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ABSTRACT

This thesis focuses on the reduction of antimicrobial resistance through the use
of antimicrobial stewardship. Antimicrobial stewardship aims to responsibly use
antimicrobials, while also preserving treatment options for patients of the fu-
ture. The inappropriate use of antibiotic agents has been linked to Clostridioides
difficile infections, longer stays in hospitals, higher hospital costs and nephrotox-

icity [1], as well as the increased risk of subsequent fungal infections.

In chapter 2, the effects of a specific antibiotic, vancomycin, on the murine im-
mune system is investigated. It has been observed that patients treated with
vancomycin have an increased risk of developing candidiasis, leading to possi-
ble further treatment with anti-fungal agents. By understanding the effect of
vancomycin treatment on the immune system, and how this increases the risk
of candidiasis, the development of candidiasis can be prevented, meaning anti-
fungal treatments are no longer necessary. Reduction in antimicrobial usage is
one of the key components of antimicrobials stewardship. In an in vivo mouse
model, vancomycin treatment is shown to reduce gut macrophage numbers, and
major histocompatibility complex class IT (MHCII) expression. However, no sta-
tistically significant differences could be seen in the response of in witro bone
marrow derived macrophages to Candida albicans infection with or without prior

treatment with vancomyecin.

In chapter 3, the genomic sequences of 57 clinical isolates of C. difficile ribotype
027 are re-analysed. C. difficile is commonly linked to prior treatment with
antibiotic agents, with the ribotype 027 being a highly antibiotic resistant strain
of the pathogen. By mapping the spread of the pathogen between people and
locations, measures can be implemented to reduce the spread. This will lead
to a lower incidence of C. difficile infection, therefore fewer patients requiring
antibiotics to treat this infection. It is found in this study that multiple isolates

contain no variations in their core genomes. While previous studies have identified

Page 5 of 120



that the isolates are fluoroquinolone resistant, this could not be confirmed in this
analysis. Evidence has been found within the genomes to suggest that a mobile
genetic element, Tn6215, may be responsible for the observed erm(B) resistance

gene found in some of the isolates.

In chapter 4, a proposed PhD project is set out, investigating new polymer
coatings to prevent biofilm formation on blood-contacting catheters. Pathogens
within a biofilm are tolerant to the host immune system, meaning that antimicro-
bial agents are required to treat the infection. However, the biofilm phenotype
also increases the tolerance of the pathogen to antimicrobial agents, meaning
higher doses are required. Often the catheter must be removed, in order to re-
move the biofilm from the patient. Since these catheters are used to deliver life
saving drugs, a new catheter is placed. This process is both painful for the patient

and leads to increased difficulty in the placement of subsequent lines.

Page 6 of 120



ABBREVIATIONS

APS = Ammonium persulphate

ATG = Autophagy related proteins

BSA = Bovine serum albinum

CFU = Colony forming units

CLABSI = Central line associated blood stream infection
CVC = Central venous catheter

CVC-BSI = Central venous catheter blood stream infection
CDI = Clostridioides difficile infection

DHR = Dihydrohodamine-123

EDTA = Ethylenediaminetetraacetic acid

FBS = Fetal bovine serum

GI = Gastro-intestinal

HACDI = Healthcare associated CDI

HAI = Healthcare associated infections

HIV/AIDS = Human immunodeficiency virus/acquired immune deficiency syn-
drome

HRP = Horseradish peroxidase

ICU = Intensive care unit

LAP = LC3 — associated phagocytosis

LC3 = Microtubule-associated protein 1A /1B-light chain 3
LC3B = LC3-phosphatidylethanolamine conjugate
MALDI-ToF = Matrix-assisted laser desorption/ionisation time of flight
MGE = Mobile genetic element

MHCII = Major histocompatibility complex class 11

MLST = Multi-locus sequence typing

MVG = Mito-View Green

M, = Number averaged molecular weight
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M, = Viscosity averaged molecular weight
M,, = Weight averaged molecular weight
M, = z-averaged molecular weight

NCBI = National center for biotechnology information
NO = Nitric oxide

OEG = Oligo(ethylene glycol)

PBS = Phosphate buffer solution

PCR = Polymerase chain reaction

PE = Phosphatidylethanolamine

PI3K = Phosphoinositide 3-kinase complex
PI3P = Phosphatidylinositol-3-phosphate
PVDF = Polyvinylidene difluoride

ROS = Reactive oxygen species

SDS = Sodium dodecyl sulphate

SANS = Small angle neutron scattering
SCFA = Short-chain fatty acids
SDS-PAGE = Sodium dodecyl sulphate -polyacrylamide gel electrophoresis
SNPs = Single nucleotide polymorphisms
SPR = Surface plasmon resonance

SRA = Sequence read archive

ST = Sequence type

TEMED = Tetramethylethylenediamine
TPN = Total parenteral nutrition

WHO = World Health Organisation

Monomer abbreviations

AODMBA = (R)-a-acryloyloxy-3,5—dimethyl-+-butyrolactone
BA = Butyl acrylate

BMA = Benzyl methacrylate

CyDMA = Cyclododecyl methacrylate

DEGMA = Di(ethylene glycol) methyl ether methacrylate
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EDGPEA = Ethylene glycol dicyclopentenyl ether acrylate
IBMA = Isobornyl methacrylate

IBnA = Isobornyl acrylate

iDMA = Isodecyl methacrylate

TEGMA = Tri(ethylene glycol) methyl ether methacryate
TMCHMA = 3,3,5 — trimethylcyclohexyl methacrylate
tBCHMA = Tertbutylcyclohexyl methacrylate

tBCHA = Tertbutylcyclohexyl acrylate
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CHAPTER 1

INTRODUCTION

1.1 A BRIEF HISTORY

Even in the ancient world, evidence of the use of antimicrobials can be found.
For example, human skeletons dating from AD 350 - 550 from Nubia show traces
of tetracyclines, indicating the presence of tetracyclines in the diet of these in-
dividuals [2]. While it cannot be deduced from this whether tetracycline was
used for medical purposes, there is also evidence that people of the ancient world
(including those of Egypt and Rome) placed mouldy bread onto wounds to aid
healing - something which we now know is due to the presence of penicillin. This
cure is also mentioned in the Eber’s papyrus dating from 1550 BC [3], the earliest

recorded medical document.

The first recorded hospital use of a drug to treat a bacterial infection was py-
ocyanase in 1899 [3,4] , which was extracted from the bacteria found in the
bandages of injured patients. One of the earliest methodical experiments de-
signed to discover a new ‘antibiotic’ treatment was conducted in 1904 by Ehrlich
to find a treatment for syphilis [4,5]. The systematic screening of compounds by
testing on syphilis-infected rabbits led to a treatment that was marketed under
the name of Salvarsan [3]. Another key event in the early history of antibiotics
was Fleming’s discovery of Penicillin in 1928 [4]. Fleming identified that, staphy-
lococcal colonies had become transparent and were undergoing lysis (figure 1.1a)
in regions surrounding a large colony of contaminating mould (identified by its
morphology as a penicillium) [6]. Fleming also reported a new method of exam-
ining the inhibitory power of his new antibacterial substance by using a strip of
agar impregnated with the antibacterial agent within an agar plate and streak-
ing the bacteria to be tested at right angles (figure 1.1b) [6]. Following these

three important discoveries, came the start of the ‘golden age of antibiotics’ dur-
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Chapter 1

ing which a new class of antibiotic was discovered almost yearly, extracted from
easy-to-cultivate fungi [7]. Once these sources were exhausted, the flow of antibi-

otic slowed [7] (figure 1.2).

Penicillium colony

Staphylococci undergoing
lysis

STRE ccus
(HEMOLYTIC)

PENICILLIN
IMBEDDED
IN CULTURE
MEDIUM

PNEUMOCOCCUS

Normal Staphylococci

GoNoTOCCUS
colony .

B. INFLUENZA

(a) (b)

Figure 1.1 Images from [6]. (a)Modified image, showing the lysis of
Staphylococci in locations near to a colony of Penicillium. (b) Determining the
effect of penicillin on various microbes by imbedding penicillin in the culture
media. Balantidium coli and B. influenzae show no growth inhibition as a result
of penicillin in the culture medium, while Staphylococcus, Streptococcus,
Pneumococcus, Gonococcus, and B. diphtheriae show regions of inhibition near
to the penicillin imbedded strip. The presence of the penicillin within the strip
will cause a concentration gradient of the penicillin across the media, allowing
the determination of relative minimum inhibitory concentrations (MICs).
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Figure 1.2 Time line of the history of antibiotic agents, adapted
from [7]. The highlighted yellow area is the antibiotic golden age. For more
detail on the classes of antibiotics used clinically, see table 1.1.

The timeline of antifungal agents (figure 1.3) is much more recent than the time-
line of antibiotic agents, with the first active and safe antifungal agents being

developed almost 20 years after the first antibiotic agent, and the most prolific
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Chapter 1

period in antifungal discovery occurring over 40 years after the antibiotic golden

age.

Figure 1.3

The development of the first active and safe antifungal agent — griseofulvin
Discovery of the first azole, benzimidazole
Fungicidal properties of propamidine reported

Discover of the first polyene macrolide antifungal, nystatin

Propaminidine and a related compound stilbamidine used in patients but with limited
success and high toxicity

Less toxic stilbamidine derivative (2-hydroxystilbamidine) used in patients, but still with
limited success

Discovery of ampicillin B

Use of ampicillin b to treat humans

Introduction of oral griseofulvin and topical chlormidazole

Introduction of iv ampicillin B

Oral 5-fluorocytosine was develop, but resistance soon limited its use as a monotherapy
Topical miconazole and clotrimazole introduced

The development of the imidazole antifungals, which possessed broad spectrum activity
The most prolific period in antifungal development

Introduction of fluconazole (the first broad spectrum triazole)

Itraconazole introduced which extended the spectrum of activity of the triazoles

Introduction of caspofungin (the first echinocandin)

Time line of the history of antifungal agents, based on
information from [8, pp161-162].
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Chapter 1

1.2 THE PROBLEM OF RESISTANCE

Microbes have now become resistant to multiple drugs, with the rate of drug
development not keeping up with the rate of resistance occurring to existing
drugs [9]. The resistance to antimicrobial agents is of great medical importance,
with the UK government predicting that, unless action is taken, there will be 10

million deaths globally each year caused by anti-microbial resistant infections by

2050 [10, 11], exceeding the annual deaths from cancer (figure 1.4).

Tetanus
60,000

Road traffic
accidents

1.2 million

Measles
130,000

Diarrhoeal
disease

1.4 million

AMR in 2050
10 million
Cancer
8.2 million
AMR now /
700,000
(low estimate)
Cholera
100,000—
120,000
Diabetes
1.5 million

Figure 1.4 Comparison of deaths caused by different diseases, in
comparison to deaths caused by antimicrobial resistance (AMR)

and the predicted number of deaths caused by AMR in 2050 [12].

This is not only of medical importance, but also financial, with the associ-
ated cost being $100 trillion [10,11]. A 2017 study [13] showed that antibiotic-
resistant infections were associated with increased in-hospital mortality and read-

missions/visits to the emergency department (within 30 days of discharge) when
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Chapter 1

compared to infection by antibiotic-susceptible bacteria.

Antimicrobial treatment is essential for medical interventions that currently pro-
long life and improve its quality, such as chemotherapy and joint replacements [9)].
Without adequate antimicrobial treatment being available, these interventions

may not be available to future generations.

The effect of lack of treatment or vaccination of an infectious disease can be seen
by the SARS-CoV-2 pandemic. While physical distancing will not reduce the
spread of infections that are not air-borne, the spread of the virus does show
the importance of proper cleaning regimes in preventing the spread of infections.
In the future, pandemics may be caused by infective agents that are currently

treatable but may cease to be as a result of the spread of antimicrobial resistance.

Development of new antimicrobial agents may not provide a long term solution,
due to the trend of microbes becoming resistant to each new class of antimicro-
bials discovered [9] — a trend that, it can be assumed, will continue for any new
classes of antimicrobial treatments. While continuing with current antimicrobial
usage will result in the inability to treat infections, not treating patients with
antibiotics would also increase the spread of infectious diseases, so a mid-ground

must be met. This is where antibiotic stewardship comes in.

1.3 ANTIMICROBIAL STEWARDSHIP

Antimicrobial stewardship aims to use antimicrobial agents responsibly, to treat
patients of today while preserving treatment options for patients of the future.
While concerns about antibiotic resistance date back to Fleming in the 1940s [1],
the first use of the term ‘antibiotic stewardship’ was in 1996 [14], and it is now
being considered on a global scale, with the World Health Organisation (WHO)
producing a policy package on World Health Day 2011 (for which the theme
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Chapter 1

Q ) Decreased prophylactic therapy

Accurate and rapid identification of the pathogen to
‘2= ) ensure the correct dose and class of antimicrobial

Figure 1.5 Various
methods of
g Awareness and education antzmzcrpbzal
stewardship that
aim to reduce the
= development and
") Reduced use in agriculture spread of
' antimicrobial
reststance.

was antimicrobial resistance) to commit to a financed national plan to combat
antimicrobial resistance [14]. The UK government has also produced a 5 year
plan to tackle the problem, which includes optimising the use of antimicrobials
in humans, agriculture, and animals [11]. Figure 1.5 shows some factors that are

involved in antimicrobial stewardship.

1.4 MECHANISMS OF RESISTANCE IN BAC-
TERIA

Resistance of bacteria to antibiotics can either be acquired or intrinsic. While
intrinsic resistance is present in all bacterial cells within a certain species (for
example as a result of the lack of the target site), acquired resistance is the result

of mutations in DNA or the horizontal transfer of mobile DNA elements.

Antibiotics make use of the differences between eukaryotic cells and prokaryotic
cells [1]. As different classes of antibiotics target different parts of the prokaryotic
cell, there are different sets of mechanisms that cause resistance within bacterial
cells (see table 1.1), however the mechanisms present in a specific bacterial cell

will depend on the species of bacteria [1].
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Increased efflux

€ Y Antibiotic
Efflux pump & C-'/
Decreased influx Fbgure 1.6
agram
€ 3 L ) :
=) 3 33 - showing the

Antibiotic @ Target amplification [ 4 main
inactivating o > B \ mechanisms of
enzyme o oy o .

Antibiotic inactivation - ; \‘ antibiotic

% Target site alterations & resistance in

bacteria [15].

The main methods by which bacteria are resistant to antibiotics in general are:

Reduction in the accumulation of the drug within the cell,

Changes to the target proteins to prevent the drug from binding,

Producing enzymes that modify/destroy the drug,

Producing proteins to protect the target proteins so the drug cannot bind.

