection. Indeed, it was noted that even as early as the foetal
stage in CF, there were elevated levels of inflammatory proteins when compared with
controls (46). These facts suggest that an aberrant inflammatory cascade could exist
independently from infection. Flipping the accepted paradigm on its head, it was then
hypothesized that elevated levels of inflammation might in fact enable chronic microbial

infection, in turn propagating the cycle.

Although inflammation is the body’s mechanism for containing and combatting infection, in
CF this response is exaggerated, and is responsible for much of the damage of the lung.
Defects in the CFTR protein result in increased levels of proinflammatory mediators like IL-8,
which acts as a chemoattractant for neutrophils, which in turn lead to damage and scarring
of the airways (47). Even when infected with the same organism, BALF from children with CF
when compared to controls manifest higher levels of both neutrophils and IL-8, even when
accounting for microbial burden (45, 48). Though recruitment of neutrophils should in theory
result in less infection, within the context of CF, isolated airway neutrophils have been shown
to have impaired bacterial killing potential when compared to those found in healthy controls

(49).

In an era of emerging corrective pharmacotherapeutic agents for those with certain CF
mutations, the scientific community is again revisiting this topic in more detail to ascertain
whether correcting for the basic defect seen in the disease has the ability to reduce levels of
inflammation. The small molecule ivacaftor, for instance, which restores functionality to the
CFTR protein for those with Type Ill (gating) mutations, has indeed been seen to reduce both
bacterial density and inflammation in the sputum of patients taking this medication (50). As
studies begin to explore the relationship of these small molecules that correct CFTR

dysfunction, more are beginning to see reduced burden of bacteria (50, 51), though it still
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remains unclear whether this is due to inherent antimicrobial properties of these agents, or
due to alteration of sputum properties and inflammation that allow for these bacteria to be

cleared by innate defences.

1.5 INFLAMMATION AS ATHERAPEUTIC TARGET IN CF
A large body of research has looked at interrupting the pathophysiologic cascade of
inflammation as a therapeutic target in CF, but results have been varied and denote the
complex nature of this disease. Two approaches to tackle inflammation have been used —the
early use of broad-spectrum agents and more recently, the study of specific inflammatory
mediators or pathways in the hopes of a streamlined therapeutic effect without the side

effects seen with the former.

The use of prednisolone was an early approach to tackle inflammation broadly. Though a
seminal 4-year study published in 1985 demonstrated improved pulmonary function, weight
gain and fewer hospital admissions than placebo (52), further work highlighted higher rates
of acquisition of Pa, though exacerbation rates in patients already colonized with Pa remained
the same (53). Years later, in participants who had participated in the original trial, there was
no significant difference in FEV1 between the placebo and intervention groups; however, the
prednisolone treated patients were significantly growth retarded (54). Even when looking at
inhaled corticosteroids as an alternative to oral dosing, thereby reducing systemic absorption
and improving side effect profiles, there is still no evidence to promote their use in CF (55,
56). Suffice it to say that steroids, though certainly efficacious to some degree at reducing
inflammation and improving pulmonary function, have not become a mainstay of CF
treatment, outside some specific diagnoses like allergic bronchopulmonary aspergillosis

(ABPA).

Ibuprofen is another anti-inflammatory with broad effects that has been studied in the
context of CF. In the same year as the seminal study looking at prednisolone, another
randomized, double-blind, placebo controlled trial with ibuprofen as an anti-inflammatory
agent demonstrated improved preservation of lung function, body weight and fewer hospital
admissions with no increase in adverse events (57). A further safety and effectiveness trial

revealed similar findings (58), as did analysis of registry data (59). But although a recent
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Cochrane Review of multiple studies concludes that high-dose ibuprofen is linked to slowed
lung function decline in people with CF (60), it is still not a mainstay of treatment for this

disease due to potential side effects like bleeding (61).

Using a more targeted approach to tackle inflammation has been studied, as an alternative
to the existing broad spectrum agents with undesirable side effects. Though none of these
agents is currently used in clinical practice, there are several approaches that have yielded
good laboratory results, but have failed to translate to clinical practice either due to adverse
effects of the agent used (62) or due to lack of effect on lung function (63). There are also
tales of caution in this domain that tell us that dampening levels of inflammation too
comprehensively could have its own risks. One such agent targeted LTB4, a compound
produced by macrophages and PMNs in response to a variety of stimuli, including bacterial
pathogens. Inhibiting the action of this compound was theorized to intervene in the
development of inflammation (64); however, a clinical trial using LTB4 inhibitor of was
terminated prematurely due to significant increases in the amount of pulmonary
exacerbations seen in patients with CF (65). Thus, as with the case for systemic steroid use
and higher rates of acquisition of Pa, there is certainly caution to be exercised about reducing

inflammation either too comprehensively or not in a way that produces therapeutic benefit.

1.6 PSEUDOMONAS AERUGINOSA IN CYSTIC FIBROSIS
The pathophysiology of the aberrant CFTR protein in CF translating to a dehydrated and thick
mucus layer with impaired mucociliary clearance (30, 66), among other factors that have
been touched upon, as diverse as the acidic pH of airway secretions (34, 67) and reduced
mucus oxygen concentration (68), to impaired host defences (69), together create an
environment in which opportunistic pathogens can thrive. Common pathogens over the

lifespan of patients with CF are summarized in Figure 1.6.1.
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Figure 1.6.1. Prevalence of common respiratory pathogens in CF as patients age.
Reproduced from (70).

The most common pathogen in CF is Pseudomonas aeruginosa (Pa), a ubiquitous gram-
negative bacterium. It is the pathogen with the largest burden in CF, as a high percentage of
patients are infected with this Gram-negative bacterium by the time they reach adulthood.
Data from the 2020 UK CF registry shows that 4.7% of the paediatric population (<16 years)
and 31.9% of adults 216 years of age are chronically infected with this organism (70), which

has been declining over the past several years (2).

The natural history of infection is typically through initial acquisition of the bacteria, to
intermittent infection, and eventually to chronic infection (71, 72). Though nosocomial
infection with epidemic strains - often associated with increased rates of AMR - is well
documented (73-75), early infection is usually with a ‘wild-type’ organism that has not yet
adapted to the lung environment and is therefore more amenable to standard antibiotic
treatment (72) and early eradication (76, 77). If, however, these measures prove
unsuccessful, several factors contribute to changes that make the bacteria a chronic, host

adapted pathogen.
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1.7 ANTIBIOTIC RESISTANCE IN PSEUDOMONAS AERUGINOSA
The organism has a number of inherent and acquired characteristics which can confer
resistance to treatment and allow it to persist in the lungs. Intrinsic characteristics are
considered those that decrease the efficacy of a given antibiotic through structural or
functional properties of the bacterium on an individual level, as opposed to those acquired
through adaptations to the environment and social behaviours, which will be summarised

later. Mechanisms of innate resistance are summarised in Figure 1.7.1.

B-lactams and
quinolones y

Aminoglycosides /— | Antibiotic- |
and polymyxins [ —————_ inactivating
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— Porin .
channels | Efflux
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Figure 1.7.1. Innate resistance to classes of commonly used antibiotics in Pa infection.
These include reduced outer membrane permeability, efflux pumps and the production of
antibiotic inactivating enzymes. Reproduced from (78).

The first intrinsic characteristic in this list is the low outer membrane permeability, making it
difficult for antibiotics to make it past the cell membrane and into the cell, where most
bactericidal agents take effect (79). Laboratory experiments have demonstrated levels of
outer membrane permeability up to 100-fold lower for Pa when compared to E. coli, another
gram negative rod (80). Generally speaking, it is porins that form protein channels in different
configurations that span the phospholipid bilayer of the bacterium’s exterior to allow passage
and diffusion of different compounds. Though there are many such porins, the OprF porin is
known to the be the major non-specific porin in Pa (80), and experimental work has
demonstrated that this particular porin is mostly present in a closed state in this bacterial

species, accounting for much of the lower outer membrane permeability (81). However, low
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outer membrane permeability on its own does not account for the high intrinsic antibiotic

resistance of Pa (82).

The presence of bacterial efflux pumps is one such example of proteins with the ability to
confer widespread resistance patterns. These are proteins consisting of cytoplasmic
membrane transporters, periplasmic linker proteins and outer membrane porins that are
instrumental in ejecting noxious substances from within the cell (83). Pa is known to expresses
many different classes of efflux pump, each working to decrease intracellular levels of a given
antibiotic class. In one class associated with resistance in Pa, the resistance-nodulation-
division (RND) family (84), the cytoplasmic and periplasmic components are termed Mex and
the outer membrane porin associated with it is termed Opr (83). Perhaps the best known, the
MexAB-OprM is responsible for the efflux of R-lactams and quinolones (85). Notably, the
genes encoding for such efflux pumps are seen to be overexpressed in clinical Pa strains,
denoting increased survival in the context of medical use of antimicrobial agents (86) and

agents are currently being developed that inhibit efflux pumps as a therapeutic target (87).

Pa also has the ability to produce enzymes that degrade and/or deactivate antibiotics. Many
antibiotic classes, for instance, have bonds that are susceptible to hydrolysis (88) by enzymes
produced by different bacterial species (89). As with many other bacterial species, Pa has an
inducible ampC gene, which encodes an enzyme (B-lactamase) that bestows resistance to R-
lactam antibiotics (88). There are four classes of B-lactamase, each employing a distinct
mechanism for inhibiting certain R-lactam antibiotics (78). It has been noted with some
degree of alarm that certain clinical Pa isolates have extended spectrum R-Lactamases (ESBLs)
that confer a high degree of resistance to most penicillins and cephalosporins (90). Expression
of genes encoding aminoglycoside-modifying enzymes are similarly responsible for
inactivating aminoglycosides like gentamicin, amikacin and tobramycin, typically mainstays of

antipseudomonal therapy in CF (91).

Within the microbiology community, great emphasis is made to the changes this organism
can undergo that confer new resistance at the level of a single cell. Sequencing of the Pa
genome has revealed a comparatively large amount of genetic material with close to 6,000

genes (92), many of which have been shown to both increase virulence and confer resistance
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(93, 94), factors which help it thrive in the lung despite host immune defences and
antimicrobial treatment. Bacteria can gain antibiotic resistance through acquisition of genes
through horizontal gene transfer (78). It is these genes, encoded in the makeup of a given
bacterial cell, combined with Pa’s ability to acquire them over the course of its evolution, that
have been the traditional focus of attention from the wider medical community, necessitating

documents like the WHO's 2015 publication on a global action plan for AMR (95).

1.8 BIOFILMS IN PAINFECTION

INTRODUCTION TO BIOFILMS

Bacteria in general exhibit social behaviours and live in communities embedded in a matrix of
self-secreted proteins — termed a biofilm. The main constituents of this matrix are
extracellular DNA, exopolysaccharides, proteins and metabolites (96). These constituents
surround the bacterial community, offering physical protection from antimicrobials, host
defences and other environmental stressors. In this context, biofilms are understood to be
tolerant of antimicrobials due to these social properties that allow communities of cells to
adapt to the environment in which they live. In these communities, there is differential access
to nutrients, which creates a heterogeneity of bacterial populations with different rates of
metabolic activity and cell division (97). This can be contrasted to the planktonic lifestyle, in
which free floating bacteria have a more or less standardized access to nutrients as well as
antimicrobials in a liquid medium, which forms the basis of much AST. Though the
cornerstone of antimicrobial choice in CF rests on conventional AST, this method correlates

poorly with clinical outcomes (98).

It is now understood that the predominant mode of growth of bacteria outside of the
laboratory is within aggregate communities in contrast to planktonic growth, which may be a
transitional phase in the growth and spread of bacteria. Biofilms are a recognised hurdle to
the successful treatment in infections of wounds, eye and ear infections, and in prosthetic
medical devices (99). Essentially, bacteria require a substratum to bind with and this is often
tissue or the surface of a foreign medical device, but in the lungs of CF patients, bacteria
aggregate to themselves, forming clusters of communities suspended within the sputum
matrix (100). In the CF lung, chronic infection with bacteria grown in biofilms leads to

immune-complex mediated chronic inflammation, leading to lung damage and decline (101).
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Once in an aggregate or attached to a surface, responding to cues from within the cell and
from the environment, Pa then loses its flagella, becoming immotile, and begins secreting

proteins that constitute the biofilm matrix (102).

Each stage in the life cycle of a biofilm (summarized in Figure 1.8.1), from attachment,

maturation, dispersal and colonization, is a potential target for therapeutic intervention.
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Figure 1.8.1. Diagram of the biofilm lifestyle for Pseudomonas aeruginosa.

This is a representation of the life cycle of bacteria, from the point where free-floating
planktonic cells adhere to a substrate or surface, through proliferation and maturation/
microcolony formation, to subsequent detachment and dispersal of planktonic cells,
propagating and beginning the life cycle, once more. The biofilm structure offers physical
protection to bacteria from harmful substances like antibiotics, but also harbours
phenotypically distinct subpopulations, some of which have survival advantages over other
populations. There are many strategies for targeting biofilms, from targeting the cell, the
extracellular matrix, as well as within cell and between cell signalling. Image created with
Biorender.com (103).

The high degree of population diversity within a biofilm is thought to be driven in part by
nutrient and substrate gradients produced by high concentrations of metabolically active
cells, with differential access creating a structure in which phenotypically and genetically

distinct populations of cells can survive. Different circumstances — from access of nutrients to
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the presence of immune cells or antibiotics in the environment — will favour one mode of
growth over another and, in turn, lead to a phenotypic change whereby a constellation of
genes are differentially regulated (104). As an example, availability of nutrients has been
linked with dispersal of cells from biofilm — phenotypic change from sessile, metabolically
dormant cells — to those expressing flagella and can move to colonise other environments
(105). Similarly, iron, magnesium and calcium are also involved in Pa biofilm maintenance

(106).

The structure of the biofilm, comprised of cells embedded within a matrix of extracellular
DNA as well as other exopolymers, is thought to represent a resilient reservoir of
heterogeneous organisms that have the ability to disperse and cause pulmonary
exacerbations in an opportunistic way, in the context of viral infection or other triggering
event (107). This level of population heterogeneity within the biofilm is known to give rise to
‘persister cells’, a metabolically dormant phenotype that makes up a small fraction of the
bacterial population, but is present in higher numbers within slow-growing biofilms. These
sub populations of cells have been shown to survive high doses of bactericidal agents (108,

109).

Mucoipy
One of the other significant phenotypic changes that this particular bacterium can undergo is

proliferation of a mucoid phenotype — through copious production of an exopolysaccharide
called alginate, which provides a thick and sticky barrier to antimicrobials and host defences
(110). Alginate is one exopolysaccharide comprising the extracellular matrix of the biofilm,
but is overexpressed in many — but not all — chronic isolates of Pa isolated from patients with
CF. Such phenotypic change is a survival mechanism that can be driven by factors inherent in
the CF lung (110, 111), but also by external factors aimed at its eradication, including

antibiotic administration (112).

The relationship between mucoidy and the biofilm mode of growth is one that has generated
much interest. Recent analysis into alginate in Pa infection has demonstrated that expression
of alginate alters with oxygen concentration, with more alginate produced in zones of oxygen

deprivation (113). Interestingly, a small study of 3 CF patients concluded that mucoid Pa
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isolates have more conserved gene expression profiles and maintain their biofilm forming

potential longitudinally when compared to their nonmucoid counterparts (114).

Though mucoidy is an adaptive survival response in Pa, it seems that activating the genes that
overproduce alginate may come at the expense of disactivating others that increase antibiotic
resistance. This hypothesis arose from early studies demonstrating significant differences in
antibiotic sensitivity testing (AST) between mucoid and nonmucoid isolates both within the
CF community (115, 116) and more broadly (117). A later study looking at matched Pa isolates
from CF patients in Denmark showed that genetically similar isolates from the same individual
were more antibiotic susceptible if they were mucoid (118). Thus, it would seem that
mucoidy, although conferring a survival advantage in the lungs by providing a physical barrier
to antimicrobials and host defences, comes at the expense of increased antibiotic

susceptibility.

This concept of losing traits that are normally associated with bacterial virulence when
adapting to a host environment is not new and has been seen in a variety of studies that have
looked at gene expression within the context of Pa infection (119, 120). This relationship was
further characterized in a study looking at a mouse model of disease, where late Pa isolates
from CF patients were seen to result in less mortality than early isolates, while it was observed
that all (early and late) had the ability to establish chronic infection (121). Overproduction of
alginate has been seen to be instrumental in conservation of water and nutrients, allowing
these to be utilized by Pa within the structure of the biofilm (122). Other work has

demonstrated that alginate allows Pa to evade the host immune system (123).

In this manner, biofilms allow for bacteria to survive a harsh environment and then to
disperse cells to new areas of the lung when conditions become favourable. Understanding
when or how conditions in the lung favour bacterial proliferation, in turn leading to
inflammation and clinical signs of a pulmonary exacerbation, is the crux of appropriate
treatment in CF. It is therefore also important to understand how Pa can sense what sort of
growth should be favoured from cues in the environment, which leads us into the concept of
quorum sensing, which is the main extracellular signalling pathway, before | touch upon

intracellular signalling.
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QUORUM SENSING
Quorum sensing (QS) is a method by which bacteria can communicate with one another by

the production, secretion and sensing of small molecules called autoinducers, which allows
for regulation of population level phenotypic change (124). At a fundamental level, this allows
for a bacterium to modulate gene expression in response to gradients of bacterial density,
directing lifestyle choice appropriate to a given environment. Many cellular processes,
including but not limited to the transition to a biofilm mode of growth and virulence factor
expression, are known to be controlled by the QS system (125). An early study by Singh et al.
(126) revealed that the lungs of CF patients are infected by bacterial biofilms by quantitatively

analysing two different quorum-sensing signals.

Approximately 6% of the bacterial genome in Pa, comprising genes involved in both biofilm
formation and virulence, is activated by two interconnected, N-acyl-homoserine lactone
(AHL) signalling systems — the las and rhl systems (127, 128). These pathways are ubiquitous
in bacterial cells and have specific roles in biofilm development and maintenance. Whereas
the lasl system has been seen to be activated in cells undergoing early biofilm formation
(129), RhIR/RAII is activated in the maturation stages of biofilm formation (130). These
systems are hierarchically arranged, whereby the /as system has the power to up-regulate or

downregulate rh/ (131).

The release of extracellular DNA (eDNA), an important component of the biofilm matrix, is
controlled by a third QS pathway — the Pseudomonas quinolone system (PQS) (132). As the
name suggests, this signalling pathway is specific to Pa and its role is still being studied, though
it has been seen to regulate both the rhl- and /as- QS systems (133). eDNA is known to be
important in establishing cation gradients within biofilms and promoting antibiotic resistance
(134), and is also a nutrient source during bacterial starvation (135). As the primary method
of communication between bacteria, QS in general has been implicated as a key factor in
many intracellular pathways, including as a negative regulator of Bis-(3’-5’)-cyclic dimeric
GMP (c-di-GMP), which is a known second messenger involved in the regulation of genes that

are expressed in a biofilm lifestyle (136).
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INTRACELLULAR SIGNALLING PATHWAYS
There are many signalling pathways with intracellular mediators that have been implicated in

biofilm and virulence in Pa, but here | focus on the pathways that have yielded the most
promise in pharmaceutical intervention. Nitric oxide (NO), while long recognised as vital
signalling compound in eukaryote biology (137), has now been implicated one of the key
intracellular signalling molecules involved in bacterial growth — namely, in the transition
between planktonic and biofilm lifestyles. Highly water soluble and diffusible in biological
systems, NO is ideal for intracellular communication and in this role it has been employed for
therapeutic benefit in a number of conditions in humans ranging from cardiovascular disease
to erectile dysfunction. Although high levels of NO can be toxic to bacteria, some bacterial
species do encounter high levels of this compound in denitrification, a process whereby
certain prokaryotes can use nitrate or nitrate for respiration in oxygen-limited conditions

(138).

NO has been seen to increase concentration of specific phosphodiesterases (PDEs) which, in
turn, reduce the levels of c-di-GMP (139-141). Increased levels of c-di-GMP promote
transition from planktonic to a biofilm mode of growth, whereas reduction in levels results in
biofilm dispersal (142). Cells are disseminated from Pa biofilms through the modulation of
PDEs, which are activated in response to environmental cues. PDEs, in turn, catalyze the
degradation of c-di-GMP, and induce expression of features that allow cell motility and
dispersal, leading to physiologically distinct features that distinguish biofilm from planktonic

cells, (142, 143).

1.9 THEROLE OF ANTIBIOTICS IN PULMONARY EXACERBATION
The main weapon in our arsenal targeting Pa (and indeed other organisms that lead to
increased mortality in CF), is antimicrobial treatment. This cornerstone of care in CF is widely
attributed to improvements in quality of life as well as longevity (144), but rates of AMR are
high (145), limiting the agents at our disposal. This is worrying because AMR has been
associated with worse patient outcomes in Pa infection (146) and has been seen to increase
with time using registry data from a number of different countries (147). In addition to this
innate resistance, with the infective organisms living predominantly in biofilms in the

environment of the human lung, Pa has adaptive behaviours that allow it to modulate gene
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expression and cause phenotypic change that further limits the efficacy of our remaining

antimicrobial options.

Although aggressive antimicrobial treatment has yielded improved outcomes in patients with
CF, precisely what happens to bacterial populations in the context of an exacerbation remains
a hot and extensively investigated issue. Sadly, it is known that for patients who experience a
pulmonary exacerbation, roughly one quarter will not regain their baseline lung function,

even after intravenous antibiotic treatment (148).

Many pulmonary exacerbations do have a viral aetiology, and although this had long been a
recognised association, mechanistically some of this is explained by physical damage to
airway epithelial cells from viral infection, which in turn makes them more adherent to
bacteria and, hence, susceptible to bacterial spread to new areas of the lung (107). It was
first noted that respiratory syncytial virus (RSV) shows a strong correlation with Pa acquisition
from early investigation of registry data demonstrating Pa acquisition peaks during peaks of
RSV infection (149, 150). Later evidence pointed towards increased adherence of Pa to airway
epithelial cells infected with RSV (151) and subsequently in a mouse model of CF (152). It has
also been shown that rhinovirus infection in a CF airway epithelial cell cultures promoted
movement of bacteria from a biofilm to planktonic mode of growth, in turn instigating
chemokine responses (153). Importantly, similar models comparing airway epithelial cell
cultures from CF patients do not show an exaggerated inflammatory response with viral
infection when compared to healthy controls (154), though symptomatically, those with CF

are seen to suffer a longer course of illness.

Understanding how current antibiotic therapy interacts with bacterial biofilms has been
instrumental in developing optimising current therapies, but also in the development of new
antibiotic preparations and defining novel drug targets. Dual antibiotic administration in Pa
infection is an approach currently used in the clinical treatment of infection, using the
principle of targeting different populations of bacteria for optimal killing. This approach, at
least in vitro, demonstrates superior penetration into bacterial biofilms and targeting cells
with differing levels of metabolic activity (155-157) and is nicely illustrated in a Pa biofilm

model in Figure 1.9.1.
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Figure 1.9.1. Fluorescence imaging of Pseudomonas aeruginosa biofilms.

