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Abstract 
The spread of antimicrobial resistance (AMR) is accelerating at an alarming 

rate, threatening the treatment of infectious disease and other medical 

interventions, due to an increased risk of infection that we no longer possess 

effective treatments for. Long reliance on evolutionarily-static, conventional 

antibiotics to treat bacterial infection has fuelled resistance selection and the 

need for the constant discovery of new classes of antibiotics to replace those 

whose effectiveness is being lost.  

This MRes thesis is the culmination of two rotation projects, based at the 

University of Birmingham and the University of Nottingham; the first 

investigated the underlying mechanisms behind the immune perturbation 

induced by vancomycin on host macrophages, ultimately resulting in an 

impaired control of infection, predisposing to systemic fungal infection. Future 

elucidation of the mechanisms underlying this predisposition to fungal 

infection will aid antibiotic stewardship and clinical practise regarding the 

implication of current and new antimicrobial therapies.  

The second study investigated the role of three hypothetical proteins, 

predicted to be contained within a predatory vesicle whose composition and 

function is being actively investigated within the lab, within the predatory 

lifecycle of the predatory bacterium Bdellovibrio bacteriovorus. By providing a 

better understanding of the complex predatory process, this study aids the 

potential utilisation of B. bacteriovorus, or components of its predatory 

lifecycle, as novel antimicrobial therapeutics in the future. Future work will 

further confirm the roles of these proteins within the wider context of 

predation and infection. 

To develop successful antimicrobial therapies in the future and combat the 

AMR crisis, the host immune system and novel or chemical antimicrobial 

therapies must work hand in hand.  This will only be possible through the 

greater understanding of the interactions that occur between current and 

novel antimicrobial therapies and the host immune system.  
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Chapter 1: Introduction 

1. Introduction to antimicrobial resistance 

1.1 Antibiotics  

1.1.1 Overview 
Antimicrobials have long been a vital pillar in the treatment of infectious 

disease, ever since the first antimicrobials were characterised and then 

utilised in the mid 20th century (1). Antimicrobials are compounds that inhibit 

the growth and replication of, or kill, microorganisms. The majority of 

antimicrobials are used to target pathogens that cause disease within a host, 

e.g. antibiotics for bacterial disease. However, antiseptics, which are used to 

prevent infection after injury, and disinfectants, which non-selectively 

eradicate a wide range of bacteria, fungi and viruses outside of the host, are 

also important antimicrobials for topical use and decontamination of 

biological and artificial surfaces.  

Significant progress has been made in the treatment of other causes of 

mortality such as the advent of recombinant DNA technology in the 

development of novel biologics, vaccines and small molecule inhibitors to 

treat cancers and autoimmune disease, which has led to an increase in life 

expectancy (2). Treatment of infectious disease has also been massively 

advanced by antimicrobials, whereby complex surgical interventions for the 

treatment of cancer and iatrogenic disease caused by the immunomodulation 

associated with organ transplantation are commonplace and well managed, 

without fear of infection (2). However, little progress has been made in the 

discovery of novel antimicrobials for the treatment of infectious disease. The 

emergence of highly mobile mechanisms of resistance amongst 

microorganisms that commonly cause clinical disease is accelerating. The 

loss of some antimicrobials to resistance, combined with a lack of discovery 

of new antimicrobials, threatens not only the progress made in the last 

century in the treatment of infectious disease, but also threatens to revert 
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clinical practise back to a time where routine surgical interventions for the 

treatment of trauma, cancer and organ rejection will also not be possible.  