Amplification of the target protien

These mechanisms are shown in figure 1.6. The mechanisms of resistance to a
specific class of antibiotics, the fluoroquinolones (and specifically ciprofloxacin),
are explained in more detail in section 1.5. The section of ciprofloxacin is based
on an essay written and presentation given in September 2019 as part of the

Doctoral Training Programme.
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Chapter 1

Classes of an- | Target [17] Mechanisms of | First Clinically
tibiotics [16] resistance [17] reported | intro-
in litera- | duced [7]
ture [7]
Penicillins Peptidoglycan | Hydrolysis, 1929 1943

(beta lactams) | biosynthesis | eflux, and al-
terations of the
target
Cephalosporins | Peptidoglycan | Hydrolysis, 1948 1964
(beta lactams) | biosynthesis | efflux, and al-
terations of the
target
Aminoglycosides | Translation Phosphorylation,| 1944 1946
acetylation, nu-
cleotidylation,
efflux, and al-
teration of the
target
Tetracyclines Translation Monooxidation, | 1948 1948
efflux, and al-
teration of the
target
Macrolides Translation Hydrolysis, 1952 1952
glycosylation,
phosphoryla-
tion, efflux, and
the alteration of

the target
Fluoroquiolones | DNA replica- | Acetylation, ef- | 1962 1962
tion flux, and alter-
ation of the tar-
get

Table 1.1 The targets, resistance mechanisms, and important dates
for clinical antibiotics.

1.5 CIPROFLOXACIN

Ciprofloxacin (a type of fluoroquinolone antibiotic) works by attacking the topoi-
somerase ITA enzymes (DNA gyrase and topoisomerase IV) [18]. As both of these
enzymes are located within the bacterial cell, the drug must penetrate the bac-
terial membrane. In FEscherichia coli and Staphylococcus aureus, this occurs by

simple diffusion, however active uptake by porins has been linked to the accumu-
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Chapter 1

lation of ciprofloxacin within other Gram-negative species of bacteria [19, p.570],
meaning that a reduced expression of membrane porins in these bacteria will re-

sult in reduced accumulation of ciprofloxacin in the bacterial cell.

A strong reserpine-mediated growth inhibition in resistant bacteria when treated
with ciprofloxacin has been reported [20] in Streptococcus pneumoniae and S.
aureus. Reserpine is a known efflux pump inhibitor, so it can be concluded
that eflux pumps play a role in resistance. However, another study has shown
that eflux pumps are present in both ciprofloxacin-resistant and ciprofloxacin-
susceptible strains of S. pneumonia [21], meaning that efflux pumps cannot be

the sole cause of resistance in this species.

Through DNA sequencing of the genes coding for gyrA, gyrB, parC, and parkE, it
has been shown that amino acid substitutions are present in the target proteins

of resistant bacteria [21].

Plasmid mediated resistance to ciprofloxacin was first confirmed in 1998 [22],
when it was shown that the pMG252 plasmid confers resistance to multiple an-
tibiotics, including ciprofloxacin. Following the discovery of this plasmid, other
plasmids that cause resistance to ciprofloxacin have also been discovered [23].
These plasmids are of particular concern within antimicrobial resistance, as they

allow transfer of resistance between species.

There appears to be conflicting reports as to whether quinolone resistance is
associated with resistance to other antibiotics. In a study of 209 US clinical iso-
lates [24], there was found to be no appreciable difference between the geometric
mean ciprofloxacin MIC for penicillin resistant S. pneumoniae and penicillin sus-
ceptible S. pneumoniae. However, an earlier study [25] had tested 1856 S. pneu-
moniae strains from 15 centres in Western Europe and the USA, which shows
that penicillin resistant strains of the bacteria have a slightly higher sensitivity

to quinolones than penicillin sensitive strains. A study conducted in Spain [26]
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Chapter 1

tested 2882 S. pneumoniae strains, and found a correlation between the resistance
to penicillin and ciprofloxacin (p < 0.001). Another study [27] tested 32 isolates
that were non-susceptible to ciprofloxacin, obtained from Hong Kong, and found
that they were all non-susceptible to penicillin, cefotaxime, and erythromycin.
This variation is a result of there being three methods of resistance occurring in
the bacterial cells; for example, the pMG252 plasmid encodes for resistance to
multiple antibiotics, where as the presence of altered topoisomerase ITA enzymes

would not confer resistance to any antibiotic that does not target this site.

1.6 RESISTANCE IN FUNGI

While antibiotic resistance is most well-known among the general population,
resistance of fungi to antifungal agents is also of clinical concern. Only recently
has it been shown that a reduction in the use of antifungal agents through a
stewardship program does not result in the increased incidence of, or mortality
from, hospital acquired candidemia [28]. This is an important finding, as it means
that antimicrobial stewardship can be applied to the use of antifungal agents. It
can be argued that, because of the smaller number of antifungal agents avail-
able in comparison to antibiotic agents, and their use as prophylaxis/empirical
treatment (due to difficulties in rapid diagnosis [29]), antifungal resistance is go-
ing to become a more important part of any antimicrobial stewardship program.
There is also an increasing number of cases of fungal infection [30], with multi-
drug resistant Candida spp and Azole resistant Aspergillus fumigatus becoming
increasingly prevalent [29]. A 2013 study by the United States department of
health and human sciences attributes 3,400 of the 46,000 annual cases of Candida

spp infections to strains that are resistant to Fluconazole [31].

In comparison to resistance in bacteria, resistance in fungi is usually the result of
repeated, independent evolution events in multiple species, rather than by hori-
zontal transfer through plasmids or phages [32]. Fungal cells show many strategies

for resisting the effect of antifungal agents. Table 1.2 shows the methods of re-
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Chapter 1

sistance of Candida spp to various classes of antifungal agents.

Classes of anti- | Target [33,34] Methods of resistance [32]
fungal
Polyenes Ergosterol (a sterol that is | Regulation of stress re-
fungal-specific) sponse pathways, absence of
target
Azoles Cytochrome P450 enzyme | Target site conformational
sterol 14a-demethylase changes, target site overex-
pression, efflux pump over-
expression, genomic plastic-
ity
Echinocandins | The enzyme glucan synthase | Regulation of stress re-
sponse pathways, target site
conformational changes

Table 1.2 The target sites of the 3 main classes of antifungals used
clinically, and mechanisms by which Candida spp become resistant.

Resistance Status
@ Resistance

Azoles Plants Animals Aales Partial resistance
3 No resistance
C-tt. -n- O
SDHI Resistance Mechanisms
3 C- Target site conformational changes
c'tt" Target site overexpression
[] Absence of target
Pyrimidine analogue
Anilinopyrimidines -n- Efflux pump overexpression
C"i 'ﬁ' ’ Regulation of stress response pathways
"v Genomic plasticity: aneuploidy/hypermutation
2 Unknown mechanism
Qols y )
Echinocandins Number of Resistance Mechanisms
l MBCs 4 2
Polyenes
Morpholines
& °

Figure 1.7 Mechanisms of resistance by fungi to plant and animal

antifungal agents [32].

1.7 LINK TO MY RESEARCH

An area of improvement suggested by the UK government [10,11] to tackle an-
timicrobial resistance is to reduce the burden of infections, in order to reduce the

prescribing of antimicrobials. The purpose of this thesis is to address methods of
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Chapter 1

reducing the burden of infections.

Chapter 2 describes research into how treatment with vancomycin affects the
murine immune system, and how this increases the risk of developing systemic
candidiasis. Knowledge of how antibiotic usage predisposes patients to fungal in-
fections will reduce the burden of fungal disease in patients that are often already

critically ill.

Chapter 3 describes a genomic research project, charting the spread of C. dif-
ficile throughout Germany. Understanding the spread of C. difficile infections
will provide information that could be used in preventing the spread, and the
associated infective burden. A 2013 report by the United States department of
health and human sciences [31] has attributed 14,000 deaths each year to infection

by Clostridioides difficile, leading to this disease being given an urgent treat level.

Chapter 4 lays out a proposed research project on polymer coatings of blood-
contacting catheters in order to reduce the formation of biofilms. The prevention
of biofilm formation on medical devices will reduce the burden of microbial disease

from biofilm forming pathogens in patients that are already ill.

Page 21 of 120



CHAPTER 2

THE DETRIMENTAL EFFECT OF
VANCOMYCIN ON THE MURINE
IMMUNE RESPONSE TO CANDIDA
ALBICANS

2.1 ABSTRACT

This study investigates the effect of a specific antibiotic, vancomycin, on macrophage
function. The in vivo mouse model shows that vancomycin reduces gut macrophage
numbers, and their major histocompatibility complex class II (MHCII) expres-
sion; this is associated with increased presence of fungal cells within the gastro-
intestinal (GI) tract. In wvitro studies were also used to determine the effects
of vancomycin on reactive oxygen species (ROS) production and microtubule-
associated protein 1A/1B-light chain 3 (LC3) associated phagocytosis (LAP)
within macrophages, which have previously been shown to be disrupted by an-
tibiotic treatment. The effect of vancomycin on the ability of macrophages to kill
Candida albicans cells in vitro was also investigated, but no statistically signifi-

cant effects could be seen.

2.2 SIGNIFICANCE STATEMENT

Candida albicans is part of the normal human commensal microbial flora, but
can cause lethal systemic candidiasis. One reason why this occurs is because of
the effect of antibiotics on the functioning of the immune system. This study

uses in vivo and in vitro models to examine this effect.
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2.3 INTRODUCTION

An estimated 1.5 million people die from invasive fungal infections yearly [35],
while most people develop a superficial fungal infection at some point in their
life [35]. The overall number of human fungal infections is increasing [30], par-
tially due to increased numbers of immunosuppressed patients (e.g. due to in-
creased life expectancy of HIV/AIDS patients). In 2016, 3.5 cases of candidaemia
(blood stream Candida spp infection) were reported in England per 10,000 of the
population [36], with Candida albicans being the most common cause. Commen-
sal C. albicans found in the gastro-intestinal (GI) tract [37] can cause systemic
infection in immunosuppressed patients with chemotherapy-associated damage to
the Gl-mucosal barrier [30]. Commensal C. albicans found on the skin [38, 39
can cause systemic infection when the skin of acutely ill intensive care patients is
penetrated, such as by a central venous catheter [30]. There are many risk factors

for the development of candidiasis [40], one of which is antibiotic usage [41].

It has been recently found that antibiotics can damage the immune response,
however this is poorly understood. Known mechanisms are through changes to
the microbiota [42], and alterations of the metabolism and reactive oxygen species
(ROS) production of immune cells [43]. The mechanism(s) by which antibiotic us-
age increases the risk of fungal infections is not currently understood. This inves-
tigation focuses on the effect of vancomycin, as it has been found that vancomycin
treatment is associated with a worse outcome from candidiasis (Drummond et al;
unpublished). Other problems with vancomycin include nephrotoxicity and neu-

tropenia [44], and the presence of Vancomycin Resistant Enterococcus [45].

Macrophages protect against C. albicans infections by phagocytosing yeast cells
[46-49], and secreting pro-inflammatory cytokines and chemokines. Following
phagocytosis, macrophages destroy the pathogen via several mechanisms, one of
which is microtubule-associated protein 1A/1B-light chain 3 (LC3) associated
phagocytosis (LAP). The process of LAP is shown in figure 2.1, and is reviewed
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in more detail in [50]. LAP results in the binding of LC3B onto the phagosomal
membrane, which has been shown to be necessary for lysosomal fusion [51], which
provides the necessary compounds to destroy the pathogen. ROS are one of the
necessary chemicals for the killing of phagocytosed cells. ROS can be produced
by both the mitochondria and NADPH oxidase [52,53].

Phagocytic
aumani LAP-specific
Ptdins3K
complex
% 3P
oo Ubiquitin-like
conjugation
Phagosome @

o~ G2
Lysosome COﬂJ’ugatii:;/

Lysosomal fusion
and degradation ® PI3P

LAPosome () LC3-PE

€ degrading enzymes

¢

Figure 2.1 The process by which LC3-associated phagocytosis
occurs [54]. In LAP, autophagy machinery [including the autophagy related

(ATG) proteins] is used to destroy pathogenic material. Phagocytic cargo is
internalised in a phagosome, which it decorated with
phosphatidylinositol-3-phosphate (PI3P) created by the phosphoinositide

3-kinase complex (PI3K). PI3P is required for the recruitment of the
ATG5-ATG12 and LC3-PE ubiquitin-like conjugation system (required for
extension of the autophagosome in autophagy [55]) which covalently bond LC3
to phosphatidylethanolamine (PE) to form LC3-phosphatidylethanolamine
conjugate (LC3B) conjugated onto the surface of the phagosome.
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In order for macrophages to phagocytose and kill pathogens, they undergo metabolic
rewiring. Under homeostatic conditions, macrophages utilise glucose mainly
through oxidative phosphorylation [56], however, activation results in a damp-
ening of the mitochondrial function of the cells [57] and an increased reliance on
the glycolysis and pentose phosphate pathways to provide necessary substrates for
other biosynthetic pathways [58] (such as ROS production). The lack of efficiency

in ATP-production is compensated for by an increase in glucose uptake [59].

Macrophages are of particular interest to this project, as they heavily populate
the gut [60,61], which, it has been suggested is the main point of entry for the
fungal cells into the bloodstream [62]. Macrophages have a longer life span com-
pared to other immune cells [63], so any damage caused to them by antibiotics
will be experienced for a longer period of time post-treatment. This study aims
to explore the effect of vancomycin on macrophage mitochondrial function, and

response to C. albicans infection.

2.4 MATERIALS AND METHODS

2.4.1 Mice and C. albicans infection model

8—10 week old female C57BL/6 mice (Charles River), maintained at the Biomed-
ical Services Unit at the University of Birmingham, were provided with food
and water ad [ibitum. All experiments were approved by the local Animal Wel-

fare and Ethical Review Board, and by the Home Office under Project Licence
PPL/PBE275C33.

13 mice were treated for 4 weeks with 0.5 mgmi~' vancomycin (Hospira) in
the drinking water, refreshing the water twice weekly. Control mice were treated
identically, but without vancomycin in the drinking water. 10 vancomycin-treated

mice and 10 control mice were intravenously infected with 1 x 10° CFU of C. al-
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bicans SC5314 per mouse, and monitored daily for weight loss and clinical symp-

toms (e.g. hunched posture, hypothermia, reduced movement).

Mice from the vancomycin-treated and control groups were randomly selected
into the 7-day cohort (5 vancomycin-treated mice; 5 control mice) or the 23-day
cohort (5 vancomycin-treated mice; 5 control mice). Mice were euthanised by cer-
vical dislocation when their weight loss reached 30 %, when an advanced infection
developed, or at the end point of their experiment (whichever came first). Mice
in the 7-day cohort were used for tissue burden determination (see section 2.4.3),
with the end point of the experiment being 7-days post-infection. Mice in the
23-day cohort were used for survival studies, with the end point of the experiment
being 23-days post-infection. 3 vancomycin-treated mice and 4 control mice were
not infected with C. albicans, and were euthanised to perform flow cytometry on

their gut digests (see section 2.4.4).