Live cells express green fluorescence protein and appear green and dead cells stained with
propidium iodide appear red. Biofilms were exposed to colistin sulphate (A), tobramycin (B),
and a combination of colistin sulphate and tobramycin (C) for 24 hours. Note that colistin
targets cells deeper within the biofilm, while tobramycin targets cells at the surface, while the
combination is effective in diffuse killing within the biofilm structure. Reproduced from (155)

The use of liposomal preparations of antibiotics with biofilm penetrating properties is also
the focus of several stand-alone reviews and is an approach that shows enormous potential
(158, 159). Despite these promising developments, however, it is known that the levels of
antibiotics required for eradication of biofilms, in many instances, cannot be achieved in the
airway, either through intravenous or nebulized administration (160-163). Though there are
many such agents at our disposal, they are insufficient, as evidenced by the high rates of

bacterial colonization characteristic of CF, particularly as patients age (1).

1.10 OTHER ANTIBIOFILM AGENTS IN CLINICAL USE
Using existing antibiotics in combination with other agents with antibiofilm properties is an
approach that has been used clinically for a number of years within the context of CF lung
infection. The agents currently in widespread clinical use were developed without the
knowledge that they affected biofilms; however, a significant component of their efficacy has
since been attributed to their disruption of bacterial biofilms. They also demonstrate that
there are therapies beyond standard antibiotics that could yield improved patient outcomes

in CF.

Recombinant human deoxyribonuclease | (dornase alfa or DNase) cleaves eDNA, released

from neutrophils as well as bacteria, that provide a structure to the biofilm. DNase therapy
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has been shown in meta-analyses to be effective both at reducing the rate of lung function
decline, as well as reducing the number of pulmonary exacerbations (164). DNase also
disrupts pre-formed bacterial biofilms, which may account for some of its effect (165).
Although the predominant mechanism has been attributed to the reduction in mucous
viscosity and improved airway clearance, DNase also disperses bacteria and increases
antimicrobial susceptibility in staphylococcal species as well as in mixed bacterial species

models of biofilm infection (166).

One other compound currently being investigated for biofilm degrading properties is a
compound called OligoG (CF-5/20). OligoG is a small (mW 2600 Da) alginate oligosaccharide
derived from seaweed that has been shown to alter the viscoelastic properties of sputum in
CF patients by increasing the pore size in the mucus layer, thereby increasing particle diffusion
through sputum and disrupting the extracellular polymeric network of gram-negative biofilms
(167, 168). In vitro work has shown that this compound can potentiate the activity of
antimicrobials on gram-negative models of infection (Pseudomonas, Acinetobacter, and
Burkholderia spp.) (169), as well as when combined with antifungals in fungal infection
(Aspergillus and Candida spp.) (170). A dry powder formulation of OligoG was investigated in
a small randomized, double-blind, placebo-controlled crossover study in CF patients with
chronic Pa infection and although it demonstrated safety, there was only a non-statistically
significant trend towards an increase in lung function (171). There is still active interest in this

compound, with a dose finding study of OligoG underway (NCT03698448) (172).

The macrolide azithromycin, although not used as a first line antibiotic against Pa infection,
has also been seen to disrupt quorum sensing and block alginate production in a mouse model
of infection (173). Additionally, use of this antibiotic has been seen to improve lung function
in the subgroup of patients colonized with Pa (174). In a meta-analysis of trials involving
patients with CF, the summary data of 4 studies demonstrated improved lung function in
those treated with azithromycin, with increased benefit in the subgroup of patients colonized
with Pa (174) and it is hypothesized that some of this benefit may be derived from this

macrolide’s biofilm impairment.
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1.11 BACTERIOPHAGE: STRUCTURE AND CLASSIFICATION
Bacteriophages (or phages) are viruses that rely on bacteria to replicate and complete their
life cycle. The existence of such viruses was first alluded to in English chemist Ernest Hankin’s
report in 1896 of the anti-cholera properties in the water of the Ganges (175, 176), and the
subsequent description and discovery has been attributed to the work of Canadian Felix
d’Herelle in 1917, who described unexplained cell death in Shigella cultures from soldiers in
the First World War (177). Phages specifically bind to and infect specific bacterial cells, using
surface proteins to recognise specific bacterial hosts. They exist everywhere in the biosphere
where bacteria exist and are the most numerous entities on the planet; more numerous than
other viruses by several orders of magnitude (178). Bacteriophage have been present for
millennia and have been involved in exerting selective pressures on host communities, driving
bacterial evolution (179). There is a correspondingly large amount of genotypic diversity in

bacteriophage, which is reflected in both their structure and function.

There are many ways of classifying viruses, both by way of looking at the contents of the viral
genome (DNA vs RNA, single stranded vs double stranded), and by way of looking at structure
(180). Results from electron microscopy (EM) have largely informed the structural
classification of bacteriophages. Current classification of bacteriophage by the International
Committee on the Taxonomy of Viruses (181) recognises three groups of tailed, and other
types of filamentous and isometric phages. This taxonomy, though still evolving, has been
largely attributed to a 1967 paper by Bradley (182) and a further evolution of this original
classification can be seen in Table 1.11.1. Approximately 96% of phages are tailed (183), and
constitute the order of Caudovirales, under which the three families (Myoviridae,

Siphoviridae and Podoviridae) fall.
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Table 1.11.1. Overview of bacteriophage structure, family and viral genome.
Reproduced from (184).

Crder or family  Nucleic acid, particulars, size

Caudovirales dsDNA (L), no envelope

Myoviridae Tail contractile

Siphoviridae Tail long, noncontractile

Fodoviridae Tail short

Microviridae ssDNA (C), 27 nm, 12 knoblike capsomers

Corticoviridee dsDNA (O), complex capsid, lipids, 63 nm

©O©®QQ?? §

Tectiviridee dsDNA (L), inner lipid veside, pseudo-tail, 60 nm
Leviviridae SSRVA (L), 23 nm, like pdliovirus
Oystoviridae dsRNA (L), segmertted, lipidic envelope, 70-80 nm
— . Inoviridoe DA (O), filaments or rods, 85-1950 x 7 nm

Rasmaviridae dsDNA (O, lipidic envelope, no capsid, 80 nm

3

As can be seen from Figure 1.11.1, bacteriophage have both a high degree of variability in
terms of structure when viewed by EM, but also in the contents of their genome, which can
be double or single-stranded DNA or RNA. All bacteriophage in the order Caudovirales (the

three families Myoviridae, Syphoviridae and Podoviridae) contain double stranded DNA.

These families and viral genomes of the different orders of phage are summarised in Table

1.11.2.
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Table 1.11.2. Bacteriophage families and corresponding genome characteristics.
Reproduced from (183).

Shape Family Example Characteristics”
Tailed Myoviridae T4 dsDNA, L, tail contractile
Siphoviridae A dsDNA, L, tail long and
noncontractile
Podoviridae T7 dsDNA, L, tail short

Polyhedral ~ Microviridae  ¢X174 ssDNA, C, 12 capsomers, 30 nm

Corticoviridae PM2 dsDNA, C, complex capsid,

lipids, 60 nm

Tectiviridae PRD1 dsDNA, L, inner lipid vesicle,

pseudo-tail, 60 nm

Leviviridae MS2 ssRNA, L, like poliovirus, 25 nm
Cystoviridae  $6 dsRNA, L, segmented, envelope,
70 nm
Filamentous Inoviridae fd ssDNA, C, long filaments or
short rods

90-1300 nm in length

Pleomorphic Plasmaviridae L2 dsDNA, C, envelope, no capsid,

~ 90 nm

Though there is, at present, a developing emphasis on reporting bacteriophage genomes on
public databases like GenBank (185), there has been a large amount of information learned
from electron microscopy and observation of function and behaviour that has informed
decisions about phage therapy and those which have the potential to be harmful.
Developments in the area of phage genome research show great promise in understanding
these viruses more comprehensively, in a way that may inform the development of therapies

involving phage.

1.12 BACTERIOPHAGE: LIFE CYCLE
The first part of the bacteriophage life cycle involves recognition and binding to a receptor
expressed on the surface of a host bacterial cell. Viruses in general can use different types of
molecules (from glycolipids, carbohydrates and other proteins) to attach to and infect their
host (186). These receptor molecules are not simply required for host recognition and

binding, but are also integral in the transfer of the viral genome across the cellular membrane
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and into the host cell (187). It is widely recognised that bacteriophage have the ability to
recognise a variety of receptors, increasing the likelihood of encountering a viable host (188).
They also possess the ability to undergo evolution in a dynamic process between virus and
bacteria, as the loss and/or acquisition of different host surface proteins as an adaptive

mechanism to evade infection necessitates phages to follow suit (189).

The next part of the phage life cycle depends on the type of virus. Broadly speaking, there are
two different groups of bacteriophages (outside the traditional classification discussed
earlier), both with different roles to play in the lives of bacteria. The lysogenic or temperate
phages incorporate themselves into the host genome as prophages while lytic phages are

obligate predators and ultimately result in cell death.

Lytic phage of gram-negative organisms (of the order Caudovirales) contain double-stranded
DNA, encoding for both the structural proteins required for replication within the cell, but
also for at least two types of membrane degrading proteins — holins and lysins (190). Once
the phage DNA enters the host cell, it first starts the process of replication using host
ribosomes, leading to the production and assembly of virions, whilst simultaneously the
phage lysins and holins accumulate within the cell. This infection with bacteriophage DNA
also results in the cessation of bacterial DNA, RNA and protein synthesis (191). The activation
of the lysins and holins is triggered by an as yet poorly understood mechanism, initiating a
timed degradation of the three outer layers of the cell membrane (inner membrane,
peptidoglycan and outer membrane) (192). The assembly of viral material within capsids and
the accumulation of membrane disrupting proteins is a temporally regulated process
whereby hundreds of phage virions have assembled by the time the cell is lysed, leading to
the release of viral progeny and initiating the life cycle, once more (192). The ‘burst size’, or
amount of viral progeny generated upon cell lysis, has been noted to differ vastly based on
the growth media and physiological state of the host bacterium (193). This life cycle of lytic

bacteriophage is summarised in Figure 1.12.1.
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Figure 1.12.1. The life cycle of lytic bacteriophage.

(1) The phage adsorbs to a surface protein on the bacterial cell. (2) Nucleic acid injection. The
phage infects the host cell with viral phage DNA, which uses the host cellular machinery to
make copies of itself. (3) The phage replicates, using the bacterial cellular machinery to create
structural proteins that are used in the assembly of new phage progeny (virions). At the same
time, there are productions of lytic proteins (termed endolysins) that accumulate within the
cell, degrading the bacterial cell wall, eventually lysing the cell and releasing viral progeny. (4)
The phages are released from the lysed bacteria to find another host and repeat the life cycle.
Created in BioRender.com.

Though lysogenic phages are not the primary focus of the therapy being developed in this
thesis, they should be mentioned to provide an insight into the complexity of the world of
viral infection in bacteria. Once the genetic material of lysogenic phages have been injected
into the cell, they incorporate themselves into the host genome and exist as prophages.
Unlike lytic phages, infection of a bacterial host with lysogenic phage DNA does not stop
synthesis of bacterial proteins or cellular function. The step of bacterial lysis mentioned above
will only be triggered if there are pressures exerted on the cell that cause sufficient strain on
the bacterial host, in which case the phage DNA is excised from the bacterial genome and
undergoes similar steps to those mentioned previously for lytic phage. In integrating

reversibly into the host genome, a long-term relationship of genetic symbiosis is formed, one
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in which the survival of the host bacterial population could be viewed as being advantageous

to this particular type of phage.

Lysogenic phages have long been seen to encode for bacterial virulence factors and this
fascinating subject is the focus of several early reviews (194, 195). It is now widely understood
that phage drive the horizontal transfer of virulence genes between bacteria via transduction;
in a separate process from conjugation, driven by other mobile genetic elements, like
plasmids. Though they lacked a mechanistic explanation for this phenomenon, Frobisher and
Brown first described this process of phage driven conjugation in 1927 in an experiment
where non-toxic Streptococcal species that had been exposed to the supernatants of more
pathogenic bacteria were able to acquire the ability to produce scarlatinal toxin (196). A later
description of the same phenomenon was the discovery that the toxin produced by Vibrio
cholera is actually encoded by prophage DNA, without which the bacteria is actually rendered

non-pathogenic to its host (197).

Contrasting these cautionary tales of lysogenic phage, they have also been proposed as
therapeutic agents in certain instances, including in the battle against Pa biofilms. Phage
®Pan70, thought to be an obligate lytic phage, was used in a mouse burn model of Pa
infection and demonstrated survival of between 80-100% of treated compared to 0% of non-
treated mice. However, on DNA analysis, this phage was discovered to share most of its
genome with another known temperate phage (198). Thus, our understanding of
bacteriophage is far from complete and phage-bacterial interactions cannot simply be
predicted by looking at type of phage and type of host. There must be rigorous scientific
foundations for setting up both in vitro and in vivo work with a view to bringing this therapy

to clinical trial.

Within the context of CF and, more specifically, Pa lung infection, phages are also recognised
as one of the driving forces behind horizontal gene transfer and the acquisition of genes
conferring bacterial resistance (199). The presence of prophage DNA in many clinical Pa
strains has been well documented and indicate a complex interplay between virus and
bacteria in the CF lung (199-201). A simple example of how bacteria derive survival benefit
from this type of infection is with filamentous phages. Filamentous phage (of the family

Inoviridae) are elongated nucleoprotein filaments with a unique structure and function (202).
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This type of lysogenic phage has been shown to play a key role in the assembly and

maintenance of bacterial biofilms, including in the context of Pa infection (200, 203, 204).

1.13 APPLICATIONS FOR BACTERIOPHAGE THERAPY
In response to the threat of AMR, there has been a resurgence of interest in phage and other
therapies that are being developed to tackle infections refractory to antibiotic treatment for
Pa (205), and with other organisms in the context of CF (206). d’Herelle was the first to
attempt to exploit the bactericidal potential of lytic phage in dysentery amongst soldiers in
the First World War with an oral phage preparation (177). This concept was exported
successfully to Russia and other parts of Eastern Europe, where it persists as accepted
antibacterial therapy to this day (207). In fact, there was a huge amount of international
support from the scientific community for phage therapy (208), with reports of phage being
given in cases of dysentery globally (209-211). Although it is estimated that there were over
800 papers published in scientific journals about phage therapy in humans between 1917 and
1948 (208), it was largely abandoned by Western Europe and North America with Fleming’s

discovery of penicillin, thought to be the cure-all for bacterial infection.

One other reason for phage having been abandoned by the scientific community was a lack
of rigorous scientific evidence supporting it. It is believed, for instance, that an inability to
distinguish lysogenic and lytic phages in early use contributed to variability of results and
failure in early clinical trials (212). Additional factors including but not limited to a lack of
understanding of bacteriophage biology and structure, probably led many to focus their
research interests elsewhere. Many eminent scientists at the time were able to point out
alack of rigor in many of the early experiments, which rendered any results or positive findings
subject to speculation (213-215). But the scepticism garnered by these critiques, even if true,
were insufficient justification in turning away from this therapy, especially as it was already
known that penicillin was not the panacea that had been promised; both because it is only
weakly effective in Gram-negative infection and also due to the development of penicillin

resistance (208).

Now, over a century after the discovery of phage, the scientific community is revisiting viruses
as a potential treatment for bacterial infection, largely due to the impending threat of

antibiotic resistance. When considering any compound for therapeutic use, in addition to the
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intended direct effects of the compound in question, an ideal drug should be specific, stable,
and with few side effects. Looking at these criteria specifically, here | examine the proposed

advantages of phage and barriers to its widespread use.

PROPOSED ADVANTAGES OF PHAGE THERAPY

Bacteriophage meets several of the essential criteria for a successful antimicrobial; indeed, in
certain respects, it has advantages above and beyond current antibiotic therapy. Firstly,
phages are specific (to the extent that this has the potential to also be seen as a drawback
and will be expanded upon later). They are specific not only to bacterial species but,
furthermore, are only able to target bacteria within a species that express the surface proteins
to which they have the ability to adsorb. As an example, bacteriophage T4 which infects E.
coli and is one of the most widely studied lytic phages, binds only to the glucosyl-a-1,3
terminus of rough lipopolysaccharide (LPS) on the bacterial cell surface of some strains of this
bacterium (191). This level of specificity has the potential of leaving the rest of the host
microbial community intact, in contrast to antibiotics, which usually target broad groups of
bacteria (eg. Gram-negative +/- Gram-positive organisms). In the context of CF, antibiotic
killing of non-pathogenic bacteria is a topic under intense debate, as it is known that one of

the hallmarks of disease progression is a loss of microbial diversity (216-218).

Phage therapy has additional pharmacokinetic properties that distinguish it from other
medications that could be advantageous. Unlike antibiotics, which reach a peak level
(differing in serum vs gut vs lungs, depending on route of administration), and then decrease
over time as they are filtered by the kidneys or metabolised by liver enzymes, bacteriophages
will multiply in the presence of a bacterial target. This process of amplification has the
theoretical benefit of increasing concentrations of the therapy locally where it is most needed
(219). Bacteriophage therapy has also not been associated with many side effects in both
Western experiments where it has used in laboratory animals and in small trials involving
human subjects (220), but also in Georgia and places where it is a readily available and
accepted therapy (207, 221). This is thought to be at least partly attributed to the fact that
phages are ubiquitous in the environment, leading the immune system to be accustomed to

encountering phage.
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PROPOSED SHORTCOMINGS OF PHAGE THERAPY
There are many obstacles to the widespread development of clinical trials involving phage

and the potential success of this therapy. In addition to some innate properties of
bacteriophage that will be discussed, several of the aforementioned points can also be
disadvantageous, depending on the clinical setting in question. The specificity for
bacteriophage for only certain types of cell receptors can render the window of viable host
cells extremely narrow (222). Additionally, there have been many reports of rapid evolution

of phage resistance in bacterial strains when exposed to this therapy in vitro (222, 223).

The pharmacokinetics and pharmacodynamic properties of bacteriophage, while also
hypothesized to allow for increase in titres at areas where it is most needed, are also the
subject of some concern for the development of this therapy. Although phage therapy has
never been associated with life-threatening immune reactions like anaphylaxis (220), studies
have shown that antibodies against phage can accumulate in serum from subjects exposed to
this therapy (224, 225) and it is uncertain what impact this will have on efficacy of treatment.
Semler et al. (226) devised experiments in mice that demonstrated efficacy of bacteriophages
against Burkholderia lung infection when administered via inhalation, but not when
administered by intraperitoneal injection. Though the underlying reason for this finding is not
known, one hypothesis is the exposure to phage antibodies rendering the therapy inactive.
Route of administration is therefore a topic of paramount importance in the development of

effective phage therapy.

The storage and stability of bacteriophage is yet another topic that has garnered some
attention. It was as early as 1959 when the hydrodynamic shear forces of passing through the
head of a hypodermic needle were observed to disrupt the integrity of DNA from T2 and T4
bacteriophages (227). Currently, phage products in development have a shelf-life of roughly
a year before the phage titre meaningfully decreases when in solution (228). This easy
degradation of phage is something that needs to be considered in both manufacture and
storage, but also in the mode of delivery to ensure that the virus is delivered intact to the
host bacteria. In addition, though few side effects of bacteriophage therapy have been seen,
there are concerns that endotoxins formed during the bacteriophage production process
might accumulate and these are further factors that need to be taken into account as this

therapy approaches clinical trial (229, 230).
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STRATEGIES TO ENHANCE THE EFFICACY OF PHAGE
In order to overcome the natural shortcomings of phage therapy, there are different

strategies that have been employed to maximise the efficacy of viral killing. One promising
approach that will be explored extensively in this thesis is the use of phage alongside standard
antibiotic therapy. This approach was used as early as 1946 with staphylococcal species
resistant to penicillin rendered sensitive with the co-administration of phage (231). As
bacteriophage therapy within the context of CF lung disease is unlikely to be trialled as a
stand-alone therapy (owing largely to the increases in life expectancy that has come from
aggressive antibiotic therapies), | have focused on the use of phage as an adjunctive therapy
in both biofilm and planktonic models of infection and this will be further explored in the

relevant chapters.

Two other widely practiced strategies are the genetic engineering of phages and the
administration of multiple phages in ‘cocktails’. The topic of genetically engineering phages is
one that has been the focus of several well written reviews that explore this approach
mechanistically in good detail (232, 233). The reasons for genetically engineering phage seek
to address the shortcomings mentioned earlier — from broadening the range of potential
hosts, to enhancing lytic activity, to encoding lytic proteins that enhance their activity (232).
In an entirely different approach, the use of engineered temperate phages has been
successfully used in vitro to encode antibiotic susceptibility into E. coli strains that were then
successfully eradicated by antibiotic treatment (234). The engineering of temperate phages
has also been suggested to broaden the availability of acceptable therapeutic agents by

rendering them obligately lytic (235).

The latter strategy of making a mixture of different phages seeks to address the reality of the
evolution of bacterial resistance to one phage (through, for example, loss of a phage
receptor). In this instance, careful selection of other phages in a given cocktail should ensure
that the mixture retains the ability to adsorb to target host cells and continue lysing the
pathogenic bacteria. To demonstrate proof of principle, one study looked at planktonic and
biofilm grown Pa with two different lytic phages, MAG1 and MAG4, and saw that when used
alone, there was propagation and lysis in 50% of the strains tested, whereas combining both
in a cocktail resulted in 72.9% coverage (236). This approach to therapy has been gaining

traction in the West, where widespread and streamlined production of fixed bacteriophage

47



cocktails targeting one bacterial species is being developed by the pharmaceutical industry in

the hopes of marketing a patented product (237, 238).

There are anecdotal reports of clinical successes within clinical contexts relevant to this thesis
that have employed the strategies mentioned here. For Pa infection, a randomized, double-
blinded, placebo-controlled trial of a topical phage preparation in patients with otitis media
refractory to antibiotic treatment demonstrated both safety and efficacy (239). In vitro work
has similarly demonstrated the efficacy of bacteriophages in reducing the Pa colony count in
CF sputum samples (240). In Pa lung infection models in animals, the administration of lytic
phage preparations lowered both bacterial load and inflammatory markers in the airway (241,
242). In 2019, a cocktail of genome engineered bacteriophages (to remove repressor genes),
delivered intravenously and topically to a 15 year old CF patient with disseminated
Mycobacterium abscessus infection, was successfully employed on a compassionate basis
(206). Bacteriophage cocktails have also been used compassionately in a small number of
other CF patients with advanced lung disease to good clinical safety and effect. One small
study looked at 3 patients, 2 of whom were treated with anti-Pa phage and one with phage
against Burkholderia dolorosa; the two treated with Pa infection had good clinical outcomes,
while the patient with Burkholderia passed away (243). Despite the promise from these
studies, there are still no published clinical trials in humans demonstrating the efficacy of this

therapy within the context of CF lung infection.
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2 CHAPTER 2: METHODS USED IN EXPERIMENTS

2.1 ETHICS
Ethical approval was not required for experimental techniques performed on subcultures of
isolates provided by the clinical laboratory for research purposes. Some of these analyses
included the use of clinical information; all subjects had consented to data entry into the CF
patient registry. The Strategic Research Centre received approval from the Registry Steering
Committee for analysis of these data for research purposes (Huntingdon Research Ethics

Committee (07/Q0104/2).