 

1.1.2 Modes of action  
Since the discovery and utilisation of penicillin to treat bacterial infection in 

the 1940s, multiple different classes of antibiotics have been discovered and 

utilised for the treatment of infectious disease. These classes differ in their 

target range, with some being broad spectrum whereby they target a wide 

array of bacterial species, and others being more targeted with a narrower 

spectrum of activity. These classes also have differing mechanisms of action 

whereby some inhibit bacterial growth and replication (termed bacteriostatic) 

through the interruption of cellular processes such as DNA replication, 

translation and transcription, whilst others kill bacteria (termed bactericidal) 

through the perturbation and detrimental alteration of cellular components 

such as the bacterial cell wall. A summary of the common targets of 

bactericidal and bacteriostatic antibiotics is shown in Figure 2A.   

 

1.1.2.1 Bactericidal antibiotics 

The majority of bactericidal antibiotics target the bacterial cell wall or 

membranes, both of which are vital for cell integrity and viability (3). Cell wall 

targeting antibiotics kill the cell by interfering with the biosynthesis of 

peptidoglycan, which generally results in a structural defect within the cell 

wall and subsequent lysis of the bacterial cell. Peptidoglycan is the primary 

component of the bacterial cell wall and is typically synthesised by 

multienzyme complexes in a highly sequential process (4). Peptidoglycan is 

comprised of multiple subunits, namely N-acetyl glucosamine (NAG) and N-

acetyl muramic acid (NAM) chains, crosslinked by D-amino acid containing 

peptide chains (5,6). The NAG and NAM peptidoglycan subunits are 

originally synthesised within the cytoplasm of the bacterial cell and attached 

to a lipid anchor to facilitate their transport across the cytoplasmic 

membrane; one of these carriers is lipid-II (7). Complexes of penicillin binding 

proteins (PBPs) synthesise and remodel the peptidoglycan cell envelope 
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during bacterial growth and division, incorporating these subunits (8). PBPs 

belong to three designated classes; PBPA are peptidoglycan synthases that 

polymerise the peptidoglycan monomers e.g. NAG and NAM into long 

chains. PBPB contains the PBPs responsible for crosslinking of the bacterial 

cell wall during elongation and division. PBPC PBPs are responsible for the 

cutting and remodelling of peptidoglycan and includes the D,D-

carboxypeptidases responsible for removing the D-Alanine peptide crosslinks 

between the peptidoglycan subunits, and the D,D- endopeptidases that 

hydrolyse these crosslinks (Figure 1) (4,8). This constant turnover and 

remodelling of peptidoglycan allows for growth and division of bacterial cells 

(9); the degradation of peptidoglycan, once synthesis is blocked by the 

actions of cell wall targeting antibiotics, results in bacterial cell death and 

lysis (4). 

b-lactams such as penicillins and cephalosporins typically mimic the D-

Alanine-D-Alanine substrate, which is required for the formation of peptide 

crosslinks, irreversibly binding to the bacterial cell wall transpeptidase and 

carboxypeptidase enzymes, preventing transpeptidation and incorporation of 

peptidoglycan subunits into the existing cell wall and resulting in turgor-

mediated cell lysis (Figure 1) (10,11). Glycopeptide antibiotics such as 

vancomycin also form blocking complexes on lipid-II precursors, preventing 

D-Alanine-D-Alanine bond formation and transpeptidation, once again 

inhibiting peptidoglycan biosynthesis and incorporation into the cell wall (12). 

Other antibiotics such as bacitracin and phosphonic acids (e.g. fosfomycin) 

interfere with cell wall biosynthesis by interfering with the lipid-II NAG/NAM 

carriers or UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) 

complex inhibition, causing cell lysis in a similar manner (13).  