An additional 7 control mice were euthanised so that bone marrow could be ex-
tracted for culturing bone marrow derived macrophages for in vitro experiments

(mitochondrial staining, killing assays, and protein extraction).

The doses of vancomycin and C. albicans used were based on unpublished data

from the Drummond lab.

2.4.2 Culture of C. albicans

C. albicans (SC5314) was cultured in YPD broth [1 % yeast extract (SIGMA),
2 % glucose (Gibco), and 2 % peptone (Fisher)] at 30 °C' under gentle agitation
(180 — 200 rpm) for 18 — 20 hours. Fungal cells were spun down (2000 rpm,
5 minutes, 4 °C'), and the cell pellet resuspended (see below for concentrations)
in phosphate buffer solution (PBS). In vitro experiments used 2 live yeast to each

macrophage, or 10 heat-killed yeast (30 minutes at 70 °C') to each macrophage.
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2.4.3 Tissue burdens

Tissues (small intestines, caecum, colon, kidney) from 5 control mice and 5
vancomycin-treated mice were weighed and homogenised in 1 mL sterile PBS.
Serial dilutions (neat to 1 : 1000) of the homogenate were plated onto YPD solid
growth media [2 % peptone, 2 % glucose, 1 % yeast extract, 2 % bacteriolog-
ical agar (OXOID)| supplemented with penicillin/streptomycin (to prevent the
growth of commensal bacteria) and fungal colonies counted after incubation at
37 °C' for ~ 18 hours. Spleen bacterial burdens were analysed in the same way,
by plating onto Sheep Blood Agar (Remel), which was not supplemented with

any antibiotics.

2.4.4 Flow cytometry

Small intestines (from 3 vancomycin-treated mice and 4 control mice) were re-
moved and placed into phosphate buffer solution (PBS) on ice. Intestinal con-
tent was removed, and the intestines were cut laterally and gently cleaned in
fresh PBS to remove any remaining contents. They were then cut into small
squares (~ 1 — 2 e¢m in length) and placed in 10 mL RPMI with 1.5 % fe-
tal bovine serum (FBS) and 5 mM Ethylenediaminetetraacetic acid (EDTA).
The intestines were then incubated at 37 °C' with shaking for 20 minutes. In-
testines were vortexed and poured through a 100 pm filter. Intestine pieces
were moved into a fresh tube containing 10 mL RPMI with 5 mM EDTA, vor-
texed, and filter/washed as above. Intestines were then digested in 10 mL of
digest buffer [RPMI + 100 ugmi—! Collagenase IV (Gibco) + 100 pgml=t dis-
pase (Sigma) + 40ugmL~' DNase] at 37 °C' for 1 hour with shaking. The di-
gested intestines were poured through a 40 pm filter, and washed through with
FACS buffer [PBS + 0.5 % Bovine serum albumin (BSA) + 0.01 % sodium
azide|. The filtrate was then spun down (1500 rpm, 5 minutes), resuspended
in FACS buffer, and spun again. The cell pellet was then resuspended in PBS
and stained with ZombieViolet live/dead dye (Biolegend) for 10 minutes on ice.

Cells were then stained with fluorophore-conjugated antibodies in the presence
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of Fc receptor block (anti-CD16/32, clone 93). The anti-mouse antibodies used
in this study were: CD45::PE (30-F1) ; CD11b::APC Cy7 (REA592, Miltenyi
Biotec); F4180::APC (BMS); CD19::PerCPcy5.5 (1D3/CD19); MHCII::PECy7
(M5/114.15.2) [all antibodies from BioLegend unless otherwise stated], each with

a final concentration of 1pugmL~".

2.4.5 Bone marrow derived macrophages

Bone marrow macrophages were generated from the murine hind legs. Muscle
and fat were removed aseptically and bones sterilised in 70 % ethanol. Bone
marrow was flushed out with PBS (Gibco) supplemented with 2 mM EDTA (in-
vitrogen), using a 25 GG needle. The bone marrow was smashed through a 70 um
filter, spun down (1500 rpm, 5 minutes, 4 °C'), and resuspended in 20 mL RPMI
Medium1640 (1X) with GlutaMAX and HEPES (Gibco) (for 2 bones, 1 leg) sup-
plemented with 20 % FBS and 40 ngmL~! macrophage colony-stimulating fac-
tor (M-CSF). Vancomycin-treated macrophages were further supplemented with
20 ngm L~ vancomycin. Following 3 days of incubation (37 °C, 5 % CO—,) the
media was replaced with fresh media (of the same composition). Macrophages
were used for experiments after 5 days of differentiation. During differentiation,

the samples were regularly checked for signs of contamination (e.g. cloudy media).

2.4.6 Measuring mitochondrial function

Bone marrow macrophages were lifted from their flasks by replacing the media
with 12 mL of cold PBS/2 mM EDTA and incubating on ice for 5 — 10 min-
utes, followed by the use of a cell scraper, and spun down (1500 rpm, 5 minutes,
4 °C); the cell pellet was resuspended in RMPI/10 % FBS (420 ngmL~! van-
comycin). Cell concentration was determined using Trypan blue (dilution 1 : 20),
and cells resuspended at 2 x 10° cells/mil. 1 x 105 macrophages were added to
each well of a 96 well flat-bottom plate (Corning Incorporated), and the volume

of media increased to 100 uL per well. The plate was incubated for ~ 18 hours
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(37 °C, 5 % CO,) to allow macrophages to adhere, then macrophages were fed
with 100 pL fresh media per well and incubation continued for 2 — 4 hours. Me-
dia was then replaced with 50 puL of PBS supplemented with 10 % mouse serum
(Biowest). 50 uL of either 4 x 10° yeast/ml or PBS were added to each well, and
the plate returned to 37 °C.

For mitochondrial mass measurements (using MitoView Green [MVG], BioLe-
gend), the plate was incubated for 120 minutes, adding the stain (final concen-
tration of 50 nM) after 90 minutes, and read at 490 nm excitation/516 nm
emission. MVG stains the mitochondrial membrane in a potential-independent
way, so the differences in fluorescence values observed show differences between

the mitochondrial mass under the different conditions.

For mitochondrial ROS measurements (using MitoSOX red, M36008, Molecular
Probes), the plate was incubated for 120 minutes, adding the stain (final con-
centration of 5 uM) after 110 minutes, and read at 510 nm excitation/580 nm

emission.

For total ROS measurements (using dihydrohodamine-123 [DHRJ, Sigma) the
plate was incubated for 90 minutes, adding the stain (final concentration of

100 pM) after 60 minutes, and read at 507 nm excitation/529 nm emission.

2.4.7 Measuring ability of macrophages to kill C. albicans

cells

Bone marrow macrophages were prepared as above, and the killing assay was
conducted in the presence of 10 % mouse serum (Biowest) (opsonised samples)
or 10 % FBS (unopsonised samples). 50 pL of C. albicans with concentration of
4 x 10 cells/ml were added to each well, and macrophages were incubated for
2 hours (37 °C'). The plate was then spun (2000 rpm, 4 minutes), and the super-
natant removed. 100 uL of 0.02 % Triton-X in water was added to each well, and
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the plate spun again. The supernatant was removed, replaced by PBS, and the
plate spun. This wash step was repeated once more. 100 pL of 1X Alamar Blue
(Thermo) was added to each well, and the plate was incubated for ~ 18 hours
(37 °C, 5 % CO,). The plate was then read at 560 nm excitation/290 nm emis-

sion.

2.4.8 Protein extraction

Bone marrow derived macrophages were prepared as above in 24 well plates
(Corning Incorporated) with 0.5 x 10° macrophages per well. Stimulation with
5 x 10° heat-killed yeast per well [+50 uM chloroquinine (Sigma)] occurred for
2 hours, then the media was replaced with RIPA buffer supplemented with 1X pro-
tease/phosphatase inhibitor cocktail (Sigma) and the cells incubated on ice for
5 — 10 minutes to lyse the cells. Cell lysates were snap frozen on dry ice. Protein
concentration was determined using the Pierce BCA kit following the manufac-
turers’ instructions. In some cases, protein samples were concentrated prior to
use. For this, lysates were mixed with an equal volume of methanol (VWR BDH
Chemicals), and chloroform (Alfa Aesar) added with a volume 1/8 of the total
volume of protein and methanol. The mixture was inverted and centrifuged at
maximum speed in a microfuge for 3 minutes. The top liquid phase was removed,
and the same volume of methanol added, and the lysate pelleted as before. The
supernatant was removed, and the pellet dissolved in fresh RIPA buffer before
re-determining protein concentration. Protein samples were mixed with an equal
volume of sample buffer and heat treated at 95 °C' for 5 minutes prior to load-
ing onto 10 % or 20 % sodium dodecyl sulphate-polyacrylamide gels. Protein
samples were separated by running SDS-polyacrylamide gel electrophorese (SDS-
PAGE) at 130 V for ~ 60 minutes, in fresh running buffer. See tables la (page
32) and 1b (page 33) for the composition of the gels and buffers used respectively.
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2.4.9 Western blotting

Following separation of the proteins, the gels were transferred to 0.2 pm polyvinyli-
dene difluoride (PVDF) Western blotting membranes (Roche Diagnostics GmbH)
using fresh transfer buffer at 100 V' (constant) for 90 minutes, with the tank in a
tray of ice to prevent over-heating. Following transfer, the membrane was washed
3 times in wash buffer for approximately 5 — 10 minutes per wash. The mem-
brane was blocked for an hour at room temperature under gentle agitation, in
blocking buffer. Following a further 3 rounds of washing (same as previous), the
membrane was probed with primary antibody diluted in wash buffer overnight
at 4 °C' under gentle agitation. The primary antibodies used in this study were:
anti-mouse LC3B (D11); rodent specific SQSTM1/p62; or anti-mouse beta-actin
(8H10D10) (all from Cell Signalling Technology). Membranes were washed as
above, and then incubated for one hour with a horseradish peroxidase (HRP)
linked secondary antibody (Cell Signalling Technology) diluted in wash buffer
and washed again 3 times. The membrane was imaged using the Amersham ECL
Western Blotting Detection Reagents (from GE Healthcare). All antibodies were
used at 1:1000. See table 1b (page 33) for the composition of the buffers used.
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Acrylamide/Bis-acrylamide 30% solu- | 47.80% | 65.97% | 16.70%
tion (Sigma Life Science)
Separating gel buffer 35.70% | 35.70%
Stacking gel buffer 12.70%
Distilled water 13.60% | 7.00% 68.50%
SDS  (PanReac  AppliChem ITW | 0.14% 0.14% | 0.10%
Reagents)
APS (Sigma) 1.40% | 1.40% | 1.00%
TEMED (PanReac AppliChem) 0.10% 0.10% 0.10%

Table 1a Composition of the gels used in SDS-PAGE. Separating gel
buffer was composed of 18.2 % Tris-base and 0.002 % SDS, with pH adjusted to
8.8. Stacking gel buffer was composed of 6.1 % Tris-base and 0.002 % SDS, with

pH adjusted to 6.8. APS = ammonium persulphate.
TEMED = tetramethylethylenediamine.
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SDS (PanReac | 5.20% 0.10% 0.10%
AppliChem  ITW
Reagents)
Glycerol stock 26.00%
Phenol red 0.03%
Tris-HCl 0.163 M 25 mM
Beta- 15.00%
mercaptoethanol
Tris (MP) 0.3% w/v 10 mM 10 mM
Glycine (Fisher) 1.5% w/v | 192 mM
Methanol ~ (VWR 20%
BDH Chemicals)
NaCl 100 mM 100 mM
Tween20  (Fisher 0.10% 0.10%
BioReagents)
FBS 2%
BSA (Sigma-Alrich) 2%

Table 1b Composition of the buffers using in SDS/PAGE and
Western blotting.

2.4.10 Stastical analysis

Data was analysed using GraphPad Prism 8.1.2. Normality was tested using

the Shapiro-Wilk test. Data not normally distributed was analysed with a non-

parametric Mann Whitney test.

An unpaired T-test was used for data that

was normally distributed. For weight loss data, a Two-Way ANOVA test was

conducted, using the Sidak correction for multiple comparisons. For percentage

survival data, a log-rank (Mantel-Cox) test was conducted. Western blot images

were analysed using Image J software (version 1.52).
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2.5 RESULTS

2.5.1 Health and spread of fungi within the murine body

on infection with C. albicans

Since vancomycin has been shown to be a risk factor in humans for the develop-
ment of Candidasis, we wanted to explore the mechanisms in a controlled animal
model. 5 vancomycin-treated and 5 control mice were infected with C. albicans,
their health monitored, and fungal burdens in the caecum, colon and kidney de-

termined 7 days post-infection.

No statistically significant change was seen in the fungal burdens present in the
kidney (figure 2.2¢), which is of importance because this is the principle site of
infection in this model [64]. Fungal cells were also detected in the colon and cae-
cum of vancomycin treated mice, but were not detectable in control mice (figures
2.2d, figure 2.2¢). This is of interest because immuno-competent mice are resis-
tant to GI colonisation by C. albicans [65]. These results show that vancomycin
treatment is causing the movement of fungal cells from the blood stream (as they
were administered intra-venously) into the GI tract and the immune system of

vancomycin-treated mice is unable to remove this fungi.

It was shown that there was a slight increase in percentage weight loss in mice
pretreated with vancomycin following infection (figure 2.2a), however these mice
showed no difference in survival at 7 days post infection (all mice survived 7 days).
One vancomycin-treated mouse required euthanisation at 15 days post-infection
(figure 2.2b). Vancomycin treatment in the absence of fungal infection does not

affect the mice.
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Figure 2.2 Percentage weight loss in the first 7-days post-infection
[a], percentage survival up to 23-days post-infection [b], fungal
tissue burdens [c-e] and bacterial tissue burden [f] for
vancomycin-treated (red) and control (black) mice following
infection with C. albicans. Mice were infected with 1 x 10° CFU
C. albicans, with some mice having had prior treatment with vancomycin
(0.5 mg/ml in drinking water for 4 weeks prior to infection). Percentage weight
loss was monitored (n=10 for each group), and showed no statistically
significant difference at any time point using a Two-Way ANOVA with Sidak’s
multiple comparisons test. Percentage survival was based on the mice not
euthanised for the purpose of tissue burdens (n=>5 for each group), and showed
no statistically significant difference using the Log-rank (Mantel-Cox) test.
Fungal tissue burdens in the kidney, colon, and caecum, and bacterial tissue
burdens in the spleen were tested 7 days post-infection (n=>5 for both groups).
FEach data point represents a single mouse, with outliers (identified by GraphPad
QuickCalcs: Outlier calculator) circled. Outliers were not included in statistical
analysis. P values for the kidney were determined using an unpaired parametric
T-test. P wvalues for the colon, caecum, and spleen were determined using
non-parametric Mann-Whitney tests.
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Given that vancomycin appears to be allowing fungi to infect the GI tract, we
wanted to explore whether there were any changes in the spleen caused by the
prior-treatment of vancomycin, as this filters the blood. If vancomycin treatment
is damaging the GI tract-blood barrier (therefore allowing fungi into the GI tract),
there may also be bacteria passing into the blood from the GI tract, which may
cause bacteria to be present in the spleen of the mice. To investigate this, the
spleen bacterial burdens were determined from the same mice used above. Figure
2.2f shows that, with the exception of one outlier, bacteria were only found in
the spleens of vancomycin treated mice. This implies that prior treatment with

vancomycin is causing a subsequent bacterial infection.