2.2 STORAGE AND CULTURE OF PSEUDOMONAS AERUGINOSA
ISOLATES

Previous members of our laboratory designed a large database and repository for the storage
and selection of clinical isolates from patients at the Royal Brompton Hospital (RBH). Prior to
the inception of this research project, the database was designed using Microsoft Access and
continues growing to this day. This database includes details of CF patients receiving care at
RBH as well as corresponding microbiological data, which can (but does not always) include
antibiotic sensitivities, Variable Number Tandem Repeat (VNTR) analysis, and details of other

co-colonising organisms (bacterial and fungal).

Clinical Pa strains were provided by the RBH microbiology laboratory and form a large part of
this database and repository. All isolates had been identified by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) analysis in the microbiology department at
the hospital as being Pa growth. When MALDI-TOF analysis yielded an equivocal result,
isolates were grown on cetrimide agar at 43° C to determine whether the growth was, in fact,
Pa. Samples from CF patients were taken directly from sweeps of bacterial colonies grown on
agar with a plastic inoculation loop. Strains were stored on glass Microbank™ beads in a -80°

C freezer.

When a particular isolate was chosen for use in an experiment through the database (see

later chapters for selection criteria), the corresponding vial was briefly removed from the
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freezer and placed on dry ice, a bead was selected with a sterile 22 G needle and colonies

were seeded on nutrient agar for overnight growth in the incubator at 37° C.

Many of the isolates chosen for use in these experiments had been selected at random by a

previous Masters student in the laboratory, Yaqi Betty Hu, and used for continuity.

2.3 BACTERIOPHAGE COCKTAIL, SERIAL DILUTIONS AND STORAGE
Our long time commercial collaborator, Ampliphi Biosciences Corporation, provided our team
with the bacteriophage cocktail used in all of the experiments. Between the years 2006 and
2008, they had identified 52 anti Pa phage by methodology described previously (212). They
then performed plaque assays on clinical strains from a number of different hospital sources
to assess lytic activity and narrowed down selection to ten phage, which were found to lyse
96% (77/80) of the strains tested. From these ten phage, further work selected 4 (Pa193,
Pa204, Pa222, Pa223) which, when used in combination, demonstrated lysis in plague assay

on 78% of clinical strains from CF patients at RBH.

Each component of this 4 phage cocktail was provided at a concentration of 1x10° PFU/ml.
When mixed together in equal volumes, each individual phage was therefore at a
concentration of 2.5x10% PFU/ml. Previous work by Ampliphi Biosciences Corporation
demonstrated a non-statistically significant 0.8 Log reduction in viable phage at 4° C over the
course of 12 months. A new batch of this phage cocktail was therefore used every 12 months

through the course of these experiments.

The phage cocktail was prepared and stored in salt magnesium buffer (SMB). For individual
experiments, the 4 bacteriophage mix was serially diluted in PBS by a factor of 10
consecutively six times (10, 102, 103, 104, 10, 10°®) for use in the plaque assay and for 96-

well plate experiments, stored in sterile Eppendorf tubes.

2.4 PREPARATION OF ANTIBIOTIC SOLUTIONS
Antibiotics used for planktonic and biofilm experiments were ceftazidime and tobramycin,
selected due to their differing mechanisms of action (B-lactams act on the cell wall while

aminoglycosides work at the level of the bacterial ribosomal 30S subunit) as well as their use
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in clinical practice. Both were prepared from dry powder (ThermoFisher Scientific) and
dissolved into sterile water to make stock solutions to 10 g/L. Stock solutions were further
diluted with sterile water to reach a series of concentrations to reach the specified final
concentrations required depending on treatment protocol. Antibiotic solutions were labelled
and kept in the -20°C freezer for use in further experiments. Solutions were thawed for use
in experiments a maximum of three times before new solutions were made based on the size

of aliquots that had been prepared.

2.5 STANDARD PLAQUE ASSAY
Laboratory strain PAO1 was used as a control for plaque assay experiments as the phage
preparation demonstrated consistent lytic activity to a high (10°®) dilution. An overnight
culture of selected Pa isolates was grown in nutrient broth following overnight culture on
nutrient agar. Overnight culture was diluted in fresh nutrient broth to an optical density (OD)
of 0.1 (WPA Biowave CO8000 Cell Density Meter) and 100 pL of this bacterial suspension was
pipetted into a 5mL sterile plastic tube. 3mL of semi-solid nutrient agar (13 g/L Oxoid Nutrient
Broth + 4 g/L Oxoid Agar) was added to each 5mL tube with bacterial suspension, gently
inverted to mix, poured over sterile nutrient agar plates (13 g/L Oxoid Nutrient Broth + 15 g/L

Oxoid Agar) and allowed to dry in the safety cabinet for 20-30 minutes.

5uL aliquots of each phage cocktail dilution (neat phage to 10 dilution) were spotted onto
the surface of the Pa inoculated plates in rows with multichannel pipettes. Each assay was
performed in triplicate on a single agar plate using sterile pipette tips. 5 uL of SMB was used
as a negative control for each technical replicate. Plates were then kept in the safety cabinet
until the spots had dried before being inverted and incubated overnight (16-24 hours) at
37°C.

Agar plates were examined over a dark background. If there were no discernible plaques at
any dilution, the phage cocktail was said to have no lytic effect on the Pa strain being
examined. If, however, plagues were observed, the maximum dilution at which they were
seen was used to calculate the phage titre in plaque forming units/ml (PFU/mL) using the
following calculation:

((PFU in spot)/(spot volume in mL))* 1/(dilution factor of tube from which spot was taken)
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If lytic activity was seen in the negative control spot, then results for that replicate were
discounted on the basis of contamination. Visual of the output from this assay is shown in

Figure 2.5.1.
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Figure 2.5.1. Visual outcome for the plaque assay.

Plaque assay outcome for strain PAO1, which reliably generates discrete plaques up to 10°
serial dilutions. This was performed using 10 pL spots of the bacteriophage cocktail at ten-
fold serial dilutions on a lawn of Pa grown on a Nutrient agar plate. Agar plates were then
examined over a dark background, but for the purposes of demonstration by photo, this is
demonstrated over a light background.

If there were no discernible plaques at any dilution, the phage cocktail was said to have no
lytic effect on the Pa strain being examined. If lytic activity was seen in the negative control
spot, then results for that replicate were discounted due to contamination. It should be noted
that output of this assay is expressed in the apparent phage titre in PFU/ml, as described

above, and output is on a logarithmic scale whereby increasing PFU/ml indicates more active

viral particles per unit volume and therefore higher levels of sensitivity.

In many instances, individual plaques were not easily distinguished, though there was plaque
formation. Thus, a simplification of the above formula was proposed, in which PFU in spot
was either 0 or 1. This modification was made for several reasons: it standardised an approach
to all bacteria and removed the subjectivity in counting on the majority of occasions where it
was difficult to define a number of well-defined plaques, but also accounting for the fact that
the logarithmic scale used in the calculation was most heavily influenced by the dilution factor

from which the spot was taken. Thus, for most strains that were being analysed, the number
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of individual plaques seen (usually from 1-6), at the greatest dilution did not make a sizable

difference in terms of PFU/ml on the logarithmic scale being used.

2.6 PLANKTONIC GROWTH ASSAYS
Sterile plastic 96 well plates (ThermoFisher Scientific) were used for both planktonic and
biofilm assays. Overnight cultures of Pa strains were diluted in Mueller Hinton broth (MHB)

to an OD of 0.05 with a portable spectrophotometer as described previously.

For planktonic culture, 180 pL of overnight culture (diluted to OD 0.05) was pipetted into each
well of a 96 well plate. 20 pl of SMB was then pipetted into negative control wells, 20 ul of
each dilution of phage, antibiotic preparation, or combination was added to individual wells
according to individual experimental protocol so that the final volume in each well was 200
pl. Plates were then sealed with a breathable, oxygen permeable seal and placed overnight

(16-20 hours) in the incubator at 37°C at 200 rpm.

Outcomes for planktonic growth were optical density and fluorescence reading with resazurin
to approximate bacterial activity. Both were read with the plate reader (BMG Labtech

FLUOstar Omega). Negative controls were wells with no bacteriophage or antibiotics added.

For the first reading, optical density was measured spectophotometrically as an
approximation of cell growth as described elsewhere (244, 245). A diagram showing the basic

principle of spectrophotometric measurement is described in Figure 2.5.1.

Collimator Wavelength Selector Detector
(Lens) (Slit) (Photocell)
/ A\l Io It
Digital Display
Light source Monochromator Sample or Meter
(Prism or Grating) Solution
(in Cuvette)

Figure 2.6.1. Basic spectrophotometry (246).

The multi plate reader was calibrated to ODeoo. It should be noted that the linear range of

absorption to colony forming units (CFU in bacteria per ml) has been described for
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Pseudomonas aeruginosa by other colleagues in my laboratory and elsewhere in scientific

literature (245).

2.7 STATICBIOFILM ASSAY
The static biofilm assay in microtiter plates has been used in a number of permutations for
some years due the fact that many experimental protocols can be tested at once, and for the
fact that it is high throughput (247-249). Biofilms were assessed for both cell viability and
total biomass to give a robust measurement of adherent bacterial colonies. Outcomes for
biofilm growth were measured with resazurin for an approximation of cell viability and with

crystal violet for an approximation of biomass.

To grow biofilms, 200 uL of overnight culture (diluted to OD 0.05 in Mueller Hinton broth —
Sigma Aldrich) was pipetted into each well of a 96 well plate. Plates were incubated at 37°C
for 24 hours static to allow cells to adhere to the sides and bottom of the wells. With a multi-
channel pipette, wells were emptied and washed with a phosphate buffered saline (PBS)
solution before 180 L of Mueller Hinton broth was added to all wells. 20 pl of SMB was then
pipetted into negative control wells, 20 ul of each dilution of phage, antibiotic preparation,
or combination was added to individual wells according to individual experimental protocol
so that the final volume in each well was 200 pl. Plates were then sealed with a breathable,
oxygen permeable seal and placed overnight (16-20 hours) in the incubator at 37°C at 200

rpm.

THE RESAZURIN ASSAY
Resazurin salt (Alamar Blue, IUPAC name: 7-hydroxy-10-oxiphenoxazin-10-ium-3-one) is a

chemical that has been widely used to approximate cell viability (250). Resazurin is a non-
fluorescent blue dye that is reduced to a pink, highly fluorescent chemical called resorufin by
metabolically active cells. A 1% w/v stock solution of resazurin was prepared by dissolving
powder in 100 ml of distilled water. From the stock solution, 50 ml of a 0.02% w/v working
solution of resazurin was made and stored in the fridge at 4° C in a sterile tube. The volume
of resazurin added was 10% of the total volume of each well (e.g. 20 uL of 0.02% w/v resazurin

working solution in a total well volume of 200 pL).
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For evaluating biofilm cell viability, all wells were emptied of free-floating cells by
microchannel pipette and washed with PBS before introduction of 180 uL of MHB, then 20 uL
of resazurin 0.02 % w/v working solution according to the manufacturer’s instructions
(ThermoFischer Scientific). Plates were covered with aluminium foil and incubated at 37°C for
3-4 hours before being transferred to the plate reader for analysis. Plates were analysed using
a plate reader using emission and excitation wavelengths of 540 and 590 nm, respectively
(Flsao/s90). The gain was set to 95% (251) based on a positive control of resorufin that had been

prepared beforehand.

THE CRYSTAL VIOLET ASSAY
Crystal violet is a dye that stains cells and extracellular proteins, and after a simple washing

step, remains on all matter adherent to the plastic wells (biofilms) before solubilisation for
spectrophotometric quantification. This is a common high-throughput method for biomass
quantification of adherent biofilms (247, 248). For this assay, a 0.1% crystal violet solution
was created with sterile water from a liquid 1% aqueous stock (Sigma Aldrich). Plates
containing viable cells and resazurin were emptied in waste containers for safe disposal. They
were then washed twice by submersion and inversion in water before tapping out the
remaining liquid content onto paper towels. 180 pL of 0.1% crystal violet solution was added
to each well of the plate and gently rocked for 15 minutes at room temperature. Emptying
and washing steps were then repeated and plates allowed to dry in the microbiological safety
cabinet. 200 pL of 95% ethanol was added to each well to solubilise the biofilms stained with
crystal violet and then left alone for 30 minutes before absorption readings with the

spectrophotometer (ODsso).

Outcomes for both assays are depicted visually in Figure 2.6.1.
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Figure 2.7.1. Visual outcomes of both biofilm assays in 96 well plates.

On the left (a) the dark blue resazurin is metabolised into the pink resorufin by metabolically
active cells at an excitation wavelength of 540nm and an emission wavelength of 590nm; and
on the right (b) the stained biomass of the crystal violet assay solubilised in ethanol is analysed
spectrophotometrically at 550nm.

These assays were intended to quantify different aspects of the biofilm: cell viability and

biofilm biomass, respectively. The assays are compared in some more depth in Section 3.4.

2.8 DISCDIFFUSION ASSAY
Antibiotic sensitivity testing was performed by disc diffusion assay according to EUCAST
protocols (252). Disc diffusion assay is one of the most widely used assays for performing

antibiotic sensitivity testing in hospitals.

In summary, isolates were grown overnight on nutrient agar. An inoculum suspension was
then prepared by taking a sweep of bacterial colonies with a sterile loop and suspending in a
solution of 0.85% sodium chloride visually adjusted to 0.5 McFarland standard. McFarland
standards are a visual scale of turbidity that corresponds to specific concentrations of colony
forming units (CFU) per ml. This value has been standardized for gram-negative rods like E.
coli or P. aeruginosa to roughly 1.5 x 108 CFU/ml (244, 253). A sterile cotton swab is then
dipped into the inoculum and spread evenly across Mueller Hinton agar plates with an

automatic plate rotator.

Antimicrobial discs (Oxoid) were applied firmly onto the surface of the agar within 15 minutes
of inoculation of the plates when were then inverted and incubated at 37°C overnight for 16-
20 hours. After overnight incubation, inhibition zones are read with a ruler at roughly 30cm

from the naked eye. Zones of inhibition are judged to be where there is no growth of bacterial
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colonies and these are compared to cut-offs established by EUCAST to determine resistance
or sensitivity (252). Pseudomonas aeruginosa ATCC ® 27853 ™ is a laboratory strain where
sensitivity cut-offs are published and was used as a quality control measure for each group of

disc diffusion assay testing.

2.9 VARIABLE NUMBER TANDEM REPEAT TYPING OF
PSEUDOMONAS AERUGINOSA

Variable number tandem repeat (VNTR) analysis was performed on isolates for selected
experiments to allow for determination of Pa strain. This was initially described by Turton et
al. (2010) using the numbers of tandem repeats at nine distinct loci to determine strain with
a high level of accuracy (254). This methodology has since been adopted by a number of
centres across the U.K., including the Royal Brompton Hospital (255), to track Pa infection in
CF patients over time and to allow typing of strains to analyse cross-infection and outbreaks.
Isolates used in this experiment were grown overnight on nutrient agar slopes and shipped
to Public Health England, where the experiments were performed with the assistance of the

team there.

Nine loci were used for strain typing according to the above method (ms61, ms172, ms207,
ms209, ms211, ms214, ms217, ms222, and ms213). The Liverpool strain (NCTC 13415) was

used as a control in each batch of experiments

For DNA extraction, a sterile plastic loop was used to suspend colonies from a nutrient agar
slope in 100 ul PCR water in a 0.5ml Eppendorf tube which was vortexed for 10 seconds.
Samples were them spun in a centrifuge at 15,500 g/rcf for 2 minutes. 2l of supernatant was
then pipetted into 9 wells of a plate for all loci to be amplified. Extracted DNA was stored in

the refrigerator at 2-8°C for up to 2 days before PCR was performed.

For the PCR, master mixes had been prepared for amplification of each locus and stored in a
clean freezer at -20°C. These reagents were thawed prior to use and made up in the PCR
laboratory. The QIAGEN HotStarTaq® Plus Master Mix Kit was used with addition of primers
and template. Reactions were set up at room temperature and PCR program was initiated

with a 5 minute heat activation step at 95°C.
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For sizing of amplicons at loci ms172, 211, 213, 214, 217 and 222, agarose gel electrophoresis
was performed by running PCR products on a 1.5 % (w/v) agarose gel. 5 pl of each sample
was loaded onto each agarose gel, as well as the same amount of the 50 bp HyperLadder
(used every 6-8 wells to aid size readings). Electrophoresis was run at 2 hours at 150 V or until
dye in loading buffer had migrated a sufficient distance. Gels were stained with GelRed (3 x
0.1 M NaCl) for 30 minutes and viewed under UV transillumination for measuring the number

of repeats at each locus based on size tables.

For loci ms207, 209 and 61, fluorescent primers were used and plates were submitted and
analysed by the Genomic Services and Development Unit. Results were provided as FSA files
and analysed using PeakScanner software to determine the size of each peak, allowing

quantification of the number of repeats at the three remaining loci.

Zoé Payne from PHE helped with the VNTR typing as she performed the full analysis for the
majority of the strains presented herein. The use of an external laboratory was required for
the analysis of the three loci analysed by quantification of fluorescent primers (ms207, 209

and 61), as this required a different set of personnel and equipment within PHE.

An example of the agarose gel electrophoresis with a results table is shown in Figure 2.8.1 (a).
Example summary data combining the gel electrophoresis and the fluorescent primers for loci

207, 269 and 61 are shown in Figure 2.8.1. (b).

SIZE (bp) | ng/BAND
2000 50
1800 20
1600 20
1400 20
1200 20
1000 100
800 30
700 30
600 30
500 30
400 30
300 100
200 40
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Figure 2.9.1. VNTR assay output and summary data.
(a) Example agarose gel electrophoresis with 4 strains after being stained with GelRed and

viewed under UV transillumination. The amount of repeats at the given loci was determined
by size on the 50bp HyperLadder, shown on the right (256). For each locus, a given weight
using the 50bo HyperlLadder corresponded to a different number of tandem repeats. Some
of the data were difficult to interpret if there was no signal at a given locus (eg. 6" locus on
the first strain on the left and 5 locus on the fourth strain on the right). (b) Summary data
for VNTR reads of 8 isolates. Despite information at certain loci being indiscernible (Lane 6
shown by —at loci 211 and 213, among several other examples).

All of these results shown in the above figure were sufficient for clustering in the dendogram

software, shown later in Chapter 6.

2.10 STATISTICAL ANALYSIS
All statistical analysis and graphs were performed using GraphPad Prism software (USA). Tests
of normality were performed for all data using the Shapiro-Wilk test unless otherwise stated
and data were said to be normally if an alpha of 0.05 was reached. For work in the microtiter
plates, a method called ‘robust regression followed by outlier elimination’ (ROUT) was used
to detect outliers if the data were normally distributed. With this method, an average false
discovery rate for outliers is below 1% with data following a Gaussian distribution (257). All

other statistical tests have been described in the relevant chapters.
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3 CHAPTER 3: BACTERIOPHAGE USE ON PSEUDOMONAS
AERUGINOSA BIOFILMS

3.1 INTRODUCTION
In CF, timely antibiotic administration (in combination with enhanced airway clearance and
better nutrition), has contributed to increased longevity and improved quality of life in
patients with this disease (258). In cases of chronic infection, especially with Pa, this success
has required chronic daily suppressive therapy nebulised into the lungs. Antibiotic
nebulisation suppresses the growth of a given pathogen with the objective of limiting
inflammation and avoiding hospitalisation. Indeed, meta-analyses have demonstrated that
nebulised antibiotics against Pa reduce bacterial load, thereby reducing inflammation and
slowing the decline in lung function (259). Unfortunately, this daily nebulisation rarely clears
well-established infection and the disease course of patients with CF and chronic infection is
punctuated by periods of exacerbation that require courses of oral antibiotics and admissions
to hospital for more aggressive therapy. For this reason, there has been a focus on both
understanding the reasons that antibiotics fail, but also on potentiating their effects in the

airways to allow for enhanced bacterial killing.

Though there have been many proposed shortcomings of conventional antibiotic therapy,
here, | will focus on those that have been attributed to biofilms. Within the CF lung, Pa exists
as aggregates that are suspended within the sputum matrix (100, 260). This biofilm lifestyle
as aggregates contributes to survival of the bacteria by providing physical protection of the
bacteria from immune cells and from antimicrobial therapies. It is known that the minimum
inhibitory concentration (MIC) of planktonically grown bacterial can be many orders of
magnitude higher for the same bacteria when grown in biofilms (261). In many instances,

however, it is simply not possible to achieve these concentrations in the airway (161-163).

The reasons that bacterial biofilms are so tolerant to high levels of antimicrobials is multi-
factorial and specific to both the bacterial species and antibiotics used to target them. Mah
et al. (2003) demonstrated a distinct genetic mechanism employed by Pa, which allowed it to
selectively sequester aminoglycosides at the surface of the biofilm by virtue of the production
of periplasmic glucose polymers (262). This aminoglycoside sequestration was also nicely

demonstrated in a study that used confocal microscopy to show that the antibiotic
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tobramycin, by acting on actively dividing cells, can only target the outermost cells of a biofilm
(155). In this same study, it was shown that the use of colistin, an antibiotic working by an
entirely different mechanism - solubilising the outer membrane of bacterial cells (and thus
with no requirement for metabolic activity to exert its effect) - is able to target cells deeper
within the biofilm. By employing dual mechanistic action, the combination was seen to be

effective in diffuse killing within the biofilm structure.

Strategies combining antibiotics with other agents to tackle biofilm infections are in active
development and have been the subject of several comprehensive reviews, from the
administration of antimicrobial peptides (263, 264), to liposomal preparations of antibiotics
that have the ability for enhanced penetration into biofilms (158, 159). While the former
strategy of using antimicrobial peptides is intended to potentiate the killing effects of
antibiotics- by facilitating access through bacterial cell walls-, the latter seeks to allow greater
penetrance of the antibiotics into deeper layers of the biofilm. Promisingly, a nebulised
liposomal amikacin preparation that demonstrated increased biofilm penetrance in pre-
clinical trials has made its way into clinical use and is efficacious in Pa infection, although it
has not demonstrated superiority to nebulised tobramycin, which is often the treatment of

choice in clinical practice (265).

There is a modest but expanding body of evidence demonstrating potential of bacteriophage
to combat Pa infection in CF lungs. Previous studies have shown efficacy of anti-Pa phage in
planktonic (241, 266), and chronic/biofilm models of murine lung infection (242). Although
these results are promising, it is difficult to generalise results from studies with different
bacteriophage and strains, even when clinical Pa strains from CF airways have been used.
Pabary et al. (2016) have shown increased survival and lowered inflammatory response in a
model of murine lung infection using several of the specific phages used in these experiments
and the experiments described in this section are a natural extension of benchwork providing
a stronger evidence base as this therapy makes the leap from laboratory to human therapy

(241).