Instead, some bactericidal antibiotics, such as nisin, daptomycin and 

polymyxins B and E, target the bacterial cell membranes, either preventing 

lipid incorporation or incorporating themselves into the membranes, resulting 

in pore formation and hydrophobic disruption of the membrane (14). 
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Alternatively, fluoroquinolones, which target the DNA gyrase and 

topoisomerases that control DNA coiling and winding during DNA replication, 

interfere with the uncoiling process and induce DNA fragmentation, SOS 

responses and subsequent cell lysis (15,16). The majority of bactericidal 

antibiotics affect growing cells, interfering with their usual biosynthetic 

processes and making them more vulnerable to osmotic and cellular stresses 

and lysis, the exceptions of which being the membrane active antibiotics that 

may also affect non-growing cells. Ultimately, the actions of bactericidal 

Figure 1: Bacterial synthesis of peptidoglycan 
Peptidoglycan within the bacterial cell wall is constantly degraded and re-synthesised, allowing for cell 
growth and division. Peptidoglycan subunit precursors, predominantly N-acetyl glucosamine 
(NAG/GlcNac) and N-acetyl muramic acid (NAM/MurNAC), are synthesised within the bacterial cell 
cytoplasm and linked to a undecaprenyl phosphate lipid carrier to facilitate their transport across the 
cytoplasmic membrane. Peptidoglycan subunits are then incorporated into growing peptidoglycan 
chains by glycosyltransferases and DD-transpeptidases, linking the subunits into the existing 
peptidoglycan structure via their D-Ala D-Ala peptide termini. Dynamic remodelling of the 
peptidoglycan cell wall, resulting in the removal and de-crosslinking of peptidoglycan, also occurs via 
the action of DD-, LD- and DL- carboxypeptidases and DD- and LD- endopeptidases. Figure taken 
from Typas et al, 2012.  
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antibiotics predominantly act on structural components of the bacterial cell, 

inducing cell death and frequently causing cell lysis (Figure 2A).  

 

1.1.2.2 Bacteriostatic antibiotics 

In contrast to the actions of bactericidal antibiotics, the bacteriostatic 

antibiotics target cellular process but do not induce cell lysis, instead 

inhibiting cell growth until the immune system neutralises the cell. The 

majority of bacteriostatic antibiotics interfere with DNA and RNA synthesis, 

transcription and translation. For example, rifampicin inhibits the DNA 

dependent RNA polymerase and prevents transcription and translation by 

interfering with RNA synthesis and elongation (17). Tetracyclines and 

aminoglycosides bind to the 30s subunit of the bacterial ribosome, preventing 

tRNA binding to the mRNA-ribosome complex and thus preventing 

translation initiation and peptide elongation (18,19). Erythromycin and 

chloramphenicol bind to the 50s subunit of the bacterial ribosome and inhibit 

translocation and transpeptidation of the growing peptide chain by interfering 

with peptidyl transferase activity, preventing the transfer of amino acids into 

the growing peptide chain (20,21).  

In general, bacteriostatic antibiotics bind reversibly to the transcriptional and 

translational machinery of the bacterial cell, preventing growth and replication 

of the bacterial cell (Figure 2A). This controls the infection until a time when 

the host immune system detects and neutralises the infectious organisms. 

Crucially, this provides a reduced selection pressure for resistance to evolve 

as the antibiotic is only inhibiting growth and not killing the organism, whilst 

also not inducing cell lysis and causing the release of a high antigenic load 

into the host.  
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In summary, different antibiotic classes can determine the path for resolution 

of infection, either through a messy, highly immunostimulatory pathway of 

antibiotic-mediated bacterial lysis and immune stimulation, or through a 

quieter, bacteriostatic pathway that relies on the host immune system to 

resolve the infection fully. However, the ability of antibiotics to inhibit bacterial 

growth or kill bacteria entirely is under threat. 

 

Figure 2: Common targets for antibiotic therapy and their associated 
resistance mechanisms 
A: Antibiotics target an array of bacterial cellular components via a variety of 
different mechanisms, exerting either a bactericidal or a bacteriostatic effect. The 
most common targets of antibiotics are shown, alongside examples of the antibiotics 
that target them. B: Various mechanisms of resistance have evolved that negate the 
actions of antibiotics, depending on their individual targets and modes of action. 
Typical resistance mechanisms are shown above. Figure generated using Biorender 
software using data from Blair et al, 2015.   
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1.2 Antimicrobial resistance 

1.2.1 Overview 

Even before the widespread production and use of antibiotics, resistance was 

already being observed via a penicillinase produced by Escherichia coli firstly 

in 1940 (22) and then resistance in Staphylococcus aureus in 1942, mediated 

by an unknown non-penicillinase mediated mechanism (23), culminating in 

80% of S. aureus isolates in the late 1960s being penicillin resistant (24). 