2.5.2 Small intestine digests

Given the effect seen in the GI tract, we wanted to explore whether there were
perturbations in the immune system in this location. Small intestines were re-
moved from vancomycin-treated (n=3) and control (n=4) mice (who had not
been infected with C. albicans), and flow cytometry was used to isolate different
cell populations (figure 2.3). The cells from all the control mice were pooled to-
gether prior to analysis, as were the cells from all the vancomycin treated mice.
Important values of cell populations taken from the flow cytometry analysis are
shown in table 2.2. Although different numbers of mice were used with the flow
cytometry analysis for vancomycin-treated and control mice, the differences be-
tween the values cannot be purely attributed to the difference in sample sizes, as

can be seen in the ‘per mouse’ figures shown in table 2.3.
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Figure 2.3 Flow cytometry analysis of gut macrophages isolated
from control (A1-A5) and vancomycin-treated (B1-B5) mice.
Leukocytes were isolated from the small intestines and stained to identify

macrophage populations (defined as CD45+CD3-CD19-CD11b+F/80+). The
dump channel contains any CD3+ or CD19+ cells. Macrophages were also
separated into 2 populations based on their MHCII expression.
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macrophages isolated

Control mice Vancomycin-
treated mice

Number of mice 4 3
Number of single cells isolated 143 654 36 362
Number of live single cells iso- | 149 119 32 253
lated
Number of live macrophages iso- | 13 369 2 352
lated
Number of live MHCII-high | 5 147 219
macrophages isolated
Number of live MHCII-low | 8 115 2119

Table 2.2 Cell populations from flow cytometry analysis of gut
macrophages isolated from control and vancomycin-treated mice

macrophages isolated per mouse

Control mice Vancomycin-
treated mice
Number of single cells isolated | 37 414 12 120
per mouse
Number of live single cells iso- | 37 280 10 751
lated per mouse
Number of live macrophages iso- | 3 342 784
lated per mouse
Number of live MHCII-high | 1 287 73
macrophages isolated per mouse
Number of live MHCII-low | 2 029 706

Table 2.3 Cell populations from flow cytometry analysis of gut
macrophages isolated from control and vancomycin-treated mice

e:z:pressed as an average per mouse

The results show a decrease in the population size of macrophages in the small
intestines of mice treated with vancomycin, with a majority of the decrease be-
ing in macrophages with a high expression of histocompatibility complex class 11
(MHCII). These macrophages are of importance, as the expression of MHCII
is associated with activation of the macrophages, meaning that MHCII high
macrophages are thought to be better able to deal with pathogens.
also an increase in the number of dead cells in the samples from vancomycin
treated mice in comparison to control mice. These results show that the treat-

ment with vancomycin is having an effect on both the size and the composition
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of the macrophage population within the small intestines.

2.5.3 Mitochondrial response to C. albicans infection in

vitro

We also wanted to determine whether effects are seen in vitro. We firstly looked
at whether vancomycin was having an effect on the production of ROS by the
macrophages (an important chemical for killing pathogens), by both NADPH ox-
idase and the mitochondria. Bone marrow macrophages were either treated with
vancomycin, or allowed to grow without antibiotic treatment, and staining assays
were conducted to determine the ROS production. There was no significant effect
of either vancomycin treatment or infection on the mitochondrial mass within the

macrophages, as shown by the MVG staining (figure 2.4a).

MitoSOX staining (figures 2.4b and 2.4e) reveals that control macrophages ex-
perience a decrease in mitochondrial ROS production as a result of infection,
whereas this is not seen in vancomycin treated macrophages. The difference,
however, was not statistically significant. These results suggest that vancomycin
treatment is preventing the alterations in mitochondrial functions that occur in
control macrophages as a result of infection. Since the MVG assay shows no effect
of vancomycin treatment or infection, this can be attributed to damage to the

performance of the mitochondria.

Based on the DHR staining (figure 2.5a), it is difficult to draw any conclusions
about the general ROS production within the macrophages, because the signal
from the fungus alone was frequently similar to the signals from macrophages,

even when heat killed fungi were used.
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Figure 2.4 MitoSOX and MVG staining assay results for in vitro
bone marrow macrophages. For the normalised mitochondrial staining
assays (a-b), 1 x 10° vancomycin-treated (20 ngmL~" in the media, red) or

control (black) macrophages were infected with 2 x 10° of yeast cells (triangles)
or remained uninfected (circles). Fach data point in graphs a-b represents the
average of results from n > 3 samples from bone marrow derived macrophages
taken from a single mouse. The technical repeats for one biological replicate for
MVG (¢) and MitoSOX (d) are shown, with the fluorescence produced by fungi
when they were exposed to the dyes in the absence of macrophages. MitoSOX
results are also shown as a percentage change due to infection (e). P values for
the effect of vancomycin on uninfected samples (MVG and MitoSOX) were
determined using non-parametric Mann-Whitney tests. P values for the effect of
vancomycin on infected samples (MVG and MitoSOX) and the change in ROS
production by mitochondria were determined using an unpaired parametric
T-test. P > 0.05 for all graphs.
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Figure 2.5 DHR staining assay results for in vitro bone marrow
macrophages. For the staining assays, 1 x 10° vancomycin-treated
(20 ngmL~" in the media, red) or control (black) macrophages were infected

with 2 X 10° heat killed (red) or live (black) yeast cells. Hollow points show data
where the yeast gave a similar reading to the macrophages. Each data point on
graph A represents the average of results from n > 3 samples from bone marrow
derived macrophages taken from a single mouse. The technical repeats for one
biological replicate are shown, with the fluorescence produced by fungi when they
were exposed to the dye in the absence of macrophages.

2.5.4 Killing ability of macrophages in wvitro

As well as the effect on ROS production, we also wanted to explore the effect
of vancomycin on the ability of macrophages to kill C. albicans, by co-culturing
bone-marrow macrophages (either treated with vancomycin or control) with C. al-
bicans and determining the number of fungal cells alive after incubation for
2 hours. The results (figure 2.6) showed large variations between biological repli-

cates, and no conclusions could be drawn.
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Figure 2.6 Killing assay results for in vitro bone marrow derived
macrophages. 1 x 10° vancomycin-treated (20 ngmL~" in the media, red) or
control (black) macrophages were infected with 2 x 10° of yeast cells in the
presence of either 10% mouse serum (opsonised; triangle) or 10% FBS
(unopsonised; circles), and the number of fungal cells surviving after 2 hours of
co-culture were determined. Fach data point in the graph represents one
biological replicate and is the average of results from n > 3 samples from bone
marrow derived macrophages taken from a single mouse.

2.5.5 LC3-associated phagocytosis protein expression

Vancomycin has been shown to affect LAP [66] which is an important process for
the control of C. albicans infection [67], so this was also explored by extracting
proteins from macrophages that had been infected with C. albicans. The results
(figure 2.7) suggest that vancomycin caused a slight reduction in LC3B expression
and a slight increase in P62 expression, however more repeats of this experiment

are needed to back up this finding.
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Figure 2.7 SDS-PAGE/Western blot results for in vitro bone
marrow macrophages. 0.5 x 105 bone marrow macrophages (vancomycin

treated [red] and control [black]) were co-cultured with 5 x 10° C. albicans for
2 hours, and the proteins were extracted from the cells. Protein concentration
were made to 1500 pug/mL prior to addition of sample buffer, and 11.25 ug of
proteins were loaded into each channel of the acrylamide gel. Fach data point
represents the result of a single SDS-PAGE. Results were expressed as a ratio of
the beta-actin reading for the same condition, and then normalised to be a
percentage of the control reading. P values could not be determined due to a lack
of data points.

2.6 DISCUSSION

Overall, these results show that vancomycin has an effect on the ability of the
murine immune system to cope with a C. albicans infection in vivo, although no

statistically significant effects of vancomycin treatment could be seen n wvitro.

Within the fungal and bacterial in vivo graphs, all outliers have been left in to
show the large variation between mice, however outliers have not been included
in statistical analysis. It can be seen that most of the fungal burden variation
occurs in the vancomycin treated mice, while there are no statistical outliers for
the fungal burdens of control mice. This indicates that the variation can be at-
tributed to the vancomycin treatment, potentially as a result of mice drinking
different amounts of water and therefore acquiring different doses of vancomycin.

To determine if this is the case, it would be necessary to use a different method
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of administering vancomycin that is not mouse-dependent, such as oral gavage in
which the vancomycin is delivered directly into the stomach of the mouse. Fur-
ther experiments could be conducted to determine if the survival of vancomycin
treated mice in comparison to control mice is altered at longer time durations, as
only a short infection duration was used in this experiment. Fungal and bacterial
tissue burdens could also be compared at longer time durations, as these may

also show a difference between the vancomycin-treated and control mice.

Immuno-competent mice are resistant to GI-colonisation by C. albicans, meaning
that an intra-venous method of administering the infection had to be used instead
of administering the fungi through the oral route. The presence of fungal cells
within the GI tract of the vancomycin-treated mice therefore shows that fungi
are moving from the blood stream into the GI tract, and that the murine immune

system is unable to remove this pathogen.

Bacteria that has been found in the spleens of vancomycin-treated mice has the
potential of causing a fatal systemic bacterial infection. Since there was no in-
troduction of bacteria during the study, it is highly likely that the bacteria found
in the spleens was originally a commensal bacteria. Within the in vivo results,
it has been shown that fungi have migrated from the blood stream into the GI
tract, indicating damage to the GI tract-blood barrier within vancomycin-treated
mice. It is therefore hypothesised that the bacteria that is found in the spleen was
originally a commensal GI bacteria that migrated into the blood. One method to
confirm this would be to run the same infection model on germ free mice (mice
with no GI bacteria). If this hypothesis is correct, vancomycin treated germ free
mice will not develop a bacterial infection after infection with C. albicans. An al-
ternative method would be to run matrix-assisted laser desorption /ionisation time
of flight (MALDI-TOF), in order to identify the species of the bacteria present in
the spleen. MALDI-TOF is a method of mass spectrometry which uses ribosomes
and other abundant bacterial proteins as biomarkers to allow quick and accurate
identification of bacterial species [68]. This would allow the determination of

whether the bacteria are typical gut commensals.
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It is known that the presence of fungal and bacterial infections concurrently can
alter the virulence of each of the pathogens [69]. For example, a mixed biofilm
of C. albicans and Staphylococcus aureus results in S. aureus having a greater
tolerance for vancomycin compared to S. aureus in a single species biofilm [70].
It has also been shown that the presence of a co-infection of C. albicans and S.
aureus causes a significant increase in the cytokines and chemokines associated
with the innate pro-inflammatory response in mice [71], and results in signifi-
cantly lower survival rates. The decrease in survival caused by coinfection has
also been reported for coinfection of Streptococcus constellatus and Fusobacterium
nucleatum [72]. One vancomycin treated mouse within the experiments under-
taken in this project experienced a significant, delayed weight-loss that required
euthanisation at 15 days post-infection. It is possible that this was a result of a

systemic bacterial infection, although no tests were conducted to confirm this.

MitoSOX data shows that control macrophages experience a decrease in mito-
chondrial ROS production on infection. This decrease in mitochondrial ROS
production, however, is not seen in vancomycin treated macrophages. No pub-
lished reports could be found to compare these results to. The difference between
the mitochondrial ROS production in control and vancomycin treated mice sug-
gests that vancomycin treatment is having an effect on how the macrophages alter
their metabolism upon activation. To confirm this, more assays that analyse the
metabolism would be needed, such as a Seahorse Assay which measures oxygen
consumption and extracellular acidification to provide information on the mito-

chondrial and metabolic function of cells [73].

There is disagreement within the literature regarding changes in general ROS
production that occurs as a result of C. albicans infection. Duan et al [74] sug-
gests that stimulation with C. albicans results in increased ROS production in
THP-1-derived macrophages (using DCFH-DA staining). In contrast, Wellington
et al [75] report that Candida spp (including C. albicans) suppress general ROS

production in in vitro phagocytes from the murine macrophage cell line J774.A1.
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Spellberg et al [76] and Shin et al [77] report a suppression in nitric oxide (NO)
generation from macrophages following stimulation by C. albicans. NO is known
to be a form of ROS that can be used by macrophages to kill injested pathogens.
In order to determine the effect of vancomycin treatment and/or C. albicans in-
fection on the general ROS production, it will be necessary to optimise the DHR
staining assay to ensure that the background is not obscuring the results being
gained, such as by decreasing the incubation time [78-80] or washing the sam-

ple [81].

Differences in fungal burdens in vivo may also be a result of disturbances to LAP
(a process that is known to be important in the macrophage response to C. albi-
cans), so Western blot analysis was conducted on 2 of the LAP proteins (p62 and
LC3B). Due to time spent optimising the Western blot assay and the lumines-
cence imaging, only a single complete set of data was acquired. Difficulties were
encountered in producing readable LC3B blots, so a number of different protein
concentrations, gel compositions, and durations for SDS-PAGE had to be tried.

This means that no statistical conclusions can be drawn.

An increase in P62 expression as a result of vancomycin treatment has previously
been reported by Ha et al [66], and indicates that the vancomycin is blocking
autophagy flux in the macrophages. This is in support of the result found during
this project. However, it was also reported that LC3B expression increased for
vancomycin treated macrophages in contrast to control macrophages [66]. The
difference between this and the experimental results of this project may be due
to errors in the data of figure 2.7, or may be a result of Ha et al [66] not using
infected macrophages. Further repeats would be needed to determine a conclu-

sion for these results.

The data from flow cytometry shows that there is a decrease in MHCII high
macrophages within the gut of vancomycin-treated mice. MHCII is required for
antigen presentation to the adaptive immune system, potentially leading to a

dulled adaptive immune response in vancomycin-treated mice. The flow cytome-
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try data also shows a reduction in the number of live cells within the gut digest.

The average number of macrophages per mouse (regardless of their MHCII presen-
tation) reduced from 3,342 in control mice to only 784 in vancomycin treated mice.
It has been previously reported that phagocytosis of C. albicans by macrophages
can result in the death of the macrophage [82] by triggering pyroptosis [82] (a
form of cell death) of the macrophages and by formation of hyphae [82] and by
causing competition for glucose. [83]. More experiments are needed to determine
if the killing of macrophages by C. albicans cells is affected by prior vancomycin
treatment. This could be conducted by either flow cytometry of gut digests of
C. albicans infected mice, or by an in vitro assay to determine the number of live

macrophages after co-incubation with C. albicans.