Some lytic phage specific to Pa employ the use of exopolysaccharide degrading enzymes that
can disperse biofilms, which may prove beneficial in chronic, biofilm infections (267). Indeed,

use of one such enzyme, alginate lyase - which degrades alginate (exopolysaccharide
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produced by many types of bacteria, but particularly mucoid Pa), allows for greater bacterial
killing when added to standard antibiotics (268). This specific enzyme has been seen to be
produced by phage specific to Azotobacter vinelandii as early as 1977 (269) and has also been
isolated from anti-Pa phage (267). It is believed that endogenous production of this enzyme
by phages could permit penetration into deeper layers of the bacterial aggregates seen within
the CF lung. The use of such phage encoded exopolysaccharide depolymerases has been put

forth as promising antibiotic adjuvants in their own right (270).

Furthermore, in contrast to most conventional antibiotics which require actively dividing
bacterial cells, bacteriophage have the ability to lyse metabolically dormant cells. A study
investigating certain S. aureus phages demonstrated infection and lysis of metabolically
dormant persister cells in addition to exopolysaccharide degradation of the biofilm matrix
(271). As another proposed mechanism, a T7 bacteriophage engineered to produce AHLs
involved in quorum-sensing for a wide range of bacterial species was seen to effectively
inhibit biofilm formation in a mixed species biofilm of Pa and E. coli (272). Thus, from the
ability to penetrate deep into the biofilm, to targeting cells that are not actively dividing, to
the interruption of QS pathways necessary for biofilm formation and maintenance, phage
therapy has the potential to enhance the amount of bacterial killing achieved by antibiotics

alone.

Here, | wished to test the efficacy of bacteriophage in eradicating pre-formed biofilms in a
wide range of different clinical strains, especially when added as an adjunct to standard
antimicrobial treatment. Two commonly used antibiotics in Pa lung infection in CF patients
are ceftazidime and tobramycin. Both antibiotics are bactericidal (as opposed to
bacteriostatic) and are often used together in the treatment of lung infection in an inpatient
setting and have distinct mechanisms of action. Tobramycin, which acts on the 30s and 50s
ribosomal subunits of actively dividing cells, prevents the formation of a functional ribosome.
Ceftazidime, a third-generation cephalosporin, breaks the peptidoglycan cross-linkages in the
bacterial cell wall in order to kill bacteria. The action of phage is distinct, as described above,
but without extensive research into the 4 specific phage that comprise the cocktail being used
for our experiments, it is not known whether these phages will be able to penetrate biofilms
or kill metabolically dormant cells, rendering them useful adjuncts to antibiotic therapy. It

was a distinct possibility that, when used together, antibiotics and bacteriophage could
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compete for the same cells on the exterior of the biofilm and that no added benefit would be

observed.

3.2 HYPOTHESIS
The lytic bacteriophage cocktail used in these experiments, when used on Pa isolates that
have been selected based on planktonic susceptibility to bacteriophage, will be effective
against biofilm-grown bacteria and will enhance the efficacy of an antibiotic combination of

two commonly used anti-pseudomonal antibiotics.

3.3 AIMS AND OBJECTIVES
Our main aim for this part of the research was to test efficacy of a 4-phage cocktail of
antipseudomonal phage on a wide variety of CF isolates from airway cultures when grown in
biofilm culture and to ascertain the additional effect of co-administering this treatment with

antibiotics.
In order to quantity the efficacy, | had the following objectives:

e To ascertain the level of planktonic susceptibility to a 4-phage cocktail in Pa isolates

from a range of different patients

e To grow these Paisolates as biofilm and quantify reduction in biofilm using two
assays: (1) a cell viability assay using resazurin salt; and (2) a crystal violet assay to

quantify biomass
e To demonstrate reproducibility of the above data
e To assess correlation of the two biofilm killing assays used

e Toinvestigate the relationship between planktonic and biofilm sensitivity to

bacteriophage

e To determine whether there is enhanced biofilm eradication using the
bacteriophage cocktail as an adjunct to two commonly used antibiotics: ceftazidime

and tobramycin
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3.4 MATERIALS AND METHODS

SELECTION OF PA STRAINS
The Microsoft Access database of Pa isolates from the Royal Brompton Hospital (RBH) was

used to select isolates from 16 different CF patients. Isolates were selected on the basis of
recorded sensitivity to both ceftazidime and tobramycin according to the microbiology
laboratory of the hospital. These isolates were not rescreened for sensitivity prior to starting
these experiments. All isolates were further examined by plaque assay and screened for their
sensitivity to at least the neat bacteriophage cocktail (1x10° PFU/ml). On the basis of this, and

experimental logistics, | selected 16 different Pa isolates for this chapter’s experiments.

PLAQUE ASSAY
The standard plaque assay is the cornerstone of bacteriophage sensitivity testing and has

been previously described (Section 2.5) (273). An overnight culture of the 16 selected Pa
isolates was placed in nutrient broth by introduction of a sweep of bacterial colonies from
nutrient agar (as described in section 2.1) and grown overnight. Each overnight bacterial
culture was diluted in fresh nutrient broth to an optical density (OD) of 0.05. One hundred
uL was added to 3mL of semi-solid nutrient agar (Oxoid), poured over sterile nutrient agar
plates (Oxoid) and allowed to dry in the safety cabinet for 20-30 minutes. 5uL aliquots of each
phage cocktail dilution (neat phage to 10 dilution, PBS was used as a negative control) were
spotted onto the surface of the Pa inoculated plates in rows for three technical replicates per
agar plate. Plates were then kept in the safety cabinet until the spots had dried before

incubating the plates overnight (16-24 hours) at 37°C.

BIOFILM ASSAYS
For this experiment, | used standard 96-well plates for two different, high-throughput assays

that were described previously (Section 2.6). In brief, 200 puL of overnight culture in Nutrient
Broth (Oxoid) was diluted to an OD of 0.05 and then pipetted into each well of a 96 well plate.
Plates were incubated at 37°C for 24 hours static to allow cells to adhere to the sides and
bottom of the wells. Wells were then emptied by pipetting and washed with a phosphate
buffered saline (PBS) solution before 180 L of Mueller Hinton broth (Sigma Aldrich) was added
to all wells. Twenty (20) ul of each treatment was applied to the wells. There were three

different treatment protocols:
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i) An antibiotic mixture of ceftazidime and tobramycin, both at 2x the published
breakpoints for sensitivity (final concentration in wells was 16 mg/ml
ceftazidime + 8 mg/ml of tobramycin);

ii) The bacteriophage cocktail on its own (final concentration 1x10% PFU/ml);
and

iii) The antibiotic combination of ceftazidime and tobramycin as described above
+ the phage cocktail (final concentration 1x10% PFU/ml of phage, 16 mg/ml
ceftazidime and 8 mg/ml tobramycin).

For the no treatment wells, 20 ul PBS was added as this had been used to make antibiotic and
phage dilutions. Plates were then incubated overnight (a further 16-20 hours) at 37° C before

final biofilm measurements were obtained.

As described in Section 2.6, subsequent analysis involved two biofilm assays. For resazurin,
all wells were emptied of free-floating cells by microchannel pipette and washed with PBS
before introduction of 180 uL of MHB, then 20 uL of resazurin 0.02 % w/v working solution.
Plates were covered with aluminium foil and incubated at 37°C for 3-4 hours before being
transferred to the plate reader for analysis using emission and excitation wavelengths of 540
and 590 nm, respectively (Flsao/se0). Plates were then emptied by tipping out contents and
washed twice by submersion and inversion in water before the remaining liquid was removed
by inversion. | added 180 uL of 0.1% crystal violet solution to each well for 15 minutes before
2 further inversion and washing steps in water. 200 pL of 95% ethanol was then added to each
well to solubilise the biofilms and then left for 30 minutes before absorption readings with

the spectrophotometer (ODssg).

| repeated these experiments on 5 strains that represented a spectrum of treatment effects
at 2 different time points for statistical analysis to ensure reproducibility of data prior to

expanding the experimental protocol to include all 16 strains.

STATISTICAL ANALYSIS
All statistical analysis and graphs were performed using GraphPad Prism software (USA). Tests

of normality were performed for all data using the Shapiro-Wilk test unless otherwise stated
and data were said to be normally if an alpha of 0.05 was reached. For all work in the

microtiter plates, ‘robust regression followed by outlier elimination’ (ROUT) was employed to
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detect outliers if the data were normally distributed. Previously published data shows a false
discovery rate for outliers below 1% if the data falls under a Gaussian distribution with this
method (257). Within an individual strain, 2-way ANOVAs were performed to compare
outcomes between treatment groups, correcting for multiple comparisons. Although data for
the replicates in each treatment group were parametrically distributed, the summary data for
the 16 different clinical strains was non-parametric. The Wilkoxon signed-rank test was

therefore used for comparison between treatment groups.

COMPARISON OF RESAZURIN AND CRYSTAL VIOLET BIOFILM ASSAYS
I had chosen two biofilm assays for work in this section for different quantification of biofilm

properties. The crystal violet assay is widely used in biofilm work and gives a readout of
biomass from stained cells and cellular debris attached to the side of the wells. However, it is
easy to see how quantification of biomass as a stand-alone measure could miss amount of
cells killed by antimicrobial treatment. Two ensure that these two reads were indeed
measuring separate parameters, comparison is shown graphically in Figure 3.4.1. It is
important to note that in this graph, outputs for both assays have been represented on the
same graph to allow tracking sensitivity trends, although there is no relationship between the

right and left sided Y axes.

Comparison of biofilm assays using absolute
readouts from no treatment groups
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Figure 3.4.1. Comparison of the absolute reads from no treatment wells of both biofilm

assays.
Results are shown for the 16 strains used in this section. The resazurin assay (red) is
represented on the left hand Y axis, while the crystal violet assay (blue) is represented on the
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right hand Y axis. Outputs for both assays have been graphed together, although there is no
correlation between the values of the left and right hand Y axis. Error bars represent mean *
SEM.

Fluorescent values for the resazurin assay did not correlate highly with the readout of the
crystal violet assay for the no treatment groups. Some strains had biofilms with very high
biomass with crystal violet, but a comparatively low read for cell viability (e.g. Strain 8, Figure
3.4.1), while others had a much higher read for cell viability but did not have a large biomass
(e.g. Strain 14, Figure 3.4.1). The Pearson correlation coefficient was 0.35 with a p-value of

0.2, which did not meet significance.

The challenge in working with both of these outcome measures were that the outputs were
so different according to strain, which can be appreciated in Figure 3.4.1. This made
comparisons between strains difficult. Due to the variability in amount of biofilm biomass and
biofilm cell viability between strains, a decision was made to express these values as percent
reduction from the negative control (i.e. no treatment wells) of each strain. In so doing, |
standardised the treatment effects for each strain to itself, enabling us to compare treatment

effects across the 16 strains.

ASSESSMENT OF REPRODUCIBILITY
Before embarking on the high throughput method including all 16 strains, | sampled 5 strains

at 2 different time points to establish the reproducibility of the results. | selected 5 strains
that showed a variety of different planktonic sensitivity levels to the phage, and also a
diversity of treatment effects with both of the biofilm assays (response to antibiotics,
response to phage, response to the antibiotic combination). The 5 strains selected for analysis
and repetition of the assay were 1, 6, 8, 13 and 16. An example of the outcomes for the crystal

violet assay in strain 1 (the strain with the most variability) is summarised in Figure 3.4.2.
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Strain 1 Experiment 2
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(b)

Figure 3.4.2. Example reproducibility from strain 1 in two subsequent experiments using the

same protocol.

(a) Raw OD values using the crystal violet assay are plotted here (n=16 technical replicates for
each treatment group). Note the difference in the Y axis for the plotted OD values in the 2
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replicates of the experiment. The second experiment showed greater staining with crystal

violet and more consistent values. (b) Difference between group means showing 95%

confidence intervals of the Tukey Test. Although the second experiment showed more
staining with wider spread of data, it is the same treatment groups that reach significance.
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The results shown in Figure 3.4.2 summarise one of the 5 strains analysed and although there
is high variability of results in terms of absolute values (OD values for crystal violet assay
presented here), they show the same trends, yielding the same statistical results between
treatment groups on separate occasions. Comparisons of outcomes of the crystal violet assay

for all 5 strains at 2 different time points can be seen in Figure 3.4.3.

5 strains reproducibility over 2 experiments
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Figure 3.4.3. Reproducibility in 5 Pa strains at different time points (biological replicates).
The percent reduction in biomass compared to no treatment wells when using the crystal
violet assay is compared at two different time points for 3 different treatment groups (phage
alone, antibiotic mix alone, and antibiotic mix + phage). N=16 technical replicates, means SEM
shown Though the absolute values in terms of percentage did change, the trends remained
the same on the 2 occasions.

There was good reproducibility of data on 2 separate occasions with the same experimental
protocol. These results were discussed with Dr. Susan Lehman and Dr. Sandra Morales of
Ampliphi Biosciences Corporation, and after consideration of results for all 5 strains, our team
decided that there was sufficient reproducibility of the data to proceed to the next phase of

analysis involving all 16 strains.

3.5 RESULTS
Although examining the use of bacteriophage as a stand-alone treatment was not itself an

aim of this chapter, the plaque assay underpins much of the work involving phage and is itself
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likely to form the basis for the selection of patients for future clinical trials. It was useful for
us to be able to see the level of variation in this assay at different timepoints and also to see
how it related to results obtained in the biofilm assays. The work of this chapter also forms
the basis for the work described in subsequent chapters. Thus, results for the plaque assays
and correlation of plaque assay sensitivity with the amount of biofilm eradication is presented

first, with the adjunctive use of bacteriophage with antibiotics discussed later.

THE PLAQUE ASSAY
The plaque assay for each of the strains was performed in biological triplicate. In most

instances, the results that were obtained were similar; however, in some instances, results of
the plaque assay differed by many orders of magnitude. This distribution of results can be

seen in Figure 3.5.1.

Planktonic 16 strains
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Figure 3.5.1. Distribution of the three biological replicates of the plaque assay experiments.
Results show the three replicates for each strain to determine sensitivity to the bacteriophage
cocktail. Increasing bacteriophage sensitivity is shown on the Y axis in ascending PFU/ml.

The apparent phage titre is highly variable in different biological replicates from certain
strains (notably 10, 13 which differ by >2 orders of magnitude). Additionally, although

inclusion for these experiments required sensitivity to at least the neat phage cocktail, strain
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10, and strains 13, 14 and 16 showed complete resistance to the phage cocktail at 2 and 1

time point, respectively.

COMPARING PLANKTONIC AND BIOFILM SUSCEPTIBILITY TO PHAGE
In general, the results of the plaque assay were not predictive of biofilm reduction. The results

depended on clinical strain and also on the type of assay being used, with the resazurin
outcome measure (immunofluorescence expressed as a percent of the no treatment wells)
approximating cell viability and the crystal violet outcome measure (OD expressed as a
percent of the no treatment wells) approximating biomass reduction. These results are

summarised in Figure 3.5.2.
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Figure 3.5.2. Comparison of planktonic and biofilm susceptibility to phage.

Planktonic sensitivity to phage as assessed by plaque assay (blue square) is shown on the
logarithmic scale on the left sided Y axis. Percent reduction in biofilm cell viability (red circle
- assessed by IF resazurin assay) and biofilm biomass (purple triangle - assessed by crystal
violet OD readings) are plotted on the right sided Y axis. Results of the cell viability assay for
strain 16 actually increased with addition of phage and this was statistically significant using
a paired t-test (p=0.0021, 95% Cl 6.7-17.9% increase in cell viability).

Across the group of 16 strains, bacteriophage cocktail monotherapy resulted in a decrease in
cell viability (resazurin) of 46% (95% Cl 28.0-64.6%) and in biomass of 59% (95% Cl 43.0-74.7%)
and these means were not significantly different from one another. Though in general, results
of the resazurin assay and of the crystal violet assay correlated well with each other (Pearson

coefficient 0.80, p=0.0002), there were more instances of greater biofilm biomass reduction
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than cell viability (strains 1, 2, 6, 10). The level of planktonic sensitivity to bacteriophage did
not correlate with outcomes of either biofilm assay (Pearson’s coefficient of 0.36 and 0.41 for
the resazurin and crystal violet assays, respectively). Though for many cases, planktonic
sensitivity did translate to biofilm reduction (strains 3, 4, 5, 12, 15), there were instances of
planktonic sensitivity that did not equate to much reduction of biofilm (strain 1) and certain
instances where the phage was not particularly efficacious planktonically, but demonstrated

enhanced efficacy in biofilm reduction (strains 9 and 14).

BACTERIOPHAGE AND ANTIBIOTICS IN BIOFILM
Comparing the results of the biofilm assay between the antibiotic combination group and the

bacteriophage group yielded a spread of different responses, which are summarised in Figure

3.5.3.
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4 Most Antibiotic-Resistant Strains in Biofilm
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Figure 3.5.3. Biofilm readout for the 16 strains with focus on the 4 most antibiotic resistant
strains.

(a) Percent reduction in biofilm biomass as assessed by the crystal violet assay for 16 clinical
Pa strains. Each strain is represented by a different coloured circle and is joined by dotted
black lines across treatments. Phage, antibiotic mix as well as combination treatment groups
are shown here graphically for comparison. Coloured circles represent means of 16 technical
replicates. The 4 most antibiotic resistant strains are circled in red and show high
susceptibility to phage as a single therapeutic agent). (b) Comparison between the 4 most
antibiotic resistant strains seen in (a) when looking at reduction in biomass compared to
antibiotic-phage combination. Error bars are means + SEM, N=16 .

I note that there is a large spread of responses that vary according to strain. In terms of biofilm
reduction as assessed by the crystal violet assay, some strains are more sensitive to the
antibiotic combination, some to the bacteriophage, others to both and some to neither. But
for the 4 most antibiotic resistant strains, these same 4 strains show high levels of biofilm

reduction when exposed to the bacteriophage cocktail.

The next portion of analysis, and the main objective of this chapter, looks at the use of
bacteriophage as an adjunct to standard antibiotic therapy in biofilm eradication across all 16

strains. Summary results for the 16 clinical strains are shown in Figure 3.5.4.
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Figure 3.5.4. Percent reduction in biofilm biomass and cell viability with antibiotic
combination and phage.

Dark blue shows the amount of biofilm reduction with the antibiotic combination alone, with
the added light blue showing the additional reduction in killing when the bacteriophage was
added. (a) Percent reduction of biofilm biomass when the phage cocktail was added to 2xMIC
of both antibiotics. The addition of the phage cocktail resulted in a further 1.7-fold reduction
in cell viability across the 16 strains (p < 0.001 using the Wilcoxon signed rank test) compared
with the dual antibiotics alone. (b) Percent reduction in metabolic activity of biofilm cells
when the phage cocktail was added to 2xMIC of both antibiotics. The addition of the phage
cocktail resulted in a further 1.3-fold reduction in cell viability across the 16 strains (p < 0.001
using the Wilcoxon signed rank test) compared with the dual antibiotics alone.

The 4 strains that demonstrated the greatest level of biofilm reduction with the addition of
the phage cocktail (strains 1, 5, 7 and 14) were the same 4 that were shown in Figure 3.5.3 as

being the most antibiotic resistant but also the most sensitive to the bacteriophage

independently.
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3.6 DISCUSSION
In this section, | looked at phage as an adjunctive therapy to standard antibiotics. Due to the
fact that antibiotics are the mainstay to target lung infection in CF and are associated with
improved patient outcomes, phages are unlikely to be given as a stand-alone treatment. In
exploring bacteriophage alongside antibiotic therapy, | demonstrated efficacy of a
bacteriophage cocktail when used as an adjunct to a standard antibiotic combination against
pre-established biofilms across a spectrum of different clinical Pa strains isolated from CF
patient airway cultures. Though there are many reviews summarising the scientific literature
looking at the efficacy of bacteriophage in both the prevention of biofilm establishment (274)
and in biofilm eradication (275-277) of a wide range of clinically relevant organisms, this
research is important in that it shows efficacy in an array of clinical strains found in a specific

disease process alongside clinically relevant antibiotics and concentrations.

The fact that the 4 strains demonstrating the highest level of resistance to both ceftazidime
and tobramycin demonstrated high levels of sensitivity to the bacteriophage cocktail does
indicate that these agents are potentially targeting different cell populations. This is
encouraging for an adjunctive therapy as it indicates that the agents would not necessarily be
competing for access and killing of the same cell populations, but might be, in fact,
broadening the spectrum of populations eradicated. The hope is that by using agents that
work in different ways, the success of antimicrobial therapy would be increased and that this

may translate to improved patient outcomes in CF.

In an historic sense, the precedent of using bacteriophage clinically as an adjunct to antibiotic
treatment was employed as early as 1946, when used with penicillin to fight Staphylococcal
infection, although at this time there was not a good understanding of bacteriophage
structure or biology (231). | used both ceftazidime and tobramycin, two standard antibiotics
that are often used together in Pa lung infection in CF, at concentrations that could be
achieved with either nebulisation or intravenous administration. In the absence of clinically
relevant bacteriophage concentrations, | selected one concentration of bacteriophage for use
in these experiments and applied it broadly to the 16 clinical strains. In some cases, however,
either the antibiotic combination on its own or the bacteriophage on its own was too
efficacious at biofilm eradication to be able to contribute a meaningful signal. In some strains,

| saw that the biofilms were tolerant to both phage and antibiotics. It was interesting that
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there was a disconnect between planktonic sensitivity to the phage combination and the
efficacy in biofilm reduction. Because all isolates had been selected on the basis of sensitivity
to both ceftazidime and tobramycin in our hospital microbiology laboratory, this disconnect
is also observed with antibiotics and is the subject of further discussion in Chapter 6 of this

thesis.

The biofilm assays themselves should be the subject of some scrutiny as they both are crude
measures of one aspect of biofilm. It was our hope that by using two assays to measure
different biofilm components (in this case, biofilm cell viability and biomass), that the result
would be a more robust representation of the biofilm structure. The resazurin assay, for
instance, is intended and used as a cell viability assay; however, a more accurate description
would be one of detecting cell metabolic activity. And whether metabolic activity equates to
cell viability in a biofilm is a question that deserves attention. Addition of sub-inhibitory
concentrations of aminoglycosides has, at least in some in vitro work, been shown to result
in thicker, more robust biofilms (278), a fact that led researchers in this study to conclude
that biofilm formation was a specific and direct response to antimicrobial treatment. Without
either visualising these cells with microscopy using a live/dead stain, or solubilising the biofilm
and performing colony counts, | was not able to see whether the increase in metabolic activity
was from an increased number of cells, or (as | expect) a stable number of existing cells
increasing their metabolic activity in direct response to a threat in the environment in order

to enhance bacterial survival.

The time course of the experiments is another variable that deserves discussion. | selected 24
hours for the initial growth of our biofilms to allow cells to adhere to the 96-well plates, but
there are experiments using much longer timepoints, which could be useful in analysing a
treatment that would likely be given over some weeks and not at a single time point. For
instance, some of the early work looking at bacteriophage T4, which infects and lyses E. coli
cells, showed both bacterial and phage evolution that resulted in population stability over
periods as long as 52 weeks, that were worrying with regards to the development of lytic
phage therapy (279). Further studies with E. coli showed that resistance could rapidly evolve
to T4 phage by changes in lipopolysaccharide on the bacterial outer membrane (280). It was
then shown that mutations conferring resistance of T4 phage in E. coli can occur in several

different loci. Despite these numerous and varied mechanisms of resistance, researchers also
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saw that evolution to evade the predatory effects of phage came at a cost, as these changes
rendered the bacteria less competitive (281). Nonetheless, these studies illustrate the fact
that (i) the relationship between phage and bacteria is complex and (ii) | do not know whether
the repeated and sustained use of bacteriophage will continue to show efficacy of this therapy

or whether, as in some of the above studies, a population equilibrium would be reached.