The presence of fewer innate immune cells, and the potential lack of stimulation
of adaptive immune cells could contribute to the inability of mice to clear the
fungal infection from their GI tract. It would also allow the composition of the
GI microbiome to alter [a known and common problem with antibiotic usage],
which has the potential of allowing some bacterial populations to expand and
become infective (possibly crossing into the blood stream and going on to infect
the spleen). The combination of reduced live-cell numbers, and the reduction in
stimulation of the adaptive immune system could account for why an effect is
being seen in vivo, while there is no difference in killing ability in vitro (because
an equal number of live cells were used for each in vitro experiment, and the role
of the adaptive immune system was not examined as macrophages were the only
murine cell used). This shows the main problem with conduction studies in vitro

— they are not fully representative of the in vivo conditions.

To determine the effect of cell number, it would be necessary to determine the
in vivo macrophages concentrations for both the control and vancomycin-treated
mice, and use these concentrations (which will be different for both sets of mice)
within the in vitro assays. The presence of other immune cells was removed for

in vitro assays because these cells will also contribute a signal, so it will be more
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difficult to determine the effect of stimulation of the adaptive immune system
in wvitro. Transgenic mice that express reporter molecules (such as green fluores-
cent protein) during cytokine production have been used within immunological
research [84], and could be applied to study stimulation of the adaptive immune

system in vivo.

2.7 CONCLUSION

In conclusion, while it has been shown that vancomycin is having an effect on
the murine immune system, and specifically on macrophages, further studies are
needed to determine the exact effect that is being caused. Of most interest
would be to produce consistent killing assay results in vitro to determine whether
macrophages are less able to deal with a C. albicans infection after treatment
with vancomycin. Following from this, the effect of vancomycin on ROS produc-
tion would be of interest, as there is disagreement in the literature within this

field.

Currently, prophylaxis antifungal treatment is routinely given to intensive care
patients [29]. Once the effect of antibiotics on the immune system is fully un-
derstood, this prophylaxis treatment can be limited to only those patients who
are at particular risk (or antibiotic treatments with a lower risk of damage to
the immune system could be used for these patients). This will reduce the re-
quirement for antifungal treatment, and therefore reduce the selective pressure

on fungi which promotes the spread of resistance.
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BIOINFORMATICS

3.1 ABSTRACT

This analysis was based on data from a set of 57 clinical isolates of Clostridioides
difficile (with ribotype 027) collected from hospitalised patients in 26 locations
in Germany [85]. Samples were taken between 1990 and 2012. The paper used
Bayesian phylogeographic analysis to determine the spatial and temporal dynam-
ics of the spread of C. difficile throughout Germany, and discovered that fluoro-

quinolone resistant C. difficile was imported into Germany on at least 4 occasions.

This report focuses on re-analyzing the genomic sequences from the 57 clinical

isolates, however it does not repeat the Bayesian phylogeographic analysis.

3.2 SIGNIFICANCE STATEMENT

Clostridioides difficile can cause severe, hospital acquired infections. It is esti-
mated that C. difficile infections (CDI) cause 29,500 deaths annually (within 30
days of diagnosis) [86]. The development of a CDI is often associated with the

prior use of antibiotics.
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3.3 INTRODUCTION

Clostridioides difficile (formerly Clostridium) is a Gram-positive anaerobic bacil-
lus [87] which can cause severe, hospital acquired infection. Within just 40 years
of the first isolation of C. difficile in 1935, it was recognised as the main cause
of antibiotic associate colitis and diarrhoea [87]. Over the past 20 years, there
has been an increase in the prevalence of C. difficile infections [86]. While this
is partially attributed to increased number and sensitivity of testing, it is also a
result of the rapid spread of the polymerase chain reaction (PCR) ribotype 027

strain of bacteria.

3.3.1 The numbers

A 2019 meta-analysis [88], which included data from 41 different countries, esti-
mated that the prevalence of health-care facility associated C. difficile infection
(CDI) for patients of all ages was 2.24 per 1000 admissions per year or 3.54 per
10 000 patient days, accounting for 44.6% of gastro-intestinal (GI) infections and
4.9% of all healthcare associated infections (HAI) [89]. It is the elderly population
that is particularly affected [88].

3.3.2 Resistance of C. difficile

Resistance of C. difficile to many antibiotics have been reported, as shown in

table 3.1.
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of the target

Antibiotic Mechanism(s) of resis- | Target protein or gene
tance

Cephalosporins Antibiotic  enzymatic | Putative beta-
destruction; alteration | lactamases and PBPs

Macrolide-lincosamide-

23s RNA methylases;

ermB and cfr

streptograminB RNA methyl transferase
Fluoroquinolones Alteration of the target | gyrA and gyrB
Metronidazole Metabolic pathway al-

terations; biofilm forma-

tion
Vancomycin Alteration of the target; | murG

biofilm formation
Rifamycins Alteration of the target | rpoB
Tetracycline Ribosomal protection tetM; tets4
Chloramphenicol Chlorampenicol acetyl- | catD

transferase

Table 3.1 Resistance mechanisms of C. difficile to common
antibiotics [90].

3.3.3 Infection

C. difficile is transmitted by the faecal-oral route, as shown in figure 3.1, and the
development of CDI is often associated with antibiotic use. A study of 47 stool
isolates of C. difficile from Iraqi hospitals by Hindi et al [91] showed that all of
the isolates came from patients who had received at least one antibiotic, with over
80% of the isolates associated with patients who had taken more than 2 different
antibiotics. This association is caused by the alterations in the commensal flora
of the gut that results from antibiotic usage. This alteration allows C. difficile

bacteria to proliferate [87].

Hospitals provide a major reservoir for C. difficile, with the bacteria being car-
ried by both symptomatic patients and asymptomatic carriers [87]. Patients with
symptomatic infections heavily contaminate their environment with spores that
can persist despite regular cleaning [87]. It has been shown that asymptomatic
carriers can act as a source of hospital-acquired CDI (HACDI) [93]. In addition to

HACDI, community acquired CDI is becoming increasingly prevalent, and affects
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Figure 3.1 The life cycle of C. difficile within the human
gastrointestinal tract [92]. Spores present in the faecal matter of infected
individuals contaminate their environment and are ingested. Passage through the
stomach removes most vegetative cells, so only spores pass into the duodenum,
where they germinate. The C. difficile cells then colonize the colon and begin to
produce toxins. Spores are also produced, and these leave the body in the faeces,
allowing the cycle of infection to continue. SCFA = short-chain fatty acids.

patients who are not currently classified as ‘at risk’ such as the young and those

who have not recently received antibiotic treatment [86].

Symptoms of C. difficile infection (CDI) are caused by toxin produced by the
C. difficile cells. Toxinogenic isolates usually simultaneously produce 2 toxins (A
and B), which cause fluid secretion, inflammation, and mucosal damage [87]. The
toxins act to disrupt the tight junctions and destroy the actin cytoskeletons in
the enterocytes [86]. This can lead to severe complications, such as toxic mega-

colon [92].
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3.3.4 Ribotypes

C. difficile bacterial isolates can be classified in multiple ways, of which one
method is ribotyping. Ribotyping involves classifying the isolates based on the
sequence in the 16S-23S intergenic spacer region of their genome [94], which is
the region of DNA between the 16S and 23S rRNA genes that is transcribed with
the rRNA genes. Many ribotypes of C. difficile have been identified [95,96].

Ribotype 027

C. difficile ribotype 027 has been shown to exhibit one of the highest antibiotic
resistance profiles of all of the C. difficile ribotypes, with a 2020 study showing
that over 40% of the tested ribotype 027 isolates being resistant to at least 3
classes of antibiotics [97]. All of the tested ribotype 027 isolates also showed high
levels of resistance to moxifloxacin (a fluoroquinolone), however they were suscep-

tible to vancomycin [97], one of the first line treatments for C. difficile infections.

The increased prevalence of this particularly resistant ribotype of C. difficile is
of concern. In a 2020 study [97] 65.2% of the tested isolates were of ribotype 027,
when 253 toxinogenic isolates of C. difficile from Poland were analysed. How-
ever, in the United Kingdom, between April 2008 and March 2018, there was a
decrease in the prevalence of the PCR ribotype 027 isolates [98], in isolates sent to
the Clostridium difficile Ribotyping Network as a result of hospitals experiencing
increased frequency /severity /mortality /recurrence of CDI. This, therefore, does
not account for all cases of CDI as there is no requirement for hospitals to report
cases. A similar trend has also been seen in Texas [99]. While these trends are
promising, studying the spread of ribotype 027 of C. difficile will provide knowl-
edge to help in preventing the spread of any new highly virulent ribotypes, such
as the ribotype 255. Ribotype 255 is a novel ribotype that has been identified
in Texas and has a similar disease severity to ribotype 027, however it infects

patients who are younger on average than those infected with ribotype 027 [99].
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3.3.5 Sequence types

Another method of classifying C. difficile isolates is through the use of sequence
types . The sequence types (STs) of different isolates are determined based on
nucleotide sequences of house keeping genes, with each unique combination of
alleles being assigned to a different sequence type. A 2010 study identified 40
sequence types for C. difficile isolates taken from stool samples [100]. A phy-
logenetic tree was produced to show the relationships between isolates from the
different sequence types (figure 3.2). For most of the sequence types (32/40), each
sequence type corresponded to a single PCR ribotype, however 8 of the sequence
types corresponded to multiple PCR ribotypes. Table 3.2 shows the ribotypes
associated with each sequence type. It was also noted that PCR ribotype was
not always predictive of the sequence type, for example, the ribotype 014 was

associated with both the sequence type 2 and sequence type 14 (see table 3.2).

’ ST \]Kﬂxmype H ST \IRHXEype

1 027, 036 22 023

2 014, 020, 076, 220 || 26 039, 140
3 001, 009, 072, 115 || 27 067

4 137 32 153

5 023, 063 33 064

6 005 34 056

7 026 35 046

8 002, 159 36 011

9 081 37 017

10 015 38 060

11 078 39 085

12 003, 225 40 035

13 129 42 106, 118, 174
14 014 46 191

15 010 51 186

16 050 53 103

17 018 54 012

18 050 56 021

19 110 67 019

20 202 69 072

Table 3.2 Table showing the ribotypes that correspond to each
sequence type (ST) for C. difficile [100].
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Figure 3.2 Phylogenetic tree constructed for the 40 sequence types of
C. difficile detected, based on seven loct used in multi-locus sequence
typing (MLST) /100] Based on the clades of the tree, the different sequence
types can be classified into 4 main groups, which correspond to the groupings
found in whole genome analysis. Bootstrap=1,000.
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3.4 METHODS

This analysis is based on genomic data taken from a research article that aimed to

trace the spread of C. difficile Ribotype 027 in Germany [85]. Raw data was down-

loaded from the sequence read archive (SRA) onto the server using fastq-dump
(version 2.10.0) using the accession number PRJEB9067 for the bioproject. This
programme is part of the sra-toolkit (NCBI). The data used is available at https:
//www.ncbi.nlm.nih.gov/biosample?Db=biosample&DbFrom=bioproject&Cmd=
Link&LinkName=bioproject_biosample&LinkReadableName=BioSample&ordinalpos=
1&IdsFromResult=288366. The isolation year for each isolate is shown in table

3.3, along with the lineage (FQR1 or FQR2) assigned in the original paper that

this analysis is based on. A work flow showing the processes used as part of this

research is shown in figure 3.3.

Download raw lllumina sequence data in .fastq format

rs A

Quality control of *~ Mapping to a

. Assembly data with
raw data with reference genome SPADES
FastQC with SNIPPY
Produces
scaffolds.fasta files
A
N
AN
N
— // \\ ) —
pe % — .
MLST Abricate for ) Quality
sequence common Annotate with control
) Prokka assembly
typin AMR genes
Yping 8 / with quast
Produces .gff files
Snippy-core used to Roary-core used to Roary used to
generate a core produce a core produce a
alignment genome pangenome AN
] .
RaxML used to RaxML used to Parsnp used to
create a newick create a newick produce a
formatted tree formatted tree phylogenetic tree

Figure 3.3 Work flow used for bioinformatics analysis.
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’ Isolate \ Isolation Year \ Lineage H Isolate \ Isolation Year \ Lineage ‘

07-00080 2007 FQR2 || 10-00370 2010 FQR2
07-00089 2007 FQR2 || 10-00391 2010 FQR2
08-00070 2007 FQR2 || 10-00412 2010 FQR2
08-00201 2008 FQR2 || 10-00432 2010 FQR2
08-00233 2008 FQR2 || 10-00454 2010 FQR2
08-00267 2008 FQR2 || 10-00484 2010 FQR1
08-00411 2008 FQR2 || 12-00001 2008 FQR2
08-00495 2008 FQR2 || 12-00002 2009 FQR2
08-00669 2008 FQR2 || 12-00003 2011 FQR2
09-00022 2009 FQR2 || 12-00004 2011 FQR2
09-00072 1990 - 12-00005 2012 FQR2
09-00077 2008 FQR2 || 12-00006 2012 FQR2
09-00133 2009 FQR2 || 12-00007 2012 FQR2
09-00161 2009 FQR2 || 12-00008 2012 FQR2
09-00211 2009 FQR2 || 12-00009 2012 FQR2
09-00274 2009 FQR2 || 12-00010 2012 FQR2
09-00300 2009 FQR2 || 12-00011 2012 FQR2
09-00313 2009 FQR2 || 12-00012 2012 FQR2
09-00350 2009 FQR2 || 12-00013 2012 FQR2
09-00361 2009 FQR2 | 12-00014 2012 FQR1
09-00385 2009 FQR2 || 12-00015 2012 FQR2
09-00386 2009 FQR2 || 12-00016 2012 FQR2
09-00414 2009 FQR2 | 12-00017 2012 FQR1
10-00071 2010 FQR2 || 12-00018 2012 FQR1
10-00078 2010 FQR2 || 12-00019 2012 FQR1
10-00253 2010 FQR2 || 12-00020 2012 FQR2
10-00313 2010 FQR2 | 12-00021 2012 FQR2
10-00327 2010 FQR2 || 12-00022 2012 FQR2
10-00331 2010 FQR2

Table 3.3 The year that each isolate was taken, and the lineage that
it is assigned to in the original paper that the analysis is based
on. [85]
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FastQC (v0.11.8) was used to quality control the raw data files. De novo as-
semblies were then created using SPAdes (v3.13.1). Assemblies were quality con-
trolled using QUAST (v5.0.2). Multi-locus sequence typing and screening for
common resistance genes were conducted on the assemblies using mlst (2.17.6)
and ABRicate (0.9.8) respectively. The assembled genomes were also annotated,
using Prokka (1.14.0). From the assembled and annotated genomes, a pangenome
was created using ROARY (3.12.0) [101]. ROARY was also used (by passing ad-
ditional flags) to produce a core genome alignment from the assembled genomes.
Using RaxML, this core genome alignment was formed into a phylogenetic tree.
Parsnp (v1.2) was also used to produce a phylogenetic tree directly from the as-

sembled, annotated genomes.