Despite these valid concerns surrounding our models and methodology and ability to
extrapolate results and apply them to a clinical context, our results are promising. The 4-
phage cocktail used in these experiments showed efficacy across a variety of clinically
relevant Pa strains both planktonically and within biofilm models. Notably, it was shown to
augment the benefit seen in the eradication of pre-formed biofilms with a clinically relevant
antibiotic combination, indicating that this is a therapy with great potential and deserving of

future studies.
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4 CHAPTER 4: EXPLORING ANTIBIOTIC AND BACTERIOPHAGE
INTERACTIONS AT SUB-INHIBITORY CONCENTRATIONS IN
PLANKTONIC AND BIOFILM CULTURE

4.1 INTRODUCTION
In the previous section, | used high concentrations of antibiotics (double the established
breakpoints published in EUCAST guidelines (252) for ceftazidime and tobramycin) in
combination with a high phage titre (1x108 PFU/ml — one 10-fold serial dilution from the neat
phage) in an attempt to achieve greater levels of biofilm eradication in 16 different Pa strains.
The combination of ceftazidime and tobramycin, two anti-Pseudomonal antibiotics
commonly used together in clinical practice, was more effective when combined with a
bacteriophage cocktail, in eradicating pre-formed biofilms when used at these high
concentrations. In general, however, the results showed that it was either the bacteriophage
cocktail or the antibiotic combination that led to the majority of the biofilm eradication. It
was difficult to draw any conclusions about what effect combination therapy would have on

Pa at different concentrations or even in different conditions.

Determining the effects of combined bacteriophage-antibiotics is potentially complex and
there is a body of preclinical experimentation that alludes to this. Part of the reason for this
is that many classes of antibiotics interfere with bacterial cell physiology in ways that are
crucial for phage infection, and hence there is a distinct possibility that combining phage with
ceftazidime or tobramycin will reveal non-additive or even inhibitory/antagonistic results.
Tobramycin, for instance, is an aminoglycoside antibiotic that targets the bacterial ribosome
30S subunit, and ribosomal function is essential for virion replication and the cell lysis of
bacteriophage (282). Ceftazidime, a R-lactam, works at the cell wall, which is where the
bacteriophage adsorb to surface proteins, necessary for injecting genetic material into the
cell. Exposing Pa to an antibiotic to which it is susceptible can, in theory, block subsequent
phage infection and phage-mediated killing (282). One study illustrating this point looked at
4 phages infecting Ralstonia solanacearum, and demonstrated that phage viron production
was completely blocked with bacterial exposure 20 minutes prior to the addition of phage
with twice the observed MIC of rifampicin (283). Of note, there were two other phages this

group tested, for which there was simply a reduction of phage titre at 4 x MIC values. This
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observation led the authors to conclude that there are phages that carry their own RNA
polymerases, a finding which could have relevance to future phage selection. There are also
numerous Pa specific examples of phage-antibiotic antagonism that highlight this as a risk.
One early study revealed that burst sizes (the amount of phage virion progeny released at cell
lysis) of anti-Pseudomonal phage PM2 was reduced to less than 1% of that seen in control
conditions with simultaneous addition of rifampicin at a concentration of 0.3 pg/ml (284).
Subsequent work decades later, also with Pa, demonstrated that 100 pg/ml of rifampicin
added 10 minutes prior to lytic phages PAK_P3 and PAK_P4 completely inhibited phage
replication (285).

But as much as there is in vitro work contributing to the concept of phage-antibiotic
antagonism, there is a similar body of evidence supporting additivity or synergy. Gu Liu et al.
(2020) recently looked at many different antibiotic classes combined with phage against a
highly drug resistant E. coli in checkerboard assay and found that phage could render this
MDR bacteria susceptible to antibiotics at concentrations to which it had previously
demonstrated resistance (286). Interestingly, these experiments demonstrated synergism
with phage and ceftazidime and additivity of effects with kanamycin, an aminoglycoside
antibiotic in the same class as tobramycin. However, it should be noted that other
experiments exploring the use of anti-Staphylococcus aureus phage and kanamycin
demonstrated antagonism (287). For Pa, a study quantifying the number of phage present
after exposure of 48 hour biofilms to phage in conjunction with 5 different classes of
antibiotics for 48 hours concluded that the antibiotics tobramycin and ciprofloxacin blocked
virion production when concentrations approached 8 x MIC, while for ceftazidime and

colistin, phage production was still seen at these concentrations (288).

Furthermore, there is no reason that the interactions between antibiotics, phage and bacteria
should be consistent across planktonic and biofilm modes of growth. One study, for instance,
demonstrated that for 17 clinical Pa strains with resistance to a bacteriophage in planktonic
assay, this same phage was able to replicate within the biofilms of 8 of the 17 strains (289).
In the previous section, | discussed biofilms in some more depth, including the fact that some
phage has been seen to produce enzymes that degrade the biofilm matrix (290, 291), allowing
access to different populations of bacteria from deeper within the structure. | do not know

whether the 4 phage used in our cocktail produce such enzymes, but if they do, it is possible
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that (i) they might targeting cells embedded deeper into the biofilm and (ii) that they might
liberate cells from the biofilm and allow antibiotics to exert their bactericidal effects.
Theoretically, phage could reduce biomass by freeing up biofilm bacteria, in the absence of
virion production/ cell lysis. If the above is true, this might have been the reason that our
phage cocktail broadened the coverage achieved with conventional antibiotics in the previous
section, and could also mean that additivity of effect will more frequently be demonstrated

in biofilm as opposed to planktonic culture.

On the other hand, many cells in biofilm culture have access to fewer nutrients than their
planktonic counterparts, and there is laboratory evidence showing that many phages are less
efficacious and produce fewer viral progeny in conditions of reduced bacterial metabolic
activity (292). The process of lytic phage infection failing to lead to cell lysis (usually in
conditions of bacterial starvation) is termed pseudo-lysogeny and this is a potential reason
for reduced efficacy in biofilms. Importantly, however, when nutritional conditions improve

and metabolic activity of the bacteria resumes, lysis proceeds as intended (293).

My concern in drawing conclusions from the previous section, beyond the limitations of in
vitro testing, were that in the lung environment, gradients of antimicrobial concentrations
invariably exist, from supra-inhibitory to sub-inhibitory, not only accounting for the
geography and heterogeneity of the lung environment, but also for time due to the
pharmacokinetic properties of antibiotic clearance. For this section, | therefore wished to
evaluate the effects of varying sub-inhibitory levels of antibiotics individually when combined
with varying sub-inhibitory levels of bacteriophage in planktonic and biofilm culture. Without
a sufficient body of results for clinical trials involving phage in the context of most human
infections, including CF lung infection, such knowledge could not only help identify patients
who are more likely to benefit from phage therapy (for example, in the case of synergy with
antibiotic compounds used as chronic suppressive therapy), but may also help in post-hoc
analysis for clinical trials that are currently underway (for example, performing sub-analyses

on patients in whom certain classes of antibiotics have been used during the trial period).
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4.2 HYPOTHESIS
After strain-specific selection of sub-minimum inhibitory concentrations for ceftazidime,
tobramycin and bacteriophage in both planktonic and biofilm cultures, | will discover

individual interactions for phage resulting in varying efficacy rates.

4.3 AIMS AND OBJECTIVES

e To identify what effect sub-inhibitory concentrations of ceftazidime and tobramycin
have in reducing growth in planktonic culture and biofilm biomass, when combined
with sub-inhibitory concentrations of bacteriophage for 10 clinical and 1 laboratory

Pa strain

e To determine whether there are instances of synergy or inhibition and whether

there are trends as to type of culture or type of antibiotic when such conditions arise

e To establish whether antibiotic and phage combination therapy is more efficacious

in biofilm than in planktonic culture or vice versa

e To establish whether antibiotic-phage combination therapy is more efficacious with
ceftazidime or tobramycin, commonly used antibiotics with differing mechanisms of

action

4.4 MATERIALS AND METHODS

SELECTION OF PA STRAINS
The Microsoft Access database of Pa isolates from the Royal Brompton Hospital (RBH) was

used in the previous section to select isolates from 16 different CF patients. All strains had
been selected based on sensitivity to both ceftazidime and tobramycin as assessed by the
microbiology department at RBH, as well as to the neat bacteriophage cocktail, as assessed
by the plaque assay described in the previous section. | randomly selected 10 of the previously
examined 16 strains to perform more focused analysis in this section. The strains selected

were laboratory strain PAO1, as well as clinical Strains 1, 3, 4,5, 7,9, 10, 11, 14 and 15.

PLANKTONIC AND BIOFILM ASSAYS
Selected strains stored in glycerol solution on glass beads were removed from the -80°C

freezer and grown overnight in an incubator at 37°C on Nutrient agar (Oxoid). A sweep of

colonies removed by plastic loop was then grown in Nutrient broth (Oxoid), to reach
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logarithmic growth phase. | used standard 96-well plates for both planktonic and biofilm

experiments (ThermoFisher Scientific).

For planktonic culture, 180 pL of overnight culture was diluted in Mueller Hinton broth (Sigma
Aldrich) to an OD of 0.1 and then pipetted into each well of a 96 well plate. Twenty (20) pL of
solution for treatment groups was administered so that final target concentrations were
reached and final volume in the wells = 200 uL. For negative control wells, PBS was used as

this was used for phage and antibiotic dilutions.

Results were evaluated spectrophotometrically at 18 hours after treatment overnight in the
incubator at 37°C shaking at 200 rpm. Treatment groups (n= 6 technical replicates each) were
compared to each other and standardized across strains to account for differences in OD

measurements according to the following equation:
Percent reduction (%) inOD = ((ODcontroI/no treatment - ODtreatment)/ODcontrol/no treatment) x 100

For biofilm assays, 200 uL of overnight culture was diluted to an OD of 0.1 in Nutrient broth
and then pipetted into each well of a 96 well plate. Plates were incubated at 37°C static for
24 hours to allow cells to adhere to the sides and bottom of the wells. Wells were then
emptied and washed with a phosphate buffered saline (PBS) solution before 180uL of Mueller
Hinton broth (Sigma Aldrich) was added to all wells along with different treatments so that
final volume in the wells = 200 pL. For negative control wells, PBS was used as this had been
used for phage and antibiotic dilutions. Plates were then incubated at 37°C overnight (a
further 16-20 hours) shaking at 200 rpm before final biofilm measurements were obtained

using the crystal violet assay, as described in Methods section 2.6.

Treatment groups consisting of 6 technical replicates each were compared to each other and
standardized across strains to account for differences in biomass measurements according to

the following equation:
Reduction (%) of biomass with CV assay =

((ODcontroI/no treatment - ODtreatment)/ODcontrol/no treatment) x 100

82



ANTIMICROBIAL CHECKERBOARD ASSAY
| used a checkerboard assay, which has been previously described in detail, whereby serial

dilutions of two different antimicrobial compounds are administered to bacterial culture in a
96 well plate (294, 295). This is shown, modified for the purposes of my experiments, in Figure

4.4.1.
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Figure 4.4.1. Example setup of a synergy checkerboard assay.

This depiction of the checkerboard assay shows testing of two antimicrobial compounds (in
this case, an antibiotic compound and a bacteriophage preparation) in increasing
concentrations moving across the 96-well plate from left to right and down the plate from
top to bottom. Modified from (296).

Due to the amount of variability seen in treatment groups in the experiments performed in
the previous chapter, | opted for 6 technical replicates in each condition and 3 biological
replicates of the experiments performed using separate cultures from sweeps of colonies on

different days.

COEFFICIENT OF DRUG INTERACTION (CDI)
A coefficient of drug interaction (CDI) was developed for the assessment of interaction

between two different antimicrobial compounds and was used in accordance with previous

published data (297). It is calculated based on the following formula:

CDI=AB/(AxB)
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According to the OD readings for each treatment group, AB is the ratio of the antibiotic-phage
combination groups to the negative control group; A or B is the ratio of the single agent
(antibiotic or phage) group to the negative control group. A CDI value of <1 indicates that the

combination of A+B is synergistic, which values <0.7 are said to be strongly synergistic.

STATISTICAL ANALYSIS
All statistical analysis and graphs were performed using GraphPad Prism software (USA). Tests

of normality were performed for all data using the Shapiro-Wilk test unless otherwise stated
and data were said to be normally distributed if an alpha of 0.05 was reached. For all work in
the microtiter plates, ‘robust regression followed by outlier elimination” (ROUT) was
employed to detect outliers if the data were normally distributed. Previously published data
shows a false discovery rate for outliers below 1% if the data falls under a Gaussian

distribution with this method (257).

Within an individual strain, one-way ANOVAs were performed to compare outcomes between
treatment groups, correcting for multiple comparisons. If the mean effects of combination
treatment groups for the 3 biological replicates were statistically different using one-way
ANOVAs, CDIs were calculated to determine whether the combination should be classified as
synergistic (S) or was simply additive (A). Experimental conditions in which the effect of
combination therapy was significantly worse than either single phage or antibiotic therapy
were classified as inhibitory (I). Where results of group means were not statistically different,

the combination treatment was said to have no effect (N).

For comparing the relative success of combination therapy based on antibiotic choice and
type of culture, combination therapy was classified as either beneficial (additive or
synergistic) or not of benefit (no effect or antagonistic). Following conversion to a binomial
outcome (success or failure), the modified Wald method was used to calculate confidence
intervals of the proportion of successful outcomes for ceftazidime and tobramycin, and for

planktonic and biofilm culture (298).

ASSAY OPTIMISATION AND CHOICE OF ANTIMICROBIAL CONCENTRATIONS
| spent some weeks finding optimal antibiotic concentrations to test as each strain

demonstrated different breakpoints for both ceftazidime and tobramycin. For some strains,

for instance, not much antibiotic killing was observed at 1/16 the published MIC for
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tobramycin (0.25 mg/ml), but 1/8 the published MIC (0.5 mg/ml) achieved near total
eradication of the Pa in the broth of planktonic culture. Other strains, especially in biofilm
culture, demonstrated hugely varying rates of sensitivity to the antimicrobials used in this
section, from sub-MIC values to many times the published MIC. | capped our biofilm
treatments at 8x the published MIC for Pa — 64 mg/ml ceftazidime and 32 mg/ml tobramycin,
respectively. For phage, given that the neat cocktail provided to us was at a concentration of
1x10° PFU/ml, | opted for three concentrations: 1x10° PFU/ml, 1x10* PFU/ml and 1x10?

PFU/mI, representing 3, 5, and 7 logio serial dilutions, respectively.

Initial results demonstrated that there were too many parameters to be able to successfully
categorise the effects of combination therapy in a meaningful way. Excessive antibiotic or
excessive phage prevented any additivity or synergy being demonstrated, as seen in Figure
4.4.2 (b). Results for one clinical strain demonstrating synergy in biofilm culture are shown in

Figure 4.4.2.
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Figure 4.4.2. Checkerboard output for Strain 11 in biofilm culture with ceftazidime and phage.
(a) Results of adding three different concentrations of bacteriophage to 16 mg/ml ceftazidime
showed that there was a synergistic effect at 1x10* PFU/ml and 1x108 PFU/ml. The added
biofilm eradication at 1x10% PFU/ml did not reach significance. (b) Results for adding the three
concentrations of bacteriophage to 32 mg/ml ceftazidime showed that there was an over 80%
reduction in biofilm biomass using the ceftazidime alone, which made any additional benefits
to the addition of phage more difficult to appreciate. Results shown here comprise 6 technical
replicates. One-way ANOVAs correcting for multiple comparisons; * <0.05, ** <0.01,
**%<0.001, ****<0.0001.

The above figure demonstrates the importance of choosing antibiotic and phage
concentrations, and although the additional effects in terms of biofilm biomass reduction
were seen at both concentrations of ceftazidime, the efficacy of the ceftazidime on its own
at a concentration of 32 mg/ml meant that statistical significance was lost when combining
the means of all 3 biological replicates. | therefore opted to choose one concentration of both
antibiotic and phage on which | performed statistical analysis and discerned the effects of
combination therapy. For antibiotics in planktonic and biofilm culture, | opted for the first
two-fold dilution below the observed MIC (either eradication of planktonic growth or
eradication of biofilm biomass), as long as this value achieved <75% reduction in OD from

positive controls to be able to optimally appreciate the effects of combination therapy. For

86



bacteriophage, | used the same principles, but as | worked with concentrations of 10-fold
serial dilutions, | used the first dilution below the breakpoint (either eradication of planktonic
growth or eradication of biofilm biomass), as long as this value achieved <75% reduction in
OD from positive controls to be able to optimally appreciate the effects of combination
therapy. For biofilm culture, there were instances where highest antibiotic and phage
concentrations did not achieve >75% biofilm eradication. In these instances, | assessed the
highest concentration tested. Applying these criteria to Strain 11, as seen in Figure 4.4.2,
resulted in a selection of ceftazidime at 16 mg/ml and bacteriophage at 1x10° PFU/ml (for this
strain, | did not identify a phage concentration that was seen to eradicate >75% of the biofilm

on its own, so the highest concentration tested was used).

4.5 RESULTS
The checkerboard assay was organised such that rapid visual assessment of additivity or
inhibition, both in planktonic and biofilm culture, was sometimes possible. Results for the
crystal violet assay in a strain in which there is a loss of phage efficacy when combined with

tobramycin as compared to phage alone is shown as an example in Figure 4.5.1.
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Figure 4.5.1. Photo of the crystal violet assay from one biological replicate for Strain 15.
This demonstrates the inhibitory effects of tobramycin on phage. Moving across the plate
left to right is increasing tobramycin. Moving down the plate is increasing phage. Each
treatment group has 6 technical replicates and the two treatment groups that best
demonstrate this phenomenon are boxed in red (left box = phage alone; right box = phage +
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tobramycin). In this photo, it is easily seen that bacteriophage is efficacious at eradicating
biofilm, as shown by less purple crystal violet staining. With the addition of tobramycin,
however, the bacteriophage is no longer able to exert the same effect, as shown by the
darker purple crystal violet staining denoting increased biofilm biomass.

Broadly speaking, there were three outcomes of the experiments in this section which are

depicted below: additive (Figure 4.5.2), inhibitory (Figure 4.5.3) and no effect (Figure 4.5.4).
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(a) M Tobramycin 0.5mg/ml + Phage 4x105PFU/ml (b) B Ceftazidime 64mg/ml + Phage 4x106PFU/mi

Figure 4.5.2. Two different clinical strains demonstrating the additive effects of combining
individual antibiotics and phage.

Results depicted are for 3 biological replicates combining 6 technical replicates in each
group. One-way ANOVAs correcting for multiple comparisons; * <0.05, ** <0.01, ***<0.001.
(a) Strain 7 demonstrates synergy of effect in the addition of phage at 1x10°PFU/ml to
tobramycin at 0.5mg/ml in planktonic culture. (b) Strain 5 demonstrated the additive effects
in the addition of phage at 1x10°PFU/ml with ceftazidime 64mg/ml in biofilm culture.

In the case of tobramycin-phage in planktonic culture for Strain 7 (Figure 4.5.2 a.), effects
were seen to be strongly synergistic, CDI = 0.43+0.07. In the case of ceftazidime-phage in
biofilm culture for Strain 5 (Figure 4.5.2 b.), group means were statistically different, but
results were simply additive. When group means showed a significant reduction in the

efficacy with combination therapy compared to single therapy (antibiotic or phage alone),

results were said to be inhibitory/antagonistic and examples are shown in Figure 4.5.3.
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Figure 4.5.3. Two strains demonstrating different types of inhibition when combining
individual antibiotics and phage.

(a) Strain 3 in planktonic culture demonstrated antagonism of the action of phage when
ceftazidime at 4mg/ml was added. (b) Strain 5 in biofilm culture demonstrated antagonism
of the action of tobramycin when phage at 1x10*PFU/ml was added. Results depicted are
for 3 biological replicates combining 6 technical replicates in each group. One-way ANOVAs
correcting for multiple comparisons; * <0.05, ** <0.01, ***<0.001.

It is important to note that if the effects were inhibitory, this could have meant either that (i)
the antibiotic reduced the efficacy of phage or (ii) the phage reduced the efficacy of the

antibiotic.
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Strain 14 Biofilm: Strain 14 Biofilm:
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Figure 4.5.4. Example of biofilm results for Strain 14 combining phage with ceftazidime or

tobramycin.

(a) There was no significant reduction in biomass when phage at 1x10°PFU/ml was added to
ceftazidime at 16mg/ml. Although the addition of phage appears to favour more biofilm
eradication than with the ceftazidime alone, results did not meet significance. (b) Results for
Strain 14 showing that there is no additive effect of the biofilm eradicating effects of
bacteriophage 1x10°PFU/ml when added with tobramycin 4mg/ml. Results depicted are for
3 biological replicates combining 6 technical replicates in each group. One-way ANOVAs
correcting for multiple comparisons; * <0.05, ** <0.01, ***<0.001.

Many individual strain results lost significance when means of the 3 biological replicates were
combined. This is the case for ceftazidime-phage in biofilm assay for Strain 14 (Figure 4.5.3
a.). A summary of all outcomes for individual strains for combination antibiotic therapy in

planktonic and biofilm culture are shown in Table 4.5.1.
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Table 4.5.1. Summary data for checkerboard experiments across 10 clinical strains + PAO1.

Antibiotic Ceftazidime Tobramycin

Culture type Planktonic Biofilm Planktonic Biofilm

PAO1
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The above summarises the results for both planktonic and biofilm assays, for which there
were 3 biological replicates comprising 6 technical replicates in each treatment group. A =
additional benefit for combination of antibiotic + phage; N = No added benefit from
combining antibiotic + phage (N denotes that group means were not statistically different); S
= synergistic benefit to adding antibiotic + phage; | = inhibitory effect of combination of
antibiotic + phage. Colour coding to enable simpler visualisation; dark green = synergistic;
light green = additive; yellow = no significant benefit; red = antagonistic. * indicates antibiotic
was antagonistic to efficacy of phage; # indicates that phage was antagonistic to the effects
of the antibiotic.

With planktonic cultures, combination antibiotic-phage therapy resulted in a higher rate of
bacterial eradication 54.5% of the time (95% Cl; 34.7-73.1%), whereas in biofilm culture this
was only seen 27.3% of the time (95% Cl; 13.2-48.2%). For individual antibiotics, combination
ceftazidime-phage therapy resulted in a statistically higher rate of bacterial eradication 59.1%
of the time (95% Cl; 38.7-76.7%), whereas for tobramycin this was 22.7% (95% Cl; 10.1-
43.4%). Notably, in biofilm, there were no strains that demonstrated a significant additivity
of effect with phage-tobramycin therapy, whereas 6/11 strains tested (54.5%) demonstrated
additivity or synergy with ceftazidime-phage combination therapy. In the cases where synergy
was demonstrated, CDIs were as follows: Strain PAO1 with ceftazidime-phage in biofilm
culture, CDI = 0.44+0.10; Strain 7 with tobramycin-phage in planktonic culture, CDI =
0.4310.07; and Strain 11 with ceftazidime-phage in biofilm culture, CDI = 0.58+0.12. Two of
the 3 instances in which phage-antibiotic antagonism was seen were due to reduced efficacy

of phage when combined with the antibiotic. There was one instance where combination
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treatment led to reduced antibiotic efficacy (Strain 5, tobramycin-phage in biofilm depicted

in Figure 4.5.2 b.).

4.6 DISCUSSION
| demonstrate in this section varying interactions between phage and ceftazidime and
tobramycin individually in planktonic and biofilm culture. On the more extreme ends of the
spectrum, there were instances of both strong synergy (CDI <0.7) and antagonism for both
ceftazidime and tobramycin in both planktonic and biofilm culture. Promising results for
combination therapy with a given antibiotic in planktonic culture did not necessarily translate
to significant reductions in biofilm biomass. It is worth noting that there were no instances of
additivity seen in biofilms with tobramycin for our 10 clinical and 1 laboratory strain. In using
a variety of clinical Pa strains from CF airway cultures, working out strain-specific MICs during
the experimental set up, using 2 different antibiotics employing different modes of action,
and utilizing both planktonic and biofilm culture methods, | had intended to see if a pattern
would emerge. Ultimately, however, the 11 strains described in these experiments were very
diverse and the final message is one of individual strains interacting differently with

antibiotics and phage in different growth conditions.

There has been a large focus in the literature on conditions that inhibit the action of phage,
and such studies have largely looked at the application of antibiotic prior (i.e. as pre-
treatment) to the administration of phage (283, 285). There is indeed a growing body of
research suggesting that the order of application can drastically alter the outcome of
antibiotic-phage experiments. One such study investigated the ability of phage treatment to
enhance the activity of antibiotics against biofilm-forming Staphylococcus aureus, and found
that when phage treatment was administered prior to antibiotics, results were additive or
synergistic, as opposed to when phage was administered after antibiotics, when results were
seen to be antagonistic (299). When designing my experimental protocol, timing of phage and
antibiotic administration had been intended to be simultaneous; however, in practice, | had
been administering the antibiotic compounds prior to the addition of phage on my 96-well
plates and time lags between antibiotic and phage administration could have been as high as
15 minutes for individual plates. In this way, | may have been unintentionally reducing the
efficacy of the bacteriophage in both planktonic and biofilm culture, giving the antibiotics

time to exert effects leading to antagonism of phage (which was seen in 2 experimental
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conditions: once in planktonic culture with ceftazidime and once in biofilm culture with
tobramycin; Table 4.5.1). Notably, in only 1 out of the 3 instances of antagonism seen did the
combined administration of phage worsen the efficacy of antibiotics alone (this was seen in

biofilm culture with tobramycin in Strain 5, Figure 4.5.2 b.).

One obvious criticism of these experiments is the failure of much in vitro work to adequately
simulate the complexity of bacterial infection in a living organism. The fact that bacteria exist
in polymicrobial communities within the lung environment is one such factor (300). This is
thought to be one of the reasons for the disconnect between laboratory-based methods of
antibiotic sensitivity testing (both in planktonic and in biofilm cultures) compared to clinical
outcomes (301). In one experiment using E. coli and Pa, the appropriate phage could eradicate
each monoculture biofilm, whereas the two bacteriophages applied together were not
effective in a mixed biofilm (302). Yet another factor is the environment in which these
organisms are grown in the laboratory. In my experiments, organisms were grown in Mueller
Hinton broth, which is rich in nutrients essential for the replication and survival of Pa. This
provides conditions that are vastly different to the human body environments in which Pa can
live — from the lung (where the 10 clinical isolates in this section came from) in the case of
lung infection or pneumonia, to urine in the case of a urinary tract infection, to blood serum
in the case of bacteraemia. Interestingly, Gu Liu et al.’s experiment (2020) involving MDR E.
coli also tested the combined effects of antibiotic and phage in urine and serum to simulate
some of the complexity of human infection, observing a reduction in the efficacy of both
antibiotics and phage, which they attributed to lower bacterial densities in urine and serum
when compared with broth culture. In some cases, however, they described an attenuation
of the synergistic effects that had been seen with certain antibiotics when combined with

phage in broth culture (286).

On the basis of the findings in this section, it is difficult to draw conclusions that might affect
the design and interpretation of clinical trials exploring phage therapy; however, based on
the finding that the aminoglycoside tobramycin was less likely to result in a favourable
outcome when combined with phage, it is important that further in vitro work be carried out
to investigate this, similar to work that has been carried out exploring antibiotic-phage
combinations in other organisms (286, 287). Furthermore, it would be reasonable to perform

sub-group analyses for patients involved in upcoming trials with phage to determine the
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clinical effect in those patients on chronic suppressive therapy with aminoglycosides and
whether this differs to patients on different suppressive therapy (for instance, with inhaled

levofloxacin or colistin).
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5 CHAPTER 5: ASSESSING IMPACTS OF PHAGE EXPOSURE ON
BACTERIAL BEHAVIOURS: A PILOT STUDY

5.1 INTRODUCTION
Pa’s large genome (5.5-7 Mb) encodes for an array of proteins including efflux pumps, cell
surface proteins, cell membrane transporters and virulence factors amongst others (303).
Differential up- and down-regulation of such genes translates to a phenotypic versatility and
resilience when faced with environmental changes and challenges, such as those posed by
the administration of antimicrobials. This adaptability in the heterogeneity of the lung
environment results in niches of phenotypically distinct bacterial communities, which
collectively enable Pa to persist despite attempts at eradication. In previous chapters, | looked
at this population heterogeneity through the biofilm aggregate structure (with fluctuating
levels of nutrients, oxygen, and antimicrobials as well as waste products). The resultant
phenotypic heterogeneity was discussed earlier in reference to the reservoirs of bacterial
populations within the biofilm that have the ability to withstand high levels of antibiotics. But

biofilms are one of many adaptations that Pa can undergo.

One common phenotypic change is proliferation of a mucoid phenotype — through copious
production of the exopolysaccharide alginate, which provides a physical barrier to
antimicrobials and host defences (110). Early Pa acquisition is typically associated with wild-
type strains from environmental sources that are non-mucoid and more easily eradicated
with aggressive antibiotic therapy (72). Phenotypic change such as conversion to mucoidy is
one example of a survival mechanism that can be driven by factors inherent in the cystic
fibrosis lung (110, 111), but also by external factors, such as antibiotic administration, aimed

at its eradication (112).

One factor that is believed to underpin this Pa adaptability described above is the
spontaneous mutation rate of the bacterial genome due to alterations in the DNA mismatch
repair (MMR) system. Strains with a high rate of spontaneous mutation (or hypermutator
strains), where mutation rates are up to 1,000-fold above levels that would otherwise be
expected, have been discovered in CF lungs (304). One seminal study revealed that 37% of
patients with chronic Pa infection were infected with a hypermutator strain (305). The MMR

system is an inhibitor of recombination of sufficiently divergent DNA sequences, some of
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which can be found in the genomes of related bacteria (306). When this system is suppressed
or down-regulated, there is also an increased rate of horizontal gene transfer from other
populations of bacteria (307). By way of summary, it seems that these strains are better able
to produce a phenotypically diverse set of progeny as a result of (i) an elevated mutation rate
and (ii) acquisition of genes from external sources. High spontaneous mutation rates have
also been seen in other CF lung pathogens, including Staphylococcus aureus and Haemophilus
influenzae, and this is therefore believed to be a predominant mechanism of adaptability in
pathogens that form the basis of human disease (308). Correspondingly, antibiotic sensitivity
testing has also demonstrated higher rates of antimicrobial resistance (AMR) in strains with a
high endogenous spontaneous mutation rate (304). Itis, therefore, important to acknowledge
the role that the aggressive therapies prescribed in a clinical setting may play in selecting for
isolates with a genetic predisposition for mutation and adaptability. Aggressive antimicrobial
therapy administered to combat lung infection and decline poses a strong selection pressure

for driving bacterial phenotypic change.

Transcriptomics is the field that deals with the entire set of RNA transcripts for a particular
cell or organism at a given time point (309). The use of such high-throughput methods has
the potential to analyse the expression of all transcripts at a given time-point and compare
them between different physiological conditions or treatments. The use of transcriptomic
analysis on Pa has yielded some very interesting — and clinically insightful - findings with
regards to standard antibiotic treatments. One study using transcriptomic technology
demonstrated that subinhibitory concentrations of imipenem (a carbapenem, one of the R-
lactam antibiotics) in Pa culture resulted in upregulation of ampC, which encodes beta-
lactamase production (310). Furthermore, researchers in this study demonstrated an
elevated expression of genes involved in the expression of alginate, one of the biofilm
exopolysaccharides involved in the phenotype of mucoidy. Transcriptomic analysis of Pa has
also been carried out on cells exposed to ceftazidime, another R-lactam (one treatment in the
experiments carried out in Chapters 3 and 4), and found increased expression of genes
relating to mutagenesis (311) and a decrease in the production of a range of QS-regulated
virulence factors involved in biofilm formation and maintenance (312). For the

aminoglycosides (of which tobramycin, one of the antibiotics used in Chapters 3 and 4, is a
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member), the MexXY efflux system has been shown in several independent transcriptomic

analyses to be induced by sub-inhibitory concentrations in wildtype Pa (313, 314).

Pa, therefore, can modulate the expression of genes in a response that is tailored to the
antimicrobial being administered. In these experiments, | wished to explore the impact of
bacteriophage on phenotypic expression and see how this translated to gene transcription in
both biofilm and planktonic culture. To select an appropriate strain for this experiment, | first
performed phenotypic analysis using a Congo Red agar method to identify strains that
changed phenotypic expression with topical application of phage. For the second part of this
section, | was given a small budget for a transcriptomic pilot involving one Pa strain in 4
different experimental conditions. For the transcriptomic analysis, | wished to explore how
bacteriophage might be able to influence bacterial phenotype through the expression of

different genes, quantified by RNA transcript readouts for one clinical strain.

5.2  HYPOTHESIS
i) Topical application of phage may drive phenotypic change in mucoid status in some Pa

strains visible with congo red staining;

ii) Differences will be detectable at the transcriptomic level for genes involved in
virulence/phenotypic change in both planktonic and biofilm cultures for one Pa strain which
has been exposed to sublethal concentrations of phage, after careful strain selection based
on a) susceptibility to the phage cocktail in both planktonic and biofilm culture and; b)

phenotypic change observed after topical application of phage on Congo Red agar

5.3 AIMS AND OBJECTIVES

e Observe presence of phenotypic differences with the topical application of
bacteriophage and antibiotic combination across 16 clinical strains using the Congo
Red agar assay

e For any strains that demonstrate this phenotypic change, carry out further work in
planktonic and biofilm culture for the selection of one strain treated with sub-
inhibitory concentrations of phage for transcriptomic analysis

e Perform RNA extraction for the chosen strain in planktonic and biofilm culture with

and without the addition of phage for analysis by the Imperial BRC Genomics Facility
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e Involve an external statistician to generate a list of genes with significantly increased
and decreased expression within each experimental protocol
e Investigate whether the list of genes identified by the statistician fit into known

biological pathways when mapped onto the genome of PAO1 with online software

54 METHODS

CONGO RED AGAR
Using Congo Red dye in agar was first described by Freeman et al. in 1979 to visualise the

production of exopolysaccharides in coagulase negative staphylococci (315). Pa is known to
produce exopolysaccharide pel, which is a Congo-red-binding component of the biofilm
matrix (316). Coomassie Brilliant Blue is also a dye that has been used to indicate increased
biofilm formation; however, in this case the dye binds to proteins and DNA-rich components

of the biofilm matrix (317).

An overnight culture of all 16 clinical strains (OD600 = ~1.0) was grown in a tryptone broth
medium (10 g/L tryptone; Oxoid) and then spotted in 15 uL drops onto Congo Red plates (10
g/L tryptone, 40 pug/mL Congo Red, 20 pug/mL Coomassie Brilliant Blue, and 1.5% agar) and
left in the safety cabinet for 15 minutes to dry (Congo Red and Coomassie Brilliant Blue
purchased from ThermoFisher Scientific and Tryptone and agar purchased from Oxoid). Ten
(10) pL of either PBS for control, bacteriophage (neat cocktail = 1x10° PFU/ml) in descending
log1o serial dilutions, or an antibiotic solution (ceftazidime 16 mg/ml + tobramycin 8 mg/ml)
in 2-fold serial dilutions were spotted onto the dried overnight bacterial spot and dried for a
further 15 minutes in the safety cabinet before inversion and incubation in the dark overnight

at37° C.

These experiments were repeated 3 times to ensure predictable phenotypic expression with

phage.

SELECTION OF STRAIN
Three strains (1, 10 and 13) demonstrating phenotypic change when grown on Congo Red

agar in the presence of phage were selected for further analysis of overnight growth curves.
All wells of a 96 well plate were inoculated with 180 pL of the respective strains, along with
20 pL of PBS for control wells, and bacteriophage from the neat cocktail (1x10° PFU/ml) to the
10°® serial dilution (1x103 PFU/ml).
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Strain 10 was selected on the basis of overnight growth curves in planktonic culture on the
plate reader (ODsoo readings every 15 minutes, set at 37° C and shaking at 200 rpm for 18

hours).

SELECTION OF PHAGE CONCENTRATIONS AND TIME FOR HARVEST
| selected a phage concentration for Strain 10 when grown in both types of culture that did

not eradicate growth, but led to a discernibly lower OD (for planktonic culture) and lower
staining with crystal violet (for biofilm culture). This concentration was 1x10° PFU/ml and an

8 hour time-point was chosen for harvest in both culture models.

RNA EXTRACTION AND GENERATION OF DATA
Overnight culture of Strain 10 was grown in Nutrient broth (Oxoid) overnight at 37°C shaking

at 200 rpm. For the planktonic assay, 180 uL of culture diluted to an OD of 0.05 was added to
6 wells of a 96 well plate. In 3 wells, 20 pL PBS was added as a negative control and in the 3
remaining wells, 20 L of bacteriophage (1x10° PFU/ml) was added before harvest at 8 hours.
For biofilms, 6 wells were filled with 200 uL of overnight culture diluted to an OD of 0.05 and
grown static for 24 hours to allow cells to adhere to the sides of the wells. At 24 hours, wells
were emptied by pipette, cleaned twice with PBS, and then 180uL of Nutrient broth was
added to all 6 wells. In 3 wells, 20 pL PBS was added as a negative control and in the 3
remaining wells, 20 uL of bacteriophage (1x10° PFU/ml) was added for a further 8 hours
before harvest. For biofilm harvest, planktonic growth was removed by pipette and remaining

cells were scraped from the side of the wells with a cell scraper.

| performed RNA extraction using the Qiagen RNEasy Mini Kit according to the manufacturer’s
instructions (Qiagen, Toronto, Canada). In brief, biological samples (12 samples, 3 in each
experimental group; planktonic control and planktonic + phage, biofilm control and biofilm +
phage) were taken from a 96-well plate and lysed and homogenized in the presence of a
guanidine-thiocyanate—containing buffer, which denatured and inactivated any RNAses to
ensure purification of intact RNA. Ethanol was added to optimise binding conditions, and the
sample was then applied to an RNeasy Mini spin column, where the total RNA bound to a
silica-based membrane and contaminants were washed away. RNA was then eluted in 30—

100 pl water. The concentration of RNA was determined by measuring the absorbance at 260
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nm (A260) in a spectrophotometer and all 12 samples had values of >0.15, indicating purity

(318).

Samples were then stored on dry ice and transported to the Imperial BRC Genomics Facility
(IGF) for sequencing. The following is a description provided by the IGF on the analysis they

performed on the 12 RNA samples:

Each RNA sample was quantified using Qubit and run on a Tapestation to assess sample
integrity. For each pool of libraries, Tapestation was used to assess fragment distribution and
presence of artefacts. Each submitted pool was also quantified by Qubit and/or qPCR prior to
sequencing. Sequencing was performed using a HiSeq4000. A total of 1 lane(s) was run as 75
base-Paired End. Sequencing data were quality checked using FastQC, and alignment
performed with TopHat2. The final analysis generated a gene count table comprising

differentially expressed genes and PCA plots files using HTSeq and DESeq?2 respectively. The

FastQC files were used in subsequent statistical analysis.

STATISTICAL ANALYSIS
The following is an account of the methodology used by Dr. Sara Fontanella (Department of

Medicine, National Heart and Lung Institute, Imperial College London). She has written the

following paragraph for inclusion in my work:

FASTQ files were aligned using the R package Rsubread (319) and, using the function
featureCounts, we quantified mapped reads to genes. Statistical analysis was, then,
performed using the edgeR (320) and limma (321) R/Bioconductor packages. To adjust for
differences in library-size, counts-per-million (CPM) were computed for each gene. Moreover,
to filter out noise, genes with an expression level below 0.5 CPM in less than 7 samples were
removed from the analysis and CPM data were normalized per the trimmed mean of M-values
(TMM) normalization method (322). Similarities between samples were, then, assessed using
multidimensional scaling (MDS) on the log2 (CPM). After pre-processing, limma-voom (323)
was used for differential expression analysis of the gene-level RNA-seq data. The linear
models (324) were fitted to the log2(CPM) and the Benjamini—Hochberg (FDR) (325) multiple-

testing correction at 5% was used for all DE genes. The end result of this statistical analysis is
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the generation a list of genes that have significantly increased or decreased expression for a

given experimental condition.

BIOLOGICAL PATHWAY ANALYSIS
With the results generated by Dr. Sarah Fontanella in the previous section, upregulated and

downregulated genes were fed into DAVID, an online software that is free to use and
developed and maintained by the NIH in the USA (326). | analysed only transcripts with a
minimum 2-fold change expression (g value <0.05). Without the complete genome of the

clinical Strain 10 known, we used PAO1 as the reference genome in this analysis.

5.5 RESULTS

CONGO RED AGAR
There were 3 strains that demonstrated significant phenotypic change with topical

application of sub-inhibitory concentrations of bacteriophage on Congo Red agar, and these

are shown in Figure 5.5.1.

Day 1 Day 7
Control Phage Antibiotics Control Phage Antibiotics
Strain 13

Figure 5.5.1. Congo Red agar on Day 1 and 7 for 3 strains that demonstrated phenotypic
change with phage.

(n=3 experiments). Results are shown in 3 columns — Control, with only topical application of
PBS solution used to dilute phage and antibiotic mixture; phage, in which the first sub-
inhibitory dilution of the neat phage solution is shown (original solution 1x10° PFU/ml); and
Antibiotics, in which the first sub-inhibitory dilution of the combination of ceftazidime and
tobramycin (original mixture ceftazidime 16 mg/ml + tobramycin 8 mg/ml). Increased red
staining with phage and antibiotics shows increased production of exopolysaccharides, and
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increased alginate production is suspected to be the white substance on day 7 for the phage
panel in all 3 strains.

The 3 strains that demonstrated consistent phenotypic change on Congo Red agar across 3
experiments were strains 1, 10 and 13. These strains demonstrated increased productions of
exopolysaccharides involved in biofilm formation as well as a white substance suspected to
be alginate as it had a mucoid sheen when examined under light. These 3 strains were
subjected to further analysis with bacteriophage at different dilutions for growth curve

analysis with the plate reader.

SELECTION OF STRAIN
Growth curves for Strains 1, 10 and 13 are shown in Figure 5.5.2 a., b., and c., respectively.
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Figure 5.5.2. Overnight growth curves for Strains 1 (a), 10 (b) and 13 (c).

Coloured dots are ODeoo readings taken every 15 minutes and are averages of 8 treatment
wells. (a) The treatment effects of the different dilutions of the phage cocktail were difficult
to discern in this overnight growth curve for Strain 1. (b) Strain 10 demonstrated a significant
treatment effect at 103 dilutions (1x10° PFU/ml); however, there was still Pa growth
extending to the end of the 18 hour period. (c) Strain 13 demonstrated sensitivity to the phage
cocktail at all but the 10°® dilutions.

On the basis of these overnight growth curves, | selected Strain 10 for further analysis in the
transcriptomic pilot project. Of the three strains demonstrating phenotypic change with
subinhibitory topical application of bacteriophage, it was the only strain for which there was
a clearly distinct OD readout for different dilutions of phage, where it was clear that the

bacteria were still actively dividing.

SELECTION OF PHAGE CONCENTRATIONS AND TIME POINT FOR HARVEST
Further work for selection of concentrations and time points for harvest are shown in Figure

5.5.3.
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Figure 5.5.3. Analysis of Strain 10 with growth curve and resazurin assay, as well as crystal
violet biofilm assay.

Results show the neat phage cocktail (1x10° PFU/ml) as well as 3 ten-fold serial dilutions in
different culture assays. (a) Growth curve for Strain 10 is shown, once again demonstrating a
treatment effect at 10 dilutions (1x10°% PFU/ml). Coloured dots are averages of 16 replicates
on the 96-well plate. (b) A resazurin cell viability assay at the end of 18 hours overnight
incubation demonstrating the disconnect between OD readouts and amount of fluorescent
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signal. N=16, error bars are means % SD (c) Twenty-four hour biofilms subjected to lytic phage
for 8 hours showing biomass quantification with crystal violet assay. N=16, error bars are
means + SD.

Based on the above information, | selected an 8 hour time point for harvest in both planktonic
and biofilm assays at a concentration of 1x10°PFU/ml. Notably, the increased cell viability
immunofluorescent signal compared to negative (no treatment) control wells for Strain 10,
which had been mentioned in Chapter 3, isillustrated nicely after overnight planktonic growth

in Figure 5.5.3 b.

RNA EXTRACTION
The figure in this section were provided by the Imperial BRC Genomics Centre on the 12

purified RNA samples that | had provided to them. The quality readout is summarised in

Figure 5.5.4.
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Figure 5.5.4. RNA integrity numbers (RINs) for different treatment groups.

The above figure shows the RNA integrity numbers (RINs) for the different treatments (N =
12 columns, 3 columns per treatment with 4 treatment groups: A1-C1 planktonic no phage,
D1-F1 planktonic with phage, G1-A2 biofilm no phage, B2-D2 biofilm with phage). Apart
from one sample (column B2 on gel) with RIN of 6, which is deemed acceptable, all other
RINs were good quality (between 7-10).

The output file received from the Imperial BRC Genomics Centre was in the format of a FastQc

file, which was shared with Dr. Sara Fontanella for work in the following section.

WORK WITH STATISTICIAN
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The work in this section was completed by Dr. Sara Fontanella in the statistics department.
Her work identified the genes with significant (2-fold or more change in expression, q value
<0.05). Differential expression in all 4 experimental conditions can be seen in the heatmap

with dendogram in Figure 5.5.5.

Color Key

jac Histodgs Top 100 most variable genes across samples

Figure 5.5.5. Heatmap with cluster dendrogram demonstrating top 100 differentially
expressed genes for different treatment groups.
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Groups are planktonic control (purple, 1A-C), phage-exposed planktonic Pa (orange, Phage
2A-C), biofilm control (blue, 3A-C) and phage-exposed biofilm Pa (green, Phage 4A-C). Red-
orange colour indicates increased expression and blue indicates decreased expression.
Individual genes are represented by horizontal lines. Pa gene expression was similar between
the 3 replicates in all groups.