The raw data was also mapped against a reference genome (GenBank assem-
bly number GCA_000027105.1) using SNIPPY (4.4.5). SNIPPY-core (4.4.5) was
used to create a core genome alignment, from which RaxML was used to create

a phylogenetic tree.

09-00072 (isolated in 1990) is used as an outgroup for rooting phylogenetic trees.

Phandango was used to produce figures.

3.5 RESULTS AND DISCUSSIONS

3.5.1 Quality of the raw data

Data extracted from the FastQC reports for each of the isolates on the total
number of sequences, the number of sequences flagged as poor quality, and the
percentage GC content are shown in table 3.4. Two examples of the per base
sequence quality and adapter content graphs are shown in figure 3.4. These re-

sults show good quality of the raw data, with quality scores mainly in the green
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region, no adapters present, and no sequences flagged as poor quality.
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Figure 3.4 Fxample graphical output from FastQC for two samples.
Graphs a and b show the per base sequence quality as a function of position in
read for isolates 10-00313 (a) and 12-00004 (b). Quality scores above 28 are
good. Graphs c and d show the percentage of adaptors present as a function of
the position in read for isolates 10-00313 (c¢) and 12-00004 (d). The lower the

percentage adapter content, the better the quality of the data.
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07-00080 | 3714816 0 32 07-00089 | 2029453 0 32
08-00070 | 439050 0 29 08-00201 1486518 0 30
08-00233 | 591550 0 30 08-00267 | 4000000 0 31
08-00411 703015 0 31 08-00495 | 672303 0 30
08-00669 1123687 0 31 09-00022 | 427836 0 29
09-00072 | 778240 0 31 09-00077 | 418463 0 29
09-00133 | 581894 0 29 09-00161 763447 0 29
09-00211 | 602617 0 29 09-00274 | 572308 0 29
09-00286 | 965629 0 29 09-00300 | 588349 0 29
09-00313 | 728636 0 29 09-00350 | 762644 0 29
09-00361 | 672305 0 29 09-00385 | 700931 0 29
09-00414 | 1157543 0 29 10-00071 | 874535 0 30
10-00078 | 949235 0 29 10-00253 1418945 0 31
10-00313 | 1329639 0 29 10-00327 | 1577819 0 29
10-00331 | 851345 0 29 10-00371 1102866 0 29
10-00391 | 1755378 0 29 10-00412 | 1619346 0 29
10-00454 | 1366304 0 29 10-00484 | 1203978 0 29
12-00001 1641643 0 29 12-00002 | 683187 0 30
12-00003 1055257 0 29 12-00004 | 1485696 0 30
12-00005 | 1234450 0 30 12-00006 1503213 0 30
12-00007 | 1105920 0 30 12-00008 1886149 0 30
12-00009 | 1729371 0 30 12-00010 1266537 0 30
12-00011 | 1368116 0 30 12-00012 | 1470338 0 30
12-00013 1985224 0 30 12-00014 | 533733 0 30
12-00015 | 653908 0 30 12-00016 | 643695 0 30
12-00017 | 564671 0 30 12-00018 | 662771 0 31
12-00019 | 438424 0 31 12-00020 | 531622 0 30
12-00021 | 526559 0 31 12-00022 | 511252 0 31

Table 3.4 Important information on the raw data. Important data
(number of sequences per isolate; number of sequences flagged as poor quality;
percentage of bases that were G or C) was extracted from FastQC' analysis.
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3.5.2 Mapping the genome

The genetic sequences of each sample were mapped to a common reference se-
quence to produce a phylogenetic tree (figure 3.5). The reference sequence used
in this report is different to that used by the original paper [85]. This produces a
tree similar to that of the original paper (see appendix A.1) when 09-00072 was
used as an outgroup for rooting the tree. The 2 main clades formed aligned with
the main clades of the published phylogenetic tree. In the original paper, these
clades were assigned to the two international fluoroquinolone-resistant lineages
(FQR1 and FQR2) using comparisons to previously published data, however this

was not done as part of this report.
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3.5.3 De novo assembly

De novo assembly of the genomes was also conducted, with the quality of these

assembled genomes being shown in figure 3.6.

Assembly 88_00233_scaffolds Assembly 89_80027_scaffolds  pocamply 10_80484_scaffolds
# contigs (>= 8 bp) 553 # contigs (>= @ bp) 454 # contigs (>= @ bp) 483 -
# contigs (>= 1000 bp) 55 # contigs (>= 1000 bp) 42 # contigs (>= 1000 bp) 41

# contigs (>= 5000 bp) 49 # contigs (>= 5000 bp) 37 # contigs (>= 5800 bp) 38

# contigs (>= 10000 bp) 43 # contigs (>= 10000 bp) 32 # contigs (>= 10000 bp) 32

# contigs (>= 25000 bp) 32 # contigs (5= 25008 bp) 26 # contigs (>= 2500@ bp) 27

# contigs (>= 50000 bp) 25 # contigs (>= 50000 bp) 23 # contigs (»= 50000 bp) 24
Total length (»>= @ bp) 4121428 Total length (>= @ bp) 4138331 Total length (>= @ bp) 4161434
Total length (>= 1000 bp) 4864558 Total length (>= 1808 bp) 4881164 Total length (>= 1000 bp) 4892878
Total length (>= 5008 bp) 4049402 Total length (>= 5000 bp) 4067847 Total length (>= 5008 bp) 4885370
Total length (>= 10000 bp) 4003060 Total length (>= 10080 bp) 4035674 Total length (»= 18000 bp) 4844853
Total length (>= 25088 bp) 3799511 Total length (>= 25000 bp) 3925086 Total length (»= 25080 bp) 3948348
Total length (>= 50800 bp) 3555865 Total length (>= 50000 bp) 3821143 Totsl length (»= 50000 bp) 3848368
# contigs 63 # contigs 49 # contigs 48
Largest contig 424393 Largest contig 425874 Largest contig 207691
Total length 4069783 Total length 4986133 Total length 4@97732
6C (%) 28.44 GC (%) 28.47 GC (%) 28.47
NS0 146964 Ns@ 218358 5o 151102
N75 89114 75 113538 WS 114128
L50 E] L50 7 158 8

L75 18 L75 14 75 15

# N's per 100 kbp 25.01 #N's per 100 kbp 24.18 4 N's per 108 kbp 28.70

(a) 08-00233 (b) 09-00022 (c) 10-0048

Figure 3.6 Example quality control outputs from QUAST. The
QUAST outputs for three samples (08-00233 (a), 09-00022 (b), and 10-00484

(c)) are shown. The output includes the number of contigs above set lengths, the
total length of contigs, and the percentage of the bases that are G or C.

An alternative tree was produced using the de novo core genome alignment (fig-
ure 3.7). Although this tree looks very different, the major clades can be seen to
be the same. The difference between the two phylogenetic trees is likely to be due
to the more accurate alignment of reads when mapped to a known genome over
the accuracy of a de novo assembly. Although the QUAST quality control results
(see figure 3.6) are good for a whole genome assembly, there are multiple contigs
for each sample (as is expected), leading to the de novo core genome alignment

likely being less accurate than the mapped genome.
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3.5.4 MLST results

From the multi-locus sequence typing (MLST), it can be seen that all of the sam-
ples are of the same species and sequence type (figure 3.8). All of the samples
have correctly been identified as being C. difficile. The paper this analysis is
based on focuses exclusively on C. difficile ribotype 027, a sufficient (although
not necessary) condition for being of sequence type 1. It is therefore as expected
that all of the samples should be of sequence type 1, as shown by the MLST

analysis.

Species
ST

12-00004
1200011
12-00009
10-00078
10-00331
12-00012
0900386
09-00300
09-00161
10-00412
12-00005
08-00385
08-00669
12-00013
12-00021
12-00020
12.00022
08-00411
08-00485
12-00016

08-00070
08-00267
09-00350
10-00454
07-00080
08-00233
07-00089
10-00370
0900211
08-00077
10-00071
0900133
10-00432
12-00008
— 12-00003
08-00274

Il

12-00008
12-00007
1200015
08-00201
09-00313

| 12.00002
12-00001

10-00313
09-00414
10-00327
08-00361
10-00253
10-00391
09-00022

Reference
12.00010
12.00017
i
12-00018
|_|: 10-00484
12-00014

08-00072

Figure 3.8 The species and sequence type of each isolate identified
by mlst. Phylogenetic cladogram (left) is produced using SNIPPY core and the
mapped genomes. A cladogram is used for ease of reading; the corresponding
phylogenetic tree is shown in figure 3.5. Blue represents that the identified
species is C. difficile. Yellow represents that the sequence type of the given
1solate is sequence type 1.
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3.5.5 SNPS

The number of SNPs present between each isolate, based on the mapped genomes
are shown in figure 3.9. In the same way as the original paper, core genome analy-
sis of the mapped genomes found a number of isolates with no differences in their
core genome. In contrast, the SNP matrix for the de novo assembled genomes
(figure 3.10) showed no isolates with identical core genomes. By comparing the
SNP distances between the isolates using the mapped and de novo assembled
genomes, it can be seen that the de novo assembled genomes contained many

more SNPs than the mapped genomes.
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Figure 3.10 SNP distance matriz between isolates based on de novo assembly. The table has been colour-coded based on the

number of SNPs between the isolates using to the scale on the right.
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3.5.6 Isolate 07-00080

Of note in the SNP distance matrices is isolate 07-00080, which showed the largest
number of SNPs compared to all of the other isolates based on the de novo
assembled genomes, however this was not the case for the mapped genomes. This
difference is also highly noticeable in the phylogenetic tree produced from the de
novo assembled genomes (figure 3.7). When the quality of the de novo assembly
of this isolate is looked at (figure 3.11), it can be seen that there are a large
number of contigs in comparison to the other isolates, and that the largest contig
is much shorter than for the other isolates. This indicates that the difference seen
between this isolate and the other isolates in the de novo assembled phylogenetic

tree is likely caused by errors in the de novo assembly.

Assembly 87_00080_scaffolds
# contigs (»>= @ bp) 1621

# contigs (>= 100@ bp) 239

# contigs (>= 5000 bp) 178

# contigs (>= 10000 bp) 133

# contigs (>= 25000 bp) 58

# contigs (>= 50000 bp) 10

Total length (»>= @ bp) 4281988

Total length (>= 1@ee bp) 4e64286
Total length (>= 5@ee bp) 3910828
Total length (>= 1@@ee bp) 3587044
Total length (»>= 25@0@ bp) 2365920
Total length (>= 5Seeee bp) 733389

# contigs 261
Largest contig 186558
Total length 4079179
GC (%) 28.48
N5@ 27611
N75 16570
L5@ 46

L75 93

# N's per 10@ kbp 52.95

Figure 3.11 The QUAST output of isolate 07-00080. The quality
control shows a large total number of contigs, and that the longest contig s
shorter than for other isolates.

3.5.7 Presence of common resistance genes

ABRicate was used to analyse the patterns of resistance within the samples (fig-
ure 3.12). Vancomycin resistance via several mechanisms is found in all of the
samples, including the older sample 09-00072. This resistance is of major con-
cern, as vancomycin is one of the first line drugs for the treatment of C. difficile

infections [102].
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In contrast to the frequent occurrence of vancomycin resistance, dfrF, erm(B)
and tet(M) resistance genes are less common within the samples. erm(B) resis-
tance is associated with a single clade [containing 10-00484, 12-00014, 12-00017,
12-00019, 12-00018]. Of particular concern within this clade is isolate 12-00019,

which also shows dfrF and tet(M) resistance genes.

With the exception of sample 12-00019, tet(M) is only associated with the clade
containing 12-00021, 12-00020, and 12-000022.

Fluoroquinolone resistance

Fluoroquinolone resistance could not be detected in any of the samples by ABRi-
cate, due to being a mutational resistance rather than an acquired resistance [90].
By analysing the gene locations of the mutations in each isolate when compared
against the reference genome, no mutations in genes for DNA gyrase can be seen
for any of the isolates (Topoisomerases are not present in C. difficile cells, so
DNA gyrase is the only target for fluoroquinolones). This is unexpected, as flu-
oroquinolone resistance in C. difficile isolates is usually a result of mutations in

DNA gyrase [90].
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Figure 3.12 Presence of common resistance genes in the isolates.
Phylogenetic cladogram (left) is produced using SNIPPY core and the mapped
genomes. A cladogram is used for ease of reading; the corresponding
phylogenetic tree is shown in figure 3.5. The presence (purple) and absence

(yellow) of common resistance genes (identified using ABRicate) are shown on
the left.
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3.5.8 The pangenome

The pangenome produced by ROARY (figure 3.13) shows a large accessory genome
in one isolate (10-00432) and smaller accessory genomes in all of the other iso-
lates. The accessory genome of 10-00432 may be due to a mobile genetic element
(MGE) being present, and includes genes related to spores (such as spore protein
YabP, spore germination protein B1, and the sporulation inhibitor protein Soj).
This isolate also contains additional DNA gyrase associated genes that are not

present in any of the other samples.

The pangenome was derived from the de novo assembled genomes, so the phylo-

genetic tree produced from these assembled genomes was used in figure 3.13.
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3.5.9 Toxin genes

A smaller subset of the pangenome, including only toxin-related genes, is shown
in figure 3.14. It can be seen that the genes for toxin A and toxin B are present

in all of the isolates, as is expected for the ribotype 027.

The antitoxin epsilon gene is only associated with a single clade, indicating that
the acquisition of this gene occurred during the genomic separation of this clades
from the rest of the phylogeny. The epsilon-zeta toxin-antitoxin system has been
reported to be encoded both on plasmids of bacteria and within the chromo-
some [103]. Within C. difficile isolates, a mobile genetic element (MGE) called
Tn6215 has been identified [104], which contains both the erm(B) resistance gene
and genes associated with the epsilon-zeta toxin-antitoxin system. This paper also
reports that, while the epsilon antitoxin gene is intact, the zeta toxin gene was
truncated to only encode for 52 amino acids of the N-terminus region. It can be
seen by comparing figure 3.14 and figure 3.12 that the presence of the epsilon
antitoxin gene and erm(B) resistance gene occur for the same isolates. Most of
these isolates also do not have a functioning zeta toxin gene, with the exception
of 12-00017. It is reasonable to therefore hypothesises that it is the presence of
the MGE Tn6215 that is responsible for these observations.
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Figure 3.14 The presence (purple) or absence (yellow) of toxin
related genes in the pangenome of the isolates. Phylogenetic cladogram
(left) is produced using ROARY core and the de novo assembled genomes. A
cladogram is used for ease of reading; the corresponding phylogenetic tree is
shown in figure 3.7. The gene presence/absence (right) is extracted from the
pangenome produced using ROARY.
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3.6 CONCLUSIONS

In conclusion, although previous studies have shown these isolates to be fluoro-
quinolone resistant, the cause of this resistance could not be identified through
the bioinformatics techniques used here. However, it has been shown that the
presence of the Tn6215 MGE may have provided the erm(B) resistance gene and

the epsilon anti-toxin gene to the isolates within a single clade.

Understanding the spread of antibiotic resistance in C. difficile isolates will allow
future targeted treatments to prevent their spread, and therefore reduce the death

rate caused by this pathogen.
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THE NEXT 3 YEARS

Due to the detrimental effect of antibiotics, and the growing prevalence of antibi-
otic resistant bacteria, a beneficial method of antibiotic stewardship would be to
prevent the formation of biofilms on catheter surfaces. Biofilms have increased
tolerance to the host immune system. The prevention of biofilm formation there-
fore means that antimicrobials are not required as frequently because the host
immune system can deal with the infection. In turn this reduces the selective

pressure on pathogens which would otherwise promote antimicrobial resistance.

4.1 MONOMERS

Figure 4.1 shows the chemical structures, full chemical names, and contractions

used throughout this chapter.
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(a) (R)-a-acryloylozy-

B,B8—dimethyl-y- (b) Ethylene glycol
butyrolactone dicyclopentenyl ether (c) Cyclododecyl
(AODMBA) acrylate (EDGPEA) methacrylate (CyDMA)

(d) Isobornyl methacrylate (e) Isobornyl acrylate
(IBMA) (IBnA)

X

O

(g) Benzyl methacrylate

(f) Butyl acrylate (BA) (BMA)
$ $ C’jo
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X he
(j) 37375 o
(h) tertbutylcyclohexyl (i) tertbutyleyclohexyl trimethylcyclohexyl
methacrylate (tBCHMA) acrylate (tBCHA) methacrylate (TMCHMA)

(k) Isodecyl methacrylate (IDMA)

Hc’_LO/_\O_ >_<_\_/_\_/_ \

(1) Di(ethylene glycol) methyl (m) Tri(ethylene glycol) methyl
ether methacrylate (DEGMA)  ether methacryate (TEGMA)

Figure 4.1 Chemical structures, full names, and abbreviations used
throughout this chapter. Chemical structures were drawn using ChemDraw
19.0.
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4.2 BIOFILMS

Biofilms are multi-cellular communities of microbes that can form on both biotic
and abiotic surfaces. The main stages of biofilm formation are shown in figure
4.2, however the main target for this project is the prevention of stages 1 and 2,

before biofilms form.

Figure 4.2 The biofilm lifestyle [105].

The initial attachment of bacteria to an abiotic surface can be through non-
specific interactions (e.g. electrostatics, hydrophobic, or van der Waals) [106, p.
4-5], or by the specific interactions of bacteria with the surface conditioning layer
that is rapidly formed on the abiotic surface once it is exposed to biological me-
dia (in this case blood). There are many surface structures on bacteria that are
involved in the attachment process, including pili and flagella [107], and different

bacteria display interactions with different surfaces [107].

Once a biofilm has formed, it increases the tolerance of the bacteria contained
within it to antibiotics and to the host immune response. While antibiotic treat-
ment will kill any remaining planktonic bacteria, the biofilm will remain and can
disperse after antibiotic treatment has been ceased, ‘reigniting’ the symptoms of
infection. The reasons for this increased tolerance include the inability of the an-
tibiotic to penetrate into the biofilm matrix with sufficient concentration, zones

of non-growing cells, and the presence of persister cells [108]. Biofilms are also
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a suitable location for horizontal gene transfer of resistance to occur, as there is
a high density of cells, and some studies have reported that conjugation is more

efficient between cells within a biofilm compared to planktonic cells [109].

This increase in antibiotic resistance (both caused by the biofilm itself and by
horizontal transfer of resistance genes) means that antibiotic treatment is often
ineffective, and much higher doses may be required to treat the infection [110],

increasing the risk of developing further antibiotic resistant strains of bacteria.

It is, therefore, of benefit to prevent the biofilm from forming initially, meaning
that bacteria are more susceptible to antibiotic treatment and the host immune
system. In some cases, this may only reduce the dose of antibiotic required,
however in other cases the host immune system will be able to deal with the
planktonic bacterial infection, eliminating the requirement for antibiotic treat-

ment.

4.3 BACKGROUND SCIENCE - SOME IM-
PORTANT POLYMER PROPERTIES

4.3.1 Molecular weights

The molecular weight of a polymer is important in determining its mechanical
properties, as the ends of polymer chains are only connected via weak intermolec-
ular bonds. Further to this, entanglement is more prevalent at higher molecular
weights, which further contributes to the strength of the polymer. Although
higher molecular weights leads to improved mechanical properties, it also causes

a higher melt viscosity, leading to more difficult processing conditions.

To create large numbers of polymer samples with consistent mechanical proper-

ties, it is necessary to ensure that the molecular weights produced are consistent
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between samples. This requires careful control of the reaction conditions used

and sample characterisation.

With the exception of biologically produced polymers, most polymers have a dis-
tribution of molecular weights across a sample. This leads to there being multiple

ways of averaging the molecular weight (as seen in figure 4.3).

NUMBER OF POLYMERS

\\_\

My M, My, M, MOLECULAR WEIGHT

Figure 4.3 The distribution of molecular weights of individual
polymer chains within a sample of polymer. My = the number averaged
molecular weight; M, = the viscosity averaged molecular weight; My, = the
weight averaged molecular weight; M, = the z averaged molecular weight.

The most commonly determined weight averages are the number averaged molec-
ular weight (M, determined by measuring the number of end groups in a specific
mass of polymer) and the weight averaged molecular weight (My,, determined by
light scattering, SANS, or X-ray scattering). The ratio of these two averages
gives the dispersivity of the polymer sample, which is a measure of how large the
range of polymer molecular weights is. Two models that have been made of the
molecular weight distribution are the Schultz molecular weight distribution and
the Poisson molecular weight distribution [111]. Chromatography can be used to
separate polymer samples into fractions based on their molecular weights, allow-

ing the determination of the molecular weight distribution.
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4.3.2 The glass transition

Polymers can be either partially or fully amorphous. Fully crystalline polymer
samples are rare, due to the entanglements that form between the polymer chains.
While the melting temperature is an important temperature for crystalline ma-
terials, it does not apply to fully amorphous polymers. For amorphous polymers,

the glass transition temperature is of importance.

The glass transition is the point at which long range co-ordinated molecular mo-
tion begins to occur, and the polymer softens. Below the glass transition, only
short range motions of the molecules is able to occur, so the polymer is stiff,
brittle and ‘glassy’. These changes can be seen for a non-cross-linked amorphous

polymer in figure 4.4.

The response of a polymer to an applied stress is dependent on the time-duration
over which the stress is applied, and also the temperature. This is referred to as

the visco-elastic behaviour.

At temperatures below that of the glass transition, the polymer is glassy and
brittle, as molecular motion is limited to vibrations and short range motion. The
glass transition occurs over a range of temperatures (with the glass transition
temperature usually being defined as the temperature at which there is the maxi-
mum change in modulus for quasi-static measurements). For temperatures above
the glass transition region, an amorphous, non-crosslinked polymer exhibits long-
range rubber elasticity, meaning that it can be stretched to high strains and will
then relax back to its original state. In cross-linked polymers, this state of rub-
ber elasticity exists at temperatures up until the polymer thermally decomposes.
Cross-linking also has the effect of increasing the temperature at which the glass

transition occurs.

In contrast, non-crosslinked polymers experience increased amounts of flow as

the temperature is further increased. When the duration of the stress applied is
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Figure 4.4 The variation in modulus with temperature for an
amorphous, non-crosslinked polymer [112].

rapid, the physical entanglements between the polymer chains cannot relax, so
the polymer behaves in a rubbery manner. If a longer duration of stress is used,
the physical entanglements can relax, as the chains are able to move, resulting in
flow being observed. As the temperature is further increased, flow of the polymer

chains occurs for all stress rates.

In a semi-crystalline polymer, the glass transition only occurs in the amorphous
regions. As these amorphous regions are linked by the crystalline regions, the
change in behaviour is similar to that observed for cross-linked amorphous poly-
mers. These polymers will also exhibit a melting temperature, at which the

crystalline regions of the polymer will melt.
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4.4 SUCCESS WITH URINARY CATHETERS

There is currently no theory linking the structure of a material with its ability
to resist the formation of biofilms. The rational design of materials suitable for
biofilm prevention is difficult, if not nearly impossible, due to the complex, and
not fully understood, interactions between the substrate and bacteria. Modelling
has been employed, but the use of microrrays still provides a rapid assessment
of the suitability of materials for biofilm prevention. The use of microarrays
within biomaterials discovery has proved to be of great importance, allowing the
screening of hundreds of different materials for specific responses to biological en-
vironments. Early research using microarrays focused on adsorption of proteins

and mammalian cells to the surfaces [113,114].

Recent studies have shown that microarray testing can be used to discover
poly(meth)acrylate monomers [115-117] that are resistant to bacterial attach-
ment. Scaling up from microarrays to ‘coupons’ of promising candidate materials

showed that the bacterial resistance was also seen in larger scale tests.

Mechanical properties are also of importance in medical devices, which must be
able to withstand the stresses applied on insertion, during use, and on removal.
One of the most important factors in determining the mechanical properties of a

polymer is its glass transition temperature.

Adlington et al [118] modulated the mechanical properties of 5 promising (meth)acrylate
monomers (called ‘hit’ monomers) detected by microarray testing [EDGPEA, BA,
BMA, TMCHMA, and IBMA| by copolymerising with DEGMA, which has a glass
transition temperature lower than room temperature. All 5 of the ‘hit’ monomers
had a glass transition tempertature greater than room temperature, leading to
brittle behaviour. The aim was to incorporate the DEGMA into the polymer so
that the glass transition temperature of the copolymer was below room temper-

ature, while maintaining the anti-attachment properties. The incorporation of
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DEGMA (or TEGMA) into the copolymer formulations may also be beneficial
due to their anti-biofouling properties (meaning that they resist the accumulation

of proteins on the surface [119]).

The incorporation of DEGMA into the copolymer was shown to reduce the bac-
terial resistance of the polymer [118]. However, the incorporation of more than
50 mol% DEGMA still resulted in copolymer coatings that showed improved bac-
terial resistance in comparison to commercially available silicone catheters [118].
When ‘hit’ monomers were copolymerised with 25 mol% DEGMA, only EDGPEA
and BA showed a glass transition temperature that was below room tempera-
ture [118], however BA did not show reduced bacterial coverage for all DEGMA
compositions when compared to silver hydrogel coated catheters [118]. EDGPEA
was therefore determined to be the most promising (meth)acrylate monomer in
terms of both its mechanical properties and its bacterial resistance. Further me-
chanical work has also been carried out [120] into the adhesion of poly(EDGPEA-
co-DEGMA) to catheter materials, with special consideration given to the adhe-
sion promotor used, interfacial mechanical stressing, and chemical characterisa-

tion of the interface.

Success in the production of a biofilm-resistant polymer has led to the first-in-
man trial [121], which has shown promising results, albeit in a small number of

patients.

Differences have been reported between microarray results and larger scaled re-
sults, including the surface enrichment of some pendant groups [116], which may
impact on the bacterial attachment. This impacts on the usefulness of microarray
testing as a screening method because potentially ‘good’ materials in the large
scale may only present these properties due to surface segregation of a specific

pendant group, and may therefore not show up in the microarray testing.

Attempts have been made to computationally model the attachment of bacteria
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to libraries of polymers, so that new structures can be proposed that prevent
attachment of bacteria. A 2011 report [122] showed that the hydrophobicity and
molecular rigidity were not individually correlated with bacterial attachment. It
was, however, shown that the composite parameter, «, did correlate with bacte-
rial attachment [122]. « was a function of the calculated partition coefficient (a
measure of hydrophobicity) and the number of rotatable bonds for the monomer,
and was shown to be a predictive indicator of bacterial attachment for low at-
tachment poly(meth)acrylates with hydrocarbon pendant groups [122]. In 2019,
the alpha parameter was used to predict that CyDMA would show good bac-
terial resistance [123]. Experiments showed that when CyDMA was thermally
polymerised and dip coated onto silicone catheters, its biofilm resistance (to both
mono-microbial biofilms and poly-microbial biofilms) was greater than that of

the poly(EDGEPEA-co-DEGMA) discovered by microarray testing [123].

4.5 BLOOD CONTACTING CATHETERS

While the placement of a central line can enable healthcare workers to deliver
potentially life-saving drugs, such as vasopressors, antiarrhythmia drugs, total
parenteral nutrition (TPN), and antimicrobials [124], they are not without their
complications. Complications may occur immediately on placement or may be
delayed in their presentation [125]. A recent UK-based study has estimated that
slightly more than 120,000 central venous catheters (CVCs) are being used an-
nually in critical care units within the UK [124].

Complications that have been reported include:

Pneumothorax [126]

Artery puncture [124,126]

Heart Arrythmias [124,126]

Hematoma [126]
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Improper positioning of the catheter tip [125,126]

Vascular complications [125]

Pulmonary complications [125]

Dysfunction of the catheter [125]

Infection [125]

Venous puncture [124]

There are many reports indicating additional risk factors for the development of

complications as a result of central line placement, including:

e The use of multi-lumen catheters [126]
e Multiple insertion attempts [124]

e The presence of multiple CVCs concurrently [127]

Wong et al [124] reports that across 117 procedures in 5 UK hospitals, the rate of
complications immediately following catheterisation was 6.8%. These complica-
tions included puncture of a vein, puncture of the carotid artery, and significant

arrhythmias.

Infections are a more delayed complication of placement. It has been reported
that the presence of positive bacterial cultures on the tips of removed central lines
is greater when the catheter has been in place for a longer duration [128], shown
by the drop in cumulative survival in figure 4.5, especially after 10 days with the
catheter present. Dube et al [127] have reported a similar effect, with a drop

in the probability of a patient not having a central-line associated bloodstream

infection (CLABSI) after ~10days (figure 4.6).
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The rates of CLABSI reported is highly variable between papers. The differences
in these results is likely caused by the difference in patients analysed (including
the reason for CVC placement, duration of CVC placement, and illness profile
and wards of the patients) among other factors. Another possible explanation
for the differences is due to potential differences in diagnosing the presence of a
CLABSI. Nailon et al [129] reports a rate of CLABSI as 1.3 cases per 1000 device
days for paediatric patients who have home-healthcare CVCs, and a lower rate
of 0.21 cases per 1000 device days for adult patients who have home-healthcare
CVCs. This figure is similar to the rate of CLABSI reported in intensive care
units (ICUs) by Han et al [130] (0.284 cases per 1000 device days). Han et al
also report a much lower rate of CLABSI in non-ICU units (0.082 cases per 1000
device days). A much higher rate of 17.04 cases per 1000 catheter days was re-
ported for adult ICU patients by Mishra et al [131].