Following phage exposure, a minority of Pa genes (total number of genes = 5570) showed
increased expression in planktonic (n=95), biofilm (n=107) and both (n=59) conditions
subjected to phage when compared to controls. Decreased expression was seen in 93, 38 and

14 genes respectively.

BIOLOGICAL PATHWAY ANALYSIS
Using these readouts with DAVID online software significant changes in multiple pathways in

phage treated samples. In both bacteriophage treatment groups, genes involved in alginate
biosynthesis (algX, algJ, algF, algE, algB; p=0.0003), those involved in a two-component
regulatory system involved in reacting to environmental changes (algB, pfeR, phoB, phoR,
pfeS; p=0.03), genes involving antibiotic resistance (arnD, arnA, pvdT; p=0.03) and genes
involved in the transport of molecules across the cell membrane (agpZ, pfeA, fepD, flil, hitB,
norB, potC, potA, pvdT, xqhA, phoB, phoR; p=0.04) were all upregulated. Downregulated were
genes associated with the cell inner membrane and the transport of molecules across the cell
membrane (nuoA, nuoH, nuoD, cyoB, lepA, fliP, mexA, ponA, kdpA, rne, mucA, sdhD, tolQ,
cmaX; p=0.003), and genes involved in the cell outer membrane (omlA, oprL, oprF, cupC3;

p=0.03).

5.6 DISCUSSION
In these experiments, | saw that phenotypic expression changed for 3 of the 16 (18.8%) clinical
strains with topical application of subinhibitory bacteriophage on Congo Red agar. Phenotypic
change was also seen with topical antibiotic administration; however, | did not observe
conversion to a more mucoid phenotype with topical antibiotics. | was given a sum of money
sufficient to carry out a small pilot study to generate a transcriptomic data set in 4 different
conditions for one Pa clinical strain. In these experiments, | demonstrate significant changes
in the phenotypic and transcriptomic profile of one clinical Pa strain in response to sub-

inhibitory concentrations of bacteriophage in biofilm and planktonic culture.
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The transcriptomic results showing upregulation of genes involved in alginate biosynthesis do
support the phenotype of mucoidy seen on Congo Red agar. Additionally, downregulation of
outer membrane proteins could represent a survival response to phage in these experiments.
Although a small pilot study on one strain under very specific conditions, the results of these
experiments highlight the potential for bacteriophage therapy to drive phenotypic diversity

and evolution through in exerting selective pressures on bacteria.

Notably, | was restricted by costs in the number of treatment groups | could include in this
analysis and it is therefore difficult to know whether the findings are specific to the phage and
Pa strain used in these experiments or are able to be generalised across other clinical strains
for subinhibitory concentrations of phage. It is possible that the observed transcriptomic
responses of Pa to phage seen in these experiments are general responses seen in Pa when
subjected to any environmental pressure. It is therefore important to carry out further
transcriptomic analysis on a range of Pa strains in response to an array of lytic phage to see if
there are commonalities that can be seen. In the setup of these experiments, it would be
essential to include controls that have been subjected to other substances that reduce
bacterial growth to a similar extent to phage to tease out what are phage specific adaptive
responses and what are general survival mechanisms employed by Pa in response to any
antimicrobial agents. These results, however nonspecific due to the experimental limitations,
are in line with studies showing upregulation of genes involved in alginate production with

agents that threaten bacterial survival, studied most frequently with antibiotics (310, 327).

Selection pressure towards mucoidy is not a new finding with regards to phage influencing
bacterial phenotype. A study involving Pseudomonas fluorescens found that in co-evolution
with the lytic phage phi2, there was a selection of a mucoid phenotype as an adaptive
response that conferred the bacteria partial resistance to the phage (328). There are indeed
other theoretical ramifications in the bacterial evolution of phage resistance having a
potential for negative impact in clinical practice. Porin proteins OmpF and OmpC in enteric
bacteria like Klebsiella pneumonia, for example, play a role in both the permeation and action
of R-lactam antibiotics (329) and also the adsorption of phage (330), a finding that has led
some to hypothesise about the potential negative action that the evolution of phage

resistance could have on the action of this antibiotic class (331).
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Although it is reasonable to see examples of such phenotypic change as a cautionary finding,
there is also a growing body of research demonstrating that many of the changes bacteria
undergo to evade viral infection come at a cost to overall fitness, including reduced virulence
and resensitisation to antibiotics (331). Seed et al. (2014) found that Vibrio cholerae isolates
from patients in Haiti and Bangladesh demonstrated significantly reduced virulence potential
when predated upon by lytic phage (332). In E. coli infected with bacteriophage T2, studies

have similarly shown that evolution of phage resistance results in fitness trade-offs (333-335).

While it is important to recognise the contribution from the body of in vitro work described
above, we must also recognise the disconnect between laboratory test and clinical outcome.
Nowhere is this more apparent than in the examination of the mucoid phenotype as,
counterintuitively, it has also been shown that mucoid isolates are more antibiotic sensitive
than their non-mucoid counterparts in laboratory culture, though they clearly are selected
for due to survival advantage in the lung (117). A study observing mucoid conversion of E. coli
in the presence of phage concluded that transient phenotypic changes like mucoidy are less
costly to the bacteria than are “fixed” mutations, like cell wall changes, as bacteria reverted
back to non-mucoid phenotypes once the concentration of phage declined (336). Bacterial
changes like mucoidy, therefore, seem to be transient and reversible. Interestingly,
simulations investigating predator-prey interactions between bacteria and phage have shown
that the selection pressure exerted by phage supports both the evolution of phage-resistance
with simultaneous coexistence of phage sensitive bacteria (337). In a biofilm, for example,
one might expect different populations of bacteria with differing profiles of gene expression.
The further level of complexity within human disease states (biofilms, polymicrobial
communities, exposure to immune cells) is not generally taken into account with in vitro work
and so clinical trials examining phage efficacy will be the arbiter of success or failure of this

therapy.
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6 CHAPTER 6: TRACKING VARIABILITY IN SENSITIVITY TO PHAGE
AND ANTIBIOTICS OVER TIME

6.1 INTRODUCTION
In previous chapters, | have looked at the adaptability of Pa and have seen how biofilms are
a significant barrier to effective treatment of CF lung infection. | have explored how
bacteriophage, by employing a distinct mechanism of action, targets populations not
effectively killed by physiologically achievable concentrations of two commonly used anti-
Pseudomonal antibiotics. In the last chapter, | looked at phenotypic change within Pa isolates
that translated to a meaningful transcriptomic response and underlined, once again, the

survival strategies of this organism.

In clinical practice, these mechanisms of adaptability result in populations of cells that have a
survival advantage and can withstand repeated exposure to inhaled medications
(antimicrobials and mucolytics), as well as cells and molecules involved in host defence.
However, antibiotic therapy is a cornerstone of care in CF that is widely attributed to
improvements in quality of life as well as longevity (144). As patients age and the
antimicrobial burden increases, the rates of AMR in CF lung infection are high (145), which
limits the agents at our disposal. This is worrying because AMR has been associated with
worse patient outcomes in Pa infection (146) and has been seen to increase over time using

registry data from a number of different countries (147).

What this level of phenotypic diversity and adaptability translates to in a laboratory setting is
poor reproducibility of assay results for Pa clinical strains. High levels of phenotypic diversity
are seen to exist within Pa isolates from a single patient. One study looked at 169 Pa clonal
isolates collected from one patient during periods of stability and during pulmonary
exacerbations and found extremely high levels of phenotypic variability (even within isolates
of the same colony morphotype) for parameters such as colony morphology, motility, quorum
sensing, antibiotic resistance, and growth profiles (338). Foweraker et al. (2005)
demonstrated extremely high levels of phenotypic variability in Pa isolates from CF patients
experiencing a pulmonary exacerbation, which translated to vastly different antibiograms,

even from the same sputum sample (339). This within-patient diversity, wherein multiple
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distinct but related bacterial populations derived from an ancestral clone evolve in parallel
over time, is thought to be one of the great barriers in the development of a laboratory test
that more accurately predicts antibiotic response in the clinical setting (340). The above
results in a poor correlation of laboratory antibiotic sensitivity testing results and clinical

outcomes in CF (98, 341).

We have previously reported in a murine model that antipseudomonal bacteriophages
resulted in a reduction in both bacterial load and inflammatory response (241). These are
promising findings that indicate the great potential of these viruses as therapy in human
disease. Although support for phage treatment in CF lung infection is predominantly
anecdotal (206, 342), there is a clinical trial underway in the U.S. using an inhaled anti-Pa
phage preparation in CF patients (343). Further rigorously conducted clinical trials are sure to
follow suit, regardless of the outcome. Nonetheless, several questions remain around study
design and patient selection. For example, although it is intuitive that clinical efficacy will
require patients with phage-sensitive organisms, heterogeneity in the sensitivity signal would
present a barrier to patient selection and could dilute a signal of efficacy. In addition, any
clinical safety signal related to bacterial lysis would be missed in those harbouring phage-
resistant strains. To aid future patient selection, | have determined whether bacteriophage

sensitivity patterns are stable or variable over time.

| looked at the variability in sensitivity to commonly prescribed antibiotics for a given patients
at different time points within a year and compared this with the sensitivity to the phage
cocktail. In this way, | hoped to be able to identify in what way patients for upcoming clinical
trials involving phage would qualify for enrolment and whether multiple isolates from
different time points would be advised. | also examined the rates of bacteriophage
susceptibility in isolates demonstrating an MDR pattern. For these experiments, | adopted a
definition for MDR that is widely used in the literature (resistance to >1 antibiotic in >3

antibiotic classes (344), though | are aware that other definitions exist (1).

| hypothesised that longitudinal, intra-subject variability in bacteriophage susceptibility

patterns would occur, as has been described for conventional antibiotics. The confirmation
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of this would help with the development of selection criteria for the recruitment of patients

to future studies involving phage.

6.2 HYPOTHESIS
Pa will demonstrate variability in response to our bacteriophage cocktail and to antibiotics

over time.

6.3 AIMS AND OBJECTIVES

e To identify a group of CF patients who are chronically colonized with Pa.

e To test their Pa isolates at different time points (more than one month apart) for

sensitivity to the phage cocktail as well as to 8 standard anti-pseudomonal antibiotics.

e If variability was observed, to determine whether this is due to the presence of >1 Pa

strain or whether variability occurs independently of co-infection with different strains.

e To establish the level of phage sensitivity in the isolates that demonstrate an AMR

pattern on their antibiogram.

e To help decide what inclusion criteria should exist for future clinical trials involving

phage with regards to sensitivity testing of Pa.

6.4 MATERIALS AND METHODS

DATABASE AND STRAIN REPOSITORY
Clinical Pa strains in these experiments were provided by the RBH microbiology laboratory

and were stored in our repository as described in Section 2.2. In brief, samples from CF
patients were taken directly from sweeps of bacterial colonies grown on agar with a plastic
inoculation loop. Strains were stored on glass Microbank™ beads in a -80° C freezer. All
isolates had been identified by MALDI-TOF analysis (345) in the microbiology department at
the hospital as being Pa. This database includes details (including antibiotic sensitivities, VNTR
analysis and details of co-colonising organisms, where available) of all CF patients receiving

care at RBH.
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CHOICE OF PATIENTS AND ISOLATES
| accessed the Microsoft Access database and repository of organisms from CF airway cultures

at RBH and selected 24 patients with 4 or more P. aeruginosa isolates throughout 2016. |
selected patients who had isolates at least one month apart to capture the widest spread of

data throughout the period tested.

Once isolates had been selected from the database, the corresponding vial was briefly
removed from the freezer and placed on dry ice. A bead was selected with a sterile 22 G
needle and colonies were seeded on nutrient agar for overnight growth in the incubator at

37°C.

ANTIBIOTIC SENSITIVITY TESTING BY DISC DIFFUSION
Antibiotic sensitivity testing was performed by disc diffusion assay according to EUCAST

protocols (252). This is described in more detail in Chapter 2.

In summary, isolates were grown overnight on nutrient agar (Oxoid). An inoculum suspension
was then prepared by taking a sweep of bacterial colonies with a sterile loop and suspending
in a solution of 0.85% sodium chloride visually adjusted to 0.5 McFarland standard. A sterile
cotton swab is then dipped into the inoculum and spread evenly across Mueller Hinton agar

plates with an automatic plate rotator.

Antimicrobial discs are applied firmly onto the surface of the agar within 15 minutes of
inoculation of the plates and inverted and incubated at 37°C overnight for 16-20 hours. After
overnight incubation, inhibition zones are read with callipers and a ruler at roughly 30 cm
from the naked eye. Zones of inhibition are judged to be where there is no growth of bacterial
colonies and these are compared to cut-offs established by EUCAST to determine resistance
or sensitivity (252). Pseudomonas aeruginosa ATCC ® 27853 ™ is a laboratory strain where
sensitivity cut-offs are published and was used as a quality control measure for each group of

disc diffusion assay testing.

PLAQUE ASSAY
Please refer to Chapter 2 for details of the plaque assay. In brief, selected isolates were grown

as a lawn on semi-solid agar with serial 10-fold dilutions of a topical bacteriophage

preparation topically applied to the lawn. Sensitivity was demonstrated at a given
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concentration if plaques (lysis) was visible on the bacterial lawn after overnight incubation at

37C.

VNTR TYPING
Variable number tandem repeat (VNTR) analysis was performed on isolates for selected

experiments to allow for determination of Pa strain. This was initially described by Turton et
al. (2010) using the numbers of tandem repeats at nine distinct loci to determine strain with
a high level of accuracy (254). Isolates used in this experiment were grown overnight on
nutrient agar slopes and shipped to Public Health England, where the experiments were
performed by myself with the assistance Zoe Payne. This process is summarised in more detail

in Chapter 2.6

Nine loci were used for strain typing according to the above method (ms61, ms172, ms207,
ms209, ms211, ms214, ms217, ms222, and ms213). The Liverpool strain (NCTC 13415) was

used as a control in each batch of experiments

For sizing of amplicons at loci ms172, 211, 213, 214, 217 and 222, agarose gel electrophoresis
was performed by running PCR products on a 1.5 % (w/v) agarose gel. 5 pl of each sample
was loaded onto each agarose gel, as well as the same amount of the 50 bp HyperLadder
(used every 6-8 wells to aid size readings). Electrophoresis was run at 2 hours at 150 V or until
dye in loading buffer had migrated a sufficient distance. Gels were stained with GelRed (3 x
0.1 M NaCl) for 30 minutes and viewed under UV transillumination for measuring the number

of repeats at each locus based on size tables.

For loci ms207, 209 and 61, fluorescent primers were used and plates were submitted and
analysed by the Genomic Services and Development Unit. Results were provided as FSA files
and analysed using PeakScanner software to determine the size of each peak, allowing

quantification of the number of repeats at the three remaining loci.

VARIABLE NUMBER TANDEM REPEAT DENDOGRAM
Data were analysed using BioNumerics software (Applied Maths, Belgium) using Euclidian

distance over the first eight loci. The last (ninth) locus may vary in repeat number between
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colonies from the same CF sputum sample and was not included in the analysis. Dendogram

images were provided from Public Health England.

STATISTICAL ANALYSIS
Statistical analysis was performed

All statistical analysis and graphs were generated using Prism 8.0 (GraphPad, San Diego, CA,
USA). For parametric data, standard t-tests were used to compare means. A Mann—Whitney
U test was used to compare median proportions of isolates with variable responses to
antimicrobials for those with more than one Pa strain to those with one strain. Patient level
data were also analysed using a Fisher’s exact test with sensitivity data converted to

categorical outcomes (sensitive vs. resistant).

LUNG FUNCTION TESTS
For the 23 adults in this dataset, European Coal and Steele reference equations were used to

determine FEV1 (346). The one paediatric patient whose isolates were used in this dataset

used the Rosenthal equation as reference for determination of FEV1 % predicted (347).

6.5 RESULTS
Isolates from 25 CF patients with chronic Pa were chosen based on availability of 23 isolates
>1 month apart over 28 months in 2016. However, upon collection of isolates, | discovered
that 2 were the same patient with different hospital identifiers; the 2"? of the two sample sets
were excluded from further analysis. From the remaining 24 patients, a total of 112 isolates
were selected for testing, of which 102 had matched antibiotic and bacteriophage sensitivity
profiles. The remainder either did not grow in one of the experiments (5 isolates), grew
another organism (identified by MALDI-TOF analysis on 3 isolates that did not yield expected
amplicons on VNTR analysis) and in one case, the isolate could no longer be located in our
repository when | went to perform VNTR analysis. Isolates from individuals were coded and

anonymised so that there could be no selection of similar morphotypes to bias results.

As the typing of the different Pa isolates represented a large foundation of this study, these
results are presented in their own section, with data comparing variability in antibiograms
with phage sensitivity data at different time points presented later. The data from the VNTR

Pa strain typing were used to inform some of the analysis in the later sections.
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VARIABLE NUMBER TANDEM REPEAT ANALYSIS
There were 105 isolates of 112 that underwent VNTR analysis. There were 5 cases in which

there was missing antibiotic or phage sensitivity data or in which the isolate could no longer
be found in our repository. In 4 of 105 instances (3.8%), experiments were repeated if data
were insufficient to accurately type a given isolate and in 3 of these instances, data were

insufficient to VNTR type the isolate. These data are represented in the CONSORT diagram,

below:

25 patients selected
2 were the same with
different hospital identifiers

112 isolates from 24 patients had:
Antibiotic sensitivity testing
Phage sensitivity testing

1 isolate not found
3 no antibiotic data
2 no phage data

¥

105 isolates selected for VNTR typing

4 insufficient and repeated
3 remained insufficient for
VNTR analysis

102 isolates with complete antibiotic and
phage sensitivity + VNTR profiles
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Prior to obtaining the completed results from the VNTR analysis, there were sometimes clear
phenotypic differences that were appreciated once the antibiograms had been read and the
isolates had been de-anonymised. | have shown as an example a photograph of two isolates

from the same patient on the antibiotic sensitivity disc diffusion assay in Figure 6.5.1.

Figure 6.5.1. Differential phenotypic expression of Pa isolates at different time points.

The above Figure shows 2 isolates from patient K with differential production of pyocyanin
(lower two agar plates showing high levels of pyocyanin). VNTR analysis later demonstrated
this as two distinct Pa strains, which can be seen in the dendogram in Figure 6.5.2.

This experiment was not designed to observe differences in phenotypic expression beyond
resistance profiles to antimicrobials and it is therefore possible that other differences in
pyocyanin expression, as illustrated in Figure 6.5.2, were observable within the same genetic
strains. This was, however, a stark visual difference that was observed for patient K and was

documented. Phenotypic change is discussed in more lengths in Chapter 5.

Clustering of the VNTR profiles by all but 3 patients can be seen in the dendogram in Figure

6.5.2 demonstrating colonization with a single genetic strain of Pa. The most commonly

shared strain was the LES, which was seen in 4 patients.
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Figure 6.5.2. Dendrogram showing VNTR (Variable Number Tandem Repeat) profiles for 102
isolates from 24 patients analysed during this study.

Isolates underwent VNTR analysis using the method described by (254). Isolates in the same
family (using Euclidian distance over the first eight loci) are denoted by different colours.
Patients are represented by letters.

* |solates from patient B exhibited considerable variation in the repeat number at the seventh
locus, perhaps due a small DNA insertion gain/loss between isolates, reflecting the existence
of strain variants.

On the basis of VNTR, 21 of 24 (87.5%) patients isolated only a single genetic Pa strain over
the period tested. In 3 (12.5%) patients (patients F, L and K) had isolates with 2 distinct VNTR

profiles in their serial samples. There were no patients that isolated more than one Pa strain
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at a given time point. Furthermore, there were no patients who isolated two strains and then
converted back to the original strain over the study period. Patients G, K, M and N all were

identified as being infected with LES, and patients D and X identified Cluster A.

PATIENT AND ISOLATE BREAKDOWN
Baseline patient characteristics, including age, sex and FEV1, as well as VNTR, combined with

isolate characteristics, are summarized in Table 6.5.1. From the 24 patients, a total of 112
isolates were selected for testing (median and range of 4 (3-6) per subject), of which 102
(91%) had complete antibiotic/bacteriophage sensitivity profiles and VNTR data. Isolates
without either antibiotic/phage sensitivity data or missing VNTR data (10) were excluded from

the final analysis.

Table 6.5.1. Properties of selected patients and their Pa isolates.

Patients: Number 24
Age (median (range)) in years 31 (14-57)
Male: Female ratio 12:12
Best FEV1 (% predicted median and range) for 2016 62 (23-120)
Number of isolates per patient (median (range)) 4 (3-6)
Number of subjects with exclusively non-mucoid strains 3/24 (12.5%)
Number of subjects with exclusively mucoid strains 6/24 (25%)
Number with >1 VNTR type over time period examined 3
Shared strains: Liverpool Epidemic Strain* 4
Cluster A* 2
Isolates: Number of isolates (total) 112
Number with antibiotic and phage sensitivity + VNTR 102
Number (%) of non-mucoid/mucoid isolates 44 (43%):
58 (57%)
Number sensitive to neat phage cocktail 76/102 (75%)
Number sensitive to dilute phage cocktail (103) 51/102 (50%)
Number with resistance to >1 antibiotic 88/102 (86%)
Number qualifying as MDR** 51/102 (50%)
Number of MDR isolates sensitive to neat phage 40/51 (78%)
Number of MDR isolates sensitive to dilute phage (103 26/51 (51%)
dilution)

*including the 3 patients who isolated more than one strain by VNTR analysis. Isolates were
said to be MDR if an isolate demonstrated resistance to at least one antibiotic in >3 antibiotic
classes (B-lactam, aminoglycoside, fluoroquinolone)

There was a large amount of variation in all patient parameters, from age to best FEV1 during

the period of the study. On consideration of the individual isolates, there was a roughly equal
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distribution of mucoid and non-mucoid strains. Notably, exactly half of the isolates
demonstrated an MDR profile on their antibiogram and 78% of these isolates demonstrated
lysis with the neat phage cocktail, while 51% demonstrated sensitivity to the phage at a 1073
dilution. | took the best FEV1 value throughout the course of 2016 for each patient, but our
dataset was too small to detect any statistically significant difference between FEV1%
predicted in patients in whom | had isolated MDR strains (13 of 24). Additionally, there was
no statistically significant difference in sensitivity to the bacteriophage in mucoid and non-

mucoid strains.

ANTIBIOGRAM PROFILES AND PHAGE SENSITIVITY

Each of the chosen isolates underwent disc diffusion assays for 8 common anti-pseudomonal
antibiotics (amikacin, aztreonam, ceftazidime, ciprofloxacin, gentamicin, meropenem,
piperacillin-tazobactam, and tobramycin) as well as having sensitivity to the bacteriophage
cocktail assessed by plaque assay. | considered the group with only a single VNTR strain and

that with 2 strains both separately and combined (Table 6.5.2).

Table 6.5.2. Inter-patient antibiogram and plaque assay variability.