Dube et al [127] have reported that the treatment that is passed through a cen-
tral line can affect the risk of developing an infection. In this study, TPN and

Page 88 of 120



Chapter 4

chemotherapy increased the risk of developing a CLABSI (RR of 1.81 and 2.96
respectively) while the difference caused by haemodialysis was closer to unity [RR

= 0.89; 95% CI of the RR = 0.65-1.22].

Derderian et al [132] have reported that the anatomical site of insertion (figure
4.7) does not affect the rates of CLABSI infection, however the rate of venous
thromboembolism was found to be significantly affected by the anatomical loca-
tion of insertion. This is in contrast to research by Schwanke et al [128] who re-
ports that insertion of the catheter into the left femoral vein instead of the jugular
vein significantly increased the risk of infection. Another study, by Gowardman
et al [133], reported that there was no statistically significance difference in the
number of CVCs that were colonised when the CVCs were inserted into the inter-
nal jugular or femoral veins, however the insertion of a CVC into the subclavian
vein did significantly decrease the risk of the CVC becoming colonised. In the
same way as for the variations in reported rates of CLABSI, this is likely due to
variations in the patients and in definitions of CLABSI. It is also worth noting
that while colonisation of a CVC can be used as a surrogate end point when
studying CLABSTI [134], it is not a perfect surrogate — for example a patient with
a compromised immune system is more likely to develop a CLABSI as a result of
colonisation of their CVC in comparison to a patient who is not immunocompro-

mised.

N
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Figure 4.7 The locations at which central venous catheters can be
placed [135].
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A study in intensive care units (ICUs) [136] reported that there was no reduction
in the incidence density of CVC-bloodstream infections (CVC-BSIs) in adult or
paediatric ICUs or mortality of CVC-BSIs in adult ICUs (no data was provided
for the mortality of CVC-BSIs in paediatric ICUs) after the implementation of a
bundle of preventative methods. It is likely that, even if all reasonable methods
of preventing infection are taken, there will be some risk of infection occurring
because it is not reasonable to assume that there will be a completely sterile field,
due to the presence of bacteria within the stratum corneum of the skin and the
hair follicles [137]. However, this study also showed that there was not complete
compliance to the bundle of preventative methods implemented (especially with
regards to methods during catheter insertion and removing the catheter as soon as
medically able/when there are signs or symptoms of catheter-related infections),
and the reasons behind this were not looked into. With regards to the later of
these factors, there is difficulty in knowing when a central line is no longer needed
- premature removal may lead to additional procedures being needed to place
another line, leading to an increased risk of complications. Lack of compliance to
the former factor was significantly worse in the paediatric ICU in comparison to
the adult ICU, and may be a result of the speed at which the devices are required
to be placed. From these results, it can be seen that additional preventative
methods are required that do not rely on alterations in the method of insertion.

Methods of prevention that could be used include:

Antibiotic-impregnated catheter [137],

Chelating agents to remove metal cations that are involved in the structure

of the biofilms [138],

Lock treatments with antibiotics, biofilm dispersants, or ethanol [138],

Coatings with polymers that prevent stage 1 or 2 of biofilm formation,

Incorporation of zwitterionic compounds [139].

The advantages of polymers that prevent bacterial attachment is that no selection

pressure is applied to the bacteria [116], reducing the spread of resistance. This
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method of preventing infection will be the focus of the proposed PhD.

Given the success shown for urinary catheters, currently unpublished research by
Singh et al [140] used microarrays to investigate the use of poly(meth)acrylates to
prevent biofilm formation on blood contacting catheters. These have additional

challenges over urinary catheters, due to the presence of proteins in the blood.

The first blood-material interaction that occurs is the adsorption of blood pro-
teins onto the material [141]. These proteins can act as receptors for adhesion
molecules on staphylococcal cell surfaces, encouraging the adhesion of the staphy-
lococcal cells onto the surface [142]. The covering of the surface with host proteins
may also ‘mask’ the carefully designed surface coating, resulting in the elimina-

tion of any beneficial effects obtained by the coating.

Oligo(ethylene glycol) [OEG] (such as DEGMA or TEGMA) can be used to pre-
vent the binding of biological substances to a surface. When a protein molecule
adsorbs to an OEG surface, the water molecules that are associated with the
OEG chains will be released, reducing the entropy and increasing the enthalpy.
Both of these thermodynamic changes are unfavourable, meaning that the surface
thermodynamically favours the adsorption of water over the adsorption of pro-
teins [143]. The effect of OEG on protein adsorption can be seen in figures 4.8 and
4.9. The protein resistance provided by OEG has a critical temperature, above
which resistance is no longer seen, due to the transition from a hydrated, highly
swollen state to a collapsed state [144]. The resistance to protein adsorption is
dependent on the thickness of an OEG coating, with increased dry thickness of
the surface being linked to decreased irreversible attachment of proteins [144].
The presence of side groups on poly(OEG) surfaces also contributes to prevent-
ing protein adsorption by causing steric hindrance, see figure 4.10. It is hoped
that the incorporation of DEGMA or TEGMA into the copolymers will have the

effect of limiting adsorption of proteins onto the surface.
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Figure 4.8 The effect on protein adsorption of Poly(oligeo ethylene

glycol methacrylate) (POEGMA) on surfaces [143]. The change in the
ellipsometric thickness is a result of protein adsorption onto the surface.
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Figure 4.9 The variation in surface plasmon resonance (SPR) angle
shift against time for different thicknesses of poly(di ethylene glycol
methacrylate) (PDEGMA) coatings [144]. The variation in SPR angle
shift is proportional to the thickness of the layer of protein that is adsorbed to
the surface. In region I, the surface is allowed to interact with PBS to form a
baseline when no protein is present. In region II, BSA solution is injected, and
in region III the BSA is allowed to interact with the surface under ‘no flow’
conditions. In region IV, the surface is washed with PBS. Any protein that
remains bound to the surface after rinsing with PBS is considered to be
wrreversible adsorbed.
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Figure 4.10 The structure of poly(OEG) on a gold surface, adapted
from [145], showing the steric hindrance to protein adsorption. The
protein (pink) is prevented from reaching the substrate (and therefore cannot
bind to the substate) as a result of steric hinderance caused by the side-chains of

the poly(OEG).

Later effects of contact of blood are the binding of complement products to the
material, and the activation of neutrophils and monocytes, which cause immune

reactions to occur.

Differences have been observed between the structures typically linked to low bio-
fouling in protein-free media (cyclic structures [115-117]) and to low biofouling
in whole human blood (branched long hydrocarbons [140]). In scaled up testing
of 6 promising copolymer formulations (for blood contacting applications) found
in microarray testing, poly(iBnA-co-TEGMA) (75:25 vol%) achieved the lowest
thrombogenic and immune/inflammatory responses (figure 4.11) and the lowest
Pseudomonas aeruginosa and Staphylococcus aureus biofilm formation on coated

catheter segments in an in vitro model [140] (figure 4.12).
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6 ‘hit’ copolymers [1/0]. Blue squares indicate a statistically significant
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Figure 4.12 The bacterial surface coverage of the 6 ‘hit’
copolymers [140]. Catheters were coated with each of the 6 hit copolymers and
conditioned for 2 hours in blood prior to 72 hours of incubation with P.
aureginosa (blue) or S. aureus (green). The top panel shows confocal images of
the biofilm; the lower panel shows the percentage of biofilm coverage.
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Figure 4.13 The results of a murine foreign body infection with
P. aeruginosa and S. aureus to test the in vivo performance of
stlicone catheter segments coated with the ‘hit’ copolymer
formulation poly(iBnA-co-TEGMA)(75:25) [140]. Coated and uncoated
catheter segments were implanted subcutaneously and inoculated with
bioluminescent P. aeruginosa or S. aureus, and the radiance was measured daily
for 4 days. After 4 days, the catheter segments (day 4 FB) and surrounding
tissue (day 4 ex vivo) were removed and imaged also.

While an in vivo mouse study of poly(iBnA-co-TEGMA) (75:25 vol%) showed a
large reduction in P. aeruginosa biofilm formation compared to uncoated catheters,
no difference was seen in S. aureus biofilm formation between coated and uncoated
catheters [140] (figure 4.13). This may be due to surface receptors on S. aureus

which target proteins laid down during the foreign body response.

It is not only bacterial species that colonise central lines and cause CLABSIs. A
review of 20 studies of patients on home parenteral nutrition has reported that
Candida spp infections accounted for 9.8% of CRBSIs within paediatric patients,
and 11.9% of CRBSIs in adult patients [146]. The Candida species that was
causing the greatest amount of these candida infections was Candida albicans for
both the paediatric (46.2% of all Candida spp infections) and adult (37.3% of all
Candida spp infections) patients. The results of this paper are also supported by
the results of Yoshida et al [136].

A similar microarray process has been used to determine potential polymer coat-
ings for the prevention of fungal biofilm formation [147], which showed promising
results for a number of fungal species. However, polymer structures that appear
beneficial to the prevention of fungal attachment are not the same as those that
are beneficial to the prevention of bacterial attachment. Eight polymers were

shown to be of interest in the prevention of fungal attachment whilst not in-
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hibiting the growth of the fungi, however none of these formed suitable coatings
when dip coating was used. When 3D printing was used, only a single polymer
(AODMBA) formed solid and stable geometries. This 3D printed polymer showed
~ 100% reduction in C. albicans attachment in comparison to a positive attach-
ment control when 3D printed coupons were used, and a mean 84% reduction in
biofilm biomass in comparison to standard silicone manufactured valve flaps for
voice prostheses when 3D printed AOBMBA valve flaps were used. Other poly-
mers found to be resistant to attachment by C. albicans, without inhibiting the
growth of C. albicans were polymers of DEGMA, TEGMA, tBCHMA, tBCHA
and iDMA.

4.6 THE AIM OF THE PHD

The following objectives are proposed:

1. Conduct polymer microarray screening to expand the (meth)acrylate library
that has been tested in blood to date(Singh et al. 2020). This is expected

to identify additional promising candidate polymers.

2. Determine, through polymer microarray screening, if the copolymers resist

fungal attachment (Vallieres et al. 2020) in the presence of blood.

3. Incorporate the copolymerising agents di(ethylene glycol) methyl ether methacry-
late and tri(ethylene glycol) methyl ether methacrylate to modulate me-
chanical properties and prevent protein biofouling into bacterial resistant
and blood compatible polymer [including the previously identified isobornyl
acrylate (Singh et al. 2020), cyclododecyl methacrylate (Dundas et al. 2019;
Sanni et al. 2015), ethylene glycol dicyclopentenyl ether acrylate (Adling-
ton et al. 2016; Hook et al. 2013)].

4. Assess immune and blood clotting reactions of candidate polymers through

in vitro screening.
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5. Assess biocompatibility of polymers in an in vivo foreign body infection

model.

This project aims to extend the work of Singh (Singh et al. 2020) by expand-
ing the number of (meth)acrylates that have been screened for bacterial attach-
ment in the presence of blood. Promising candidates, along with 3 candidates
already identified (isobornyl acrylate, cyclododecyl methacrylate, and ethylene
glycol dicyclopentenyl ether acrylate) will be copolymerised in varying ratios
with di(ethylene glycol) methyl ether methacrylate or tri(ethylene glycol) methyl
ether methacrylate and the bacterial and fungal attachments to copolymer-coated
catheter segments will be determined. In vitro testing will also be conducted to
determine the adsorption of various relevant components of blood to the poly-
mers. This will include the detection of adsorbed blood proteins (by disasso-
ciating the proteins and using a BCA assay to determine their concentration),
adsorbed leukocytes (using DNA staining dye Sytox green and Saponin (Singh et
al. 2020)), and surface attached platelets (using anti-human Cd41A FITC (Singh
et al. 2020)). The detection of adsorbed macrophages and their polarisation will
also be determined, using the methodology of Rostam et al (Rostam et al. 2020).
Mechanical properties such as rolls/bends to delamination of the coating will also
be determined. Microarray testing of (meth)acrylates resistance to fungal attach-
ment may also be conducted in the presence of blood. The incorporation of these
into the copolymer may impart fungal attachment resistance to the copolymer,
although the balance between monomer content and the simultaneous bacterial

and fungal control has not yet been tested.

For in vivo work conducted in the presence of blood, the blood will be taken from
healthy human volunteers selected from the school of Pharmacy, with permission
obtained prior to blood-letting. No personal data will be acquired. The univer-
sity of Nottingham Medical School Ethics Committee will assess and review the
ethics of this proposal, and the application will be submitted within the first 2
months of the project. Approval may also be required to use the facilities in the
Queen’s Medical Centre to use space within the phlebotomy department. Risks
to patients are limited to minor discomfort as a result of the needle penetrat-

ing the skin, and potential, but minor, adverse reactions to blood-letting e.g.
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fainting, nausea, and/or vomiting. Promising candidate materials will be tested
in vivo in a foreign body sub-cutaneous infection model. In this model, coated
catheters (treatment) and uncoated catheters (control) will be inoculated with
a fluorescent pathogenic bacteria and inserted subcutaneously into mice. Live
animal imaging will be used to monitor the development of the biofilm on a daily
basis. Mice will then be euthanised at a humane end point and the catheter
and surrounding tissue removed so that pathogenic burden can be determined.
The project licence has completed the internal process by AWERB, and has had
a first read at the Home Office. This licence will be for a subcutaneous model,
intra-peritoneal implantation, and wound healing both with and without bacteria
(infection and sterile responses). It will look at both single microbial infections
and poly-microbial infection. It is hoped that the licence will be acquired by the
beginning of 2021. The main outcome of this research will be a copolymer that can
be coated onto blood-contacting catheters to prevent the formation of biofilms.
The project will also provide a series of copolymer formulations supplemented
with information on their fungal and bacterial resistance. All of the knowledge
gained on the attachment of cells to different surfaces may aid in understanding

the theory of cell attachment to surfaces.

4.6.1 Impact of this project

The primary aim of this project is to develop a new polymer coating for blood
contacting catheters which will prevent the attachment of microbes to the surface,
therefore reducing infection rates. If successful, patients with blood-contacting
catheters will experience fewer infections, and infections will not require poten-
tially painful replacement of the devices. In a wider context, the project will also
provide further data on bacterial attachment to polymers that have not currently

been tested in the presence of blood.

Knowledge gained through this project regarding whether materials resist micro-
bial attachment in the presence of blood may also be of use in creating coatings
for other blood contacting devices. For example, a coating on artificial heart

valves (to prevent the formation of biofilms on the surface) may reduce the risk
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of endocarditis.
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Figure A.1 Phylogenetic tree from [85] which was produced base on
core genome SNPs. Shaded genome names show isolates that had been
published before the publication of this tree, and these were used to identify the
clades assciated with the lineages of FQRI1 and FQR2.
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