N patients

Antimicrobial Stably Sensitive | Variable Stably Stable/ variable
Resistant (%)

Bacteriophage 10 (*1) 10 (*2) 1 52 /48 (*33/67)
(neat cocktail)
Bacteriophage 1 17 (*3) 3 17 /83 (*0/100)
(1073 dilution)
Amikacin 6 7 (*2) 8 (*1) 67 /33 (*33/67)
Aztreonam 8 (*1) 6(*2) 7 71 /29 (*67/33)
Ceftazidime 9 6 (*3) 6 71 /29 (*0/100)
Ciprofloxacin 1 9 (*3) 11 57 /43 (*0/100)
Gentamicin 4 9 (*2) 8 (*1) 57 /43 (*33/67)
Meropenem 8 6(*2) 7 (*1) 71 /29 (*33/67)
Piperacillin 10 6 (*2) 5(*1) 71 /29 (*33/67)
Tazobactam
Tobramycin 14 (*1) 3(*2) 4 86 /14% (*33/67)

Numbers are presented for patients with a single VNTR strain and separately in
parentheses with an asterisk, *, to demonstrate the spread of data for those with >1
VNTR strain.
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There was a large degree of variability in sensitivity profiles to the bacteriophage cocktail at
both concentrations. Amongst the 21 patients who had a single Pa strain, 10 (48%)
demonstrated stable sensitivity to the neat phage (apparent phage titre >2x10? PFU/ml) and
only 1 patient (5%) had stably resistant isolates at this concentration. At the lower phage
concentration of 103 serial dilutions (or phage titre of > 2x10° PFU/ml), greater variability was
seen with only 1 patient (5%) showing stable sensitivity, the majority (n=17; 81%)
demonstrating variable sensitivity and 3 (14%) being stably resistant. As expected, patients
were much more likely to be sensitive to the neat phage than to the dilution (p=0.004 using

Fisher’s exact test).

There was also a high degree of variability in antibiogram results from disc diffusion assay for
isolates in this experiment, both when looking at individuals with a single VNTR strain, and
with those with >1 strain. The variability was seen for all tested antibiotics. Tobramycin was
the antibiotic with the most consistent antibiogram, whereas ciprofloxacin was the antibiotic
that demonstrated the greatest degree of variability. It was not possible to examine individual
isolates with regard to the timing of antibiotic administration as in this group, | sometimes
only had dates for intravenous antibiotics administered in hospital, whereas patients often
reported having taken a course of oral antibiotics at ill-defined points prior to being seen in
clinic. However, 18/24 (75%) were documented to have received ciprofloxacin, while 22/24
(92%) were documented to have received inhaled or intravenous tobramycin over the time
period of this study suggesting that the variability observed may not have been related to

exposure.

| did not consider it appropriate to directly compare the variability of isolates to
bacteriophage and antibiotics based on differences in the testing assays. However, having
data from multiple antibiotics allowed us to compare a median proportion of isolates
demonstrating variable responses to drugs between subjects with one as compared to two
VNTR; as expected, variability was higher in the latter (67%) but was substantial even in the

group with a single strain (29%)(p<0.001 Mann-Whitney-U)

Example plaque assays and antibiogram results chosen to demonstrate different sensitivity
patterns are shown in Figure 6.5.4. The first three of these (Figure 6.5.4 a, b and c) have a

single VNTR type: patient H shows stability in responses to antibiotics and neat phage; patient
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B shows substantial variability in sensitivity to both phage and antibiotics; and patient D
demonstrates a more subtle variability in sensitivity to both antimicrobial choices Fig. 6.5.4 c.
shows an example profile of patient H, colonized with 1 strain showing a consistent
antibiogram, but vastly different response to the phage cocktail at different timepoints
(resistant at the first two time points, but sensitive at subsequent time points). The fourth
subject (patient F, Figure 6.5.4 d) harboured two VNTR types, demonstrating variability to
both phage and antibiotics. Much of patient F’s variability was seen to relate to these strain
differences. The two other patients (K and L) in whom more than one VNTR strain was
identified had variability that mapped less clearly to the different strains (patient K is

presented in Figure 6.5.5).
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Patient B - 4 isolates
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Patient F - 4 isolates
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Figure 6.5.1. Example antibiograms and bacteriophage sensitivity profiles for 4 different
patients chosen to illustrate variability in results.

Isolates are graphically represented by different symbols chronologically throughout the
year. The first isolate is represented by @, with subsequent isolates ¢, m, A , ®.Open
symbols represent different strains, identified by VNTR analysis. Abbreviations: AMK:
amikacin; AZM: aztreonam; CEF: ceftazidime; CIP: ciprofloxacin; GEN: gentamicin; MER:
meropenem; PTZ: piperacillin-tazobactam; SXT: co-trimoxazole (no EUCAST breakpoint);
TOB: tobramycin. EUCAST sensitivity cutoffs by disc diffusion assay are indicated by the

bars. Biological triplicates of phage assay are represented individually and as bars at both
neat phage (>2x102 PFU/ml) and dilute phage (>2x10° PFU/ml).

a) Patient H is an example of a patient colonized with MDR Pa, sensitive only to tobramycin
and phage at all 5 time points throughout 2016. (b) Patient B represents a patient harboring
a Pa strain showing high variability to all antibiotics as well as the phage cocktail. Of note, this
patient’s first isolate was resistant to the phage cocktail, while subsequent isolates
throughout the year showed susceptibility. (c) Patient D harboured a Pa strain resistant to the
phage cocktail at the first two timepoints in the year, but sensitive throughout the rest of
2016. (d) Patient F was one of three from whom two distinct Pa strains were identified. The
first two isolates in the year are one strain, while the subsequent two are another. There are
distinct antibiograms for the two strains, as well as a distinct pattern of
susceptibility/resistance to the phage cocktail.

RESULTS FROM PATIENTS WITH THE LIVERPOOL EPIDEMIC STRAIN
In our dataset, there were 4 patients in whom | identified the LES, making it the most

commonly shared strain. Summary data from these 4 patients is shown in Figure 6.5.5. Two
other patients were infected with Cluster A, a strain which often shows no epidemiological

link, but has been isolated from hospital and environmental sources across the UK (255).
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Patient N - 5 isolates
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Figure 6.5.2. Antibiograms and bacteriophage sensitivity profiles for 4 patients with the
Liverpool Epidemic Strain.

Isolates are graphically represented by different symbols chronologically throughout the
year. The first isolate is represented by @, with subsequentisolates ¢, m, A, ®, if
there were 5 isolates through the course of 2016. Open symbols represent different strains,
identified by VNTR analysis. Abbreviations — AMK: amikacin; AZM: aztreonam; CEF:
ceftazidime; CIP: ciprofloxacin; GEN: gentamicin; MER: meropenem; PTZ: piperacillin-
tazobactam; SXT: co-trimoxazole (no EUCAST breakpoint); TOB: tobramycin. EUCAST
sensitivity cutoffs by disc diffusion assay are indicated by the bars. Biological triplicates of
phage assay represented individually and bars at both neat phage (>2x10%PFU/ml) and
dilute phage (>2x10° PFU/ml).

(a, b, ¢, d) Patients G, K, M and N were colonized with the LES. All strains qualified as MDR
based on antibiograms and 14/18 (78%) LES isolates showed some lytic activity to phage using
the lower sensitivity cutoff. Using the higher sensitivity cutoff of 103 serial dilutions, 9/18
(50%) showed sensitivity to phage. (a) Patient G had isolates that are broadly resistant to
antibiotics - sensitive to tobramycin at 2 and to meropenem at 1 time points, respectively,
but broadly sensitive to phage at all time points; (b) Patient K was colonized by a different
strain at the first time point, but all subsequent isolates were LES with lytic activity to phage;
(c) Patient M’s LES strain was sensitive only to piperacillin-tazobactam but sensitive to phage
at all time points; and (d) Patient N was colonized with LES resistant to all antibiotics tested.
Only 1 of this patient’s 5 isolates showed lytic activity to the neat phage cocktail and no
isolates were deemed sensitive using the higher cutoff.

In line with published literature, all LES isolates qualified as MDR based on antibiogram (348).
There were, however, isolates demonstrating sensitivity to several individual antibiotics (eg.
in patient G, one isolate was sensitive to ciprofloxacin, tobramycin and meropenem with one
other sensitive to ciprofloxacin, tobramycin and amikacin; in patient K, three LES isolates were

sensitive to both aztreonam and piperacillin-tazobactam; and in patient M, three isolates
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were sensitive to piperacillin-tazobactam). Importantly, all but one isolate showed sensitivity
to the undiluted bacteriophage cocktail, while lytic activity was retained at a 103 dilution in
53% (9 of 17) of the LES isolates. There was not a shared pattern in the 2 patients with Cluster
A.

6.6 DISCUSSION
This study looked at antibiogram and bacteriophage plaque assay data for Pa isolates from CF
patients over a period of time and, as such, contributes a unique perspective to what is known
about variability in antimicrobial sensitivity data in chronic infection within this population.
High rates of variability in antibiotic susceptibility testing have been seen in other studies
(339, 349), although to our knowledge, this study is unique in employing a longitudinal
approach. Notably, Foweraker et al. (35), found that even Pa colonies with shared
morphotypes from a single time point had vastly different antibiograms. | are also not aware
of any studies taking this longitudinal approach and applying it to bacteriophage sensitivity
profiles, which therefore provides a novel perspective on this emerging therapy. As | expected
for this group of CF patients with chronic Pa infection, | have demonstrated significant
variability in both antibiotic and bacteriophage susceptibility over 8-12 months. The main aim
of this study was to assess a suitable time point for recruiting into a clinical trial and our results
suggest that this should be based on contemporaneous isolates rather than evidence of

historic sensitivity to phage.

In the majority of cases, the variability in sensitivity was not the result of different strains at
time points tested; most patients had only a single VNTR type at all time points. Three patients
did isolate 2 distinct strains, an observation which is well-recognised in CF. Although reported
rates of infection by more than one strain vary, one Danish study using a different
methodology looked at Pa infection in CF patients over a period of 30 years and identified
454 distinct strains from 195 patients at 51 different centres (350). For comparison, Public
Health England has typed Pa isolates from CF patients at RBH annually since 2010 and has
found that 192 of 1068 patients (18%) harboured more than one strain type over that period
(personal communication, PHE). Ours is a small group of patients, making statistical
comparisons difficult, but there was a high degree of variability as shown in Table 6.5.3. |
cannot say for certain whether these patients were infected by both strains simultaneously

or whether they acquired a new Pa strain which became dominant during the period of the
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study. However, no patient cultured more than one strain at a given time point and there was
no change from one strain to the other and back again, suggesting that the latter may be

more likely.

The cohort with the same VNTR type identified in each of their samples provides the cleanest
group to assess variability to both antimicrobial drugs and phages. As there are no established
breakpoints for bacteriophage sensitivity, | have not compared rates of variability with the
two therapies. | used the bacteriophage solution provided to us at its highest concentration
(4 x 108 PFU/mL) and also assessed lysis to more dilute (logio) concentrations. For ease, | have
here compared strains based on lysis to both the neat cocktail and >10°3 dilutions, although
both are arbitrarily chosen values with, as yet, no clinical relevance. As would be expected,
the lower concentration cut-off led to more patients falling into the variable and resistant
groups than did the higher concentration; when looking at the more concentrated phage,

roughly half demonstrated stable sensitivity.

In the absence of clinical trials, it is not possible for us to infer a minimum effective dose
(MED) for bacteriophage. Randomized, placebo-controlled studies are required to determine
the breakpoint values for phage susceptibility testing and whether a MED can be established.
There are also relevant questions about whether co-administration of antibiotics and
bacteriophage would result in antagonism or synergy, with several comprehensive reviews
on this topic that summarise the experimental data (282, 351) and is itself the subject of the

experiments in Chapter 4.

Although sensitivity data varied for all of the antibiotics tested, it was particularly variable for
the fluroroquinolone ciprofloxacin and most stable for the aminoglycoside tobramycin. Both
these antibiotics had been administered to our cohort during the study, although design
limitations meant that the treatment episodes in individuals could not be aligned with
sampling times. Longitudinal variability in sensitivity could be the result of antibiotic use
exerting a selective pressure on these organisms. High levels of antibiotic resistance for
ciprofloxacin have been previously reported from registry data in different countries (147),
and this antibiotic is often used in short (2-3 week) courses. It was reassuring to us that
tobramycin, a mainstay of intravenous and nebulized anti-pseudomonal therapy in CF, was

the antibiotic in our panel that yielded the most stable and promising sensitivity results, being
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administered as a chronic, inhaled therapy by 92% of this cohort. These usage patterns,

distinct in their own way, may explain some of this variability.

The reason for the variability in bacteriophage sensitivity in these chronic Pa isolates is
intuitively much less straightforward since phage had not been administered as therapy
during the study period. | have not undertaken analysis of phage susceptibility from multiple
colonies from a single sputum sample as was performed by Foweraker et al. for antibiotics,
nor are | aware of other research looking into this. But lysogenic phages infecting Pa and
incorporating into the host genome as prophages is something that is well documented in
many clinical strains, highlighting the fact that there is an ongoing and constant interaction
between viruses and bacteria (199-201). Indeed, lysogenic phages are known to provide
reservoirs of genes and have been demonstrated to be a driving force behind horizontal gene
transfer and the acquisition of genes encoding antimicrobial resistance in the CF lung (352).
So although the patients in this experiment had not been exposed to phage therapy during
the period tested, the Pa populations in the lung may have been exposed to resident phage,
necessitating up and down-regulation of genes involved in antiviral defence. Full genomic
sequencing of the isolates used in this experiment could quantify the level of prophage DNA

in the bacterial genome to help answer this question.

Finally, it has been hypothesized that the disconnect between laboratory sensitivity testing
and clinical outcome may be the result of sampling populations of bacteria in different
geographic locations within the heterogenous CF lung environment. It is well recognized that
a sputum sample is generated from only a small portion of the airway tree and substantial
geographical heterogeneity in infection and inflammation has previously been documented
(353). One study looked at explanted lungs from CF patients and showed that Pa isolates from
different lobes of the lung differed phenotypically and phylogenetically, demonstrating that
bacterial evolution happens both in tandem and in geographic isolation (354). This may, at

least in part, explain the variability in response seen for both phage and antibiotics.

The second contribution of this study (though not the primary outcome) is to the growing
body of evidence that supports the development of new antimicrobial agents such as
bacteriophage in the battle against Pa. The rates of sensitivity in MDR strains was promising

enough to merit giving this field some space for focus and the development of well-designed
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clinical trials. Although rates of variability were high — often many orders of magnitude
difference was observed in PFU/ml using the plaque assay as a sensitivity assay for a single
isolate — the overall message was one of broad levels of lytic activity across multiple isolates
from the same patient over time. One unintended finding was that all patients with LES,
notoriously antibiotic resistant, demonstrated sensitivity to the phage. Whether or not this
will translate into clinical efficacy within the context of CF is something that remains to be
seen, but anecdotal results for other pathogens are starting to show promise (206) and with

the pressure of increasing MDR, this will likely expand into trials using phage.

| demonstrated high levels of MDR Pa in a group of 24 CF patients with chronic infection at a
busy London hospital. In our dataset, roughly half of all isolates qualified as MDR, which is
much higher than rates that have been reported elsewhere. The Cystic Fibrosis Foundation in
the US has found that the level of MDR Pa in the adult population is 16.9% (1), but their
definition of MDR is different in that it specifies resistance to all antibiotics in at least 2
antibiotic classes. Due to the fact that | have only tested 8 common anti-pseudomonal agents,
| opted for a practical and widely accepted definition, which | believed would indicate more
sensitively when choice of antimicrobials is being limited by resistance profiles (resistance to
at least one antibiotic in at least 3 different antibiotic classes, which in this study were
fluoroquinolones, B-lactams and aminoglycosides) (344). Patients in this study were selected
based on not only chronic infection, but a large number of isolates spread throughout 2016
stored in our repository. This selection pressure resulted in a group with a high burden of
antibiotic administration, which likely resulted in the high rates of AMR seen in this study.
However, variability data for phage were similar for both the MDR and non-MDR patient
groups, which suggests that these individuals may be representative of CF populations
broadly speaking. | were encouraged by the rates of phage susceptibility in this difficult to

treat subgroup.
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7 CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

7.1 PHAGE IN BIOFILMS
Efficacy of a 4-phage cocktail in reducing biofilm biomass and biofilm cell viability was
demonstrated when combined with a standard anti-Pseudomonal antibiotic combination
(ceftazidime and tobramycin) in 16 different clinical strains. The strengths in the experimental
design included clinically relevant antibiotics in concentrations that are achievable in the

airway and the inclusion of 16 different Pa strains from Pa airway cultures.

There are, however, obvious limitations to the use of the biofilm models used in these
experiments. Cells adhering to the sides of a plastic 96-well plate in broth culture are likely
not representative of the aggregates seen suspended within mucus in the lung; however, this
is a drawback of most in vitro testing. This disconnect between what goes on in the laboratory
and in human disease is certainly apparent in the field of microbiology, where conventional

antibiotic sensitivity testing fails to predict patient response in CF (98, 355).

Great emphasis has been shifted to finding a laboratory test more reflective of the lifestyle of
different pathogenic bacteria, although the use of conventional biofilm models has also not
yielded improved clinical predictive values (356, 357). There are in vitro strategies to
synthesize the conditions of the lung more accurately in an attempt to develop a microbiology
assay that will be more reflective of clinical practice, from flow cells that create biofilms in
dynamic conditions with a consistent provision of nutrients over time (358), to the creation
of an artificial sputum medium in which biofilm aggregates grow suspended within mucin

(359, 360).

7.2 PHAGE AND ANTIBIOTICS AT SUB-INHIBITORY CONCENTRATIONS
In order to better qualify the effects of phage and antibiotics at different sub-inhibitory
concentrations, checkerboard experiments were designed to test the combination of phage-
ceftazidime and phage-tobramycin in planktonic and biofilm culture. Results varied according
to both antibiotic and type of culture. There were both instances of strong synergy (CDI <0.7)
and antagonism for both ceftazidime and tobramycin in both planktonic and biofilm culture.

Results for combination therapy in planktonic culture did not necessarily translate to
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significant reductions in biofilm biomass. Notably, there were no instances of additivity seen

in biofilms with tobramycin for all strains tested.

Strengths of the experiments in this section included the use of a variety of clinical Pa strains
from CF airway cultures, and in the body of work that established strain-specific MICs during
the experimental set up, enabling the checkerboard assays to yield significant results.
Evaluating each antibiotic individually (from 2 different antibiotic classes and using 2 distinct
modes of action), and utilizing both planktonic and biofilm culture methods, | had intended
to see if a pattern would emerge; however, for the 11 strains described in these experiments,
the final message is one of individual strains interacting differently with antibiotics and phage
in different growth conditions. These experiments contribute to the body of work evaluating

lytic phage therapy in combination with different classes of antibiotics.

Together, results of such experiments could inform the analysis of clinical trials with phage,
examining the effects in subgroups of patients in whom different classes of antibiotics have
been used. Ultimately, such analysis could reveal whether specific phage-antibiotic

combinations are more or less efficacious when used together.

7.3  PHAGE AFFECTING PHENOTYPE
Phenotypic change in 3 of the 16 different clinical strains was seen on Congo Red agar. In
addition to increased pel binding, an exopolysaccharide involved in Pa biofilms, there was also
a trend towards increased mucoidy. | was given funds for a pilot study involving one strain in
4 different experimental conditions for transcriptomic analysis and showed increased
transcription of genes involved in alginate production in both biofilm and planktonic Pa when

exposed to phage.

While not possible to draw conclusions beyond the one clinical strain studied in the
transcriptomic analysis, this exploratory dataset serves as a platform for further evaluation of
the changes in gene expression undertaken by Pa in response to lytic phage infection. This
may serve to inform the design of future studies investigating the transcriptomic effect of
sub-inhibitory concentrations of other antimicrobial agents, as well guide in establishing

therapeutic strategies incorporating lytic phages.
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7.4  PHAGE AND ANTIBIOTIC SENSITIVITY OVER TIME
Variability in antibiograms and sensitivity to phage was seen at different timepoints
throughout a year and this was not due to differences in Pa strains. The rates of
bacteriophage-induced bacterial lysis in Pa strains, including those with MDR, provide further
support for the application of this therapy in CF lung infection. Specifically, these susceptibility
profiles demonstrate the peril of choosing antimicrobial therapy at one timepoint as there is
a large degree of change (sensitive/resistant) to both individual antibiotics as well as phage.
Clinical trials exploring phage therapy should either include susceptibility data from
contemporaneous airway cultures or should include testing of more than one historic isolate

in order to recruit patients likely to benefit maximally from this therapy.

These experiments expand our understanding of the longitudinal phenotypic diversity of Pa
populations within individual patients and how this translates to varying rates of resistance
to antimicrobials in general. In future clinical trials, efficacy read-outs seem intuitively most
likely in subjects with susceptible strains, although the lessons of the in vitro—clinical
disconnect for antibiotics should not be overlooked. A direct relationship between laboratory
susceptibility testing and clinical response may not be assumed and an assessment of this

should underpin future trial design.

On the basis of our findings, | suggest (a) isolates tested during screening for eligibility should
be from current rather than historical samples, (b) several colonies from an airway sample
should be tested and (c) susceptibility should be assessed at more than a single time point. It
would perhaps be most informative from both efficacy and safety perspectives to design a
trial with enough participants to include patients in whom in vitro testing indicates phage

resistance as a control group, albeit phage adaptation in vivo may still be possible.

7.5 FINAL THOUGHTS

The development of AMR and our inability to effectively eradicate many lung pathogens
within CF has led to the development of alternative antimicrobial therapies such as
bacteriophage. These viruses have adapted over millennia to effectively infect and lyse a
broad range of bacterial pathogens and the efficacy of a cocktail of 4 naturally occurring anti-

Pa phages has been demonstrated for a range of phenotypically distinct clinical strains within
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the experiments described in this thesis. Beyond the in vitro efficacy of this treatment in MDR
isolates and with clinically relevant antibiotics, there were instances of antagonism and of
phenotypic change, which are reminders that the scientific community must approach this
therapy with a strong evidence base and a degree of caution. Ultimately, the diversity of both
bacteriophages and individual Pa strains means that it is very difficult to draw firm conclusions

without clinical trial data.

But even prior to proceeding to clinical trial, where basic considerations like efficacy and side
effects will be considered, there remain many unanswered questions that are outside the
scope of this thesis. The optimal or therapeutic dosing of phage is a topic deserving attention,
as is the duration and frequency of therapy and optimal route of administration. The latter is
especially pertinent to cystic fibrosis lung infection, where it is uncertain whether oral or
intravenous phage could be as efficacious as a nebulised route for maximising Pa killing.
Studies have laid the groundwork for the use of nebulisers as a delivery system (361). There
are different approaches using both nebuliser solutions and dry powder formulations of anti-
Pa phage in development that have looked at both structural integrity of phage (via EM) when
subjected to a nebuliser system (362) and in a dry powder formulation that saw only a 1.3 log
reduction in phage titre after 12 months of storage (228). The time is ripe for such questions
to be addressed, as there are currently clinical trials for Pa infection in CF lung infection
underway and more are sure to follow. Results from a phase 1a/2b trial in the U.S. looking at
both safety and efficacy of a nebulized preparation of anti-Pa bacteriophages in patients with

chronic infection are eagerly awaited (NCT04596319) (343).
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