Attempts to resolve this led to the seeking of alternative antimicrobial 

compounds either from the environment, where most antimicrobial 

compounds originate and are used by microorganisms as a competitive 

advantage, or via the chemical modification of existing antimicrobial 

compounds. Shortly after the modification of penicillin to form methicillin, 

resistance via the modification of a penicillin binding protein within S. aureus 

was quickly observed (covered further in 1.2.2.2) (25,26). This pattern of 

novel antibiotic discovery and subsequent resistance development was 

repeated throughout the so-called “golden age” of antibiotic discovery 

whereby novel compounds were quickly synthesised to replace their 

insufficient counterparts. However, this surge of antibiotic discovery abruptly 

ended after the 1980s, with only 2 novel classes of antibiotics, 

oxazolidinones and cyclic lipopeptides, being introduced into clinical practise 

within the last 30 years (27). 

Antimicrobial resistance is of particular concern within the ESKAPE 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa & 

Enterobacter spp.), where an increased dissemination of multidrug resistance 

within a clinical setting is especially prevalent. The emergence of resistance 

has been accelerated due to the presence of other causes of mortality in the 

population, increased selective pressures due to higher antibiotic and 

antiseptic use in clinical settings and poor infection control (28). This is 

amplified through the “treat now, diagnose later” culture present within clinics 

where broad spectrum antibiotics are used to control infection before 

diagnosis of the causative agent and susceptibility testing can be undergone 

(highlighting the need for better diagnostics). Resistance amongst the 
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ESKAPE pathogens may include the spread of extended spectrum b-

lactamases (ESBLs) within Enterobacter spp., methicillin resistance in S. 

aureus, carbapenem resistance in A. baumannii and vancomycin resistance 

amongst Enterococcus spp. (29). 

One further contributory factor to the emergence of antibiotic resistance 

stems from the widespread use of antiseptic disinfectants, most prominently 

triclosan. Triclosan, originally used as an antiseptic, is a broad spectrum 

antibacterial and antifungal compound that targets a multitude of components 

within cells, however its primary target is the enoyl-acyl carrier protein 

reductase, a component of fatty acid biosynthesis (30,31). Triclosan is found 

in a wide array of household products, including toothpaste, hand soaps and 

kitchen utensil handles, as well as in a healthcare setting in surgical gowns, 

surgical handwash and surface disinfectants (30,32). Biocides, like triclosan, 

play an important role in limiting sources of infection, especially within a 

healthcare setting where individuals are more vulnerable to infection (33).  

However, prevalent use of triclosan at sub-lethal concentrations in household 

products (34), selects for resistance gene expression for triclosan, but more 

importantly for resistance to a wide array of antibiotic classes also. Triclosan 

use can select for antibiotic resistance via multiple mechanisms, whether it 

be through the induction of oxidative stress, causing mutations that 

upregulate b-lactamase expression, or through the selection for horizontal 

gene transfer of multidrug efflux pumps (35,36). This is of growing concern 

as the widespread use of triclosan throughout society selects for triclosan 

resistance and therefore may select for resistance to clinically relevant 

antibiotics via similar mechanisms (37). 

Much like antibiotic resistance, resistance to triclosan can either be intrinsic 

or acquired through mutation (30), amplification e.g. hyperexpression of 

already-present efflux pumps (37,38) or horizontal gene transfer (covered in 

1.2.2) (39). Resistance can occur through the alteration of target sites, active 

efflux or enzymatic degradation/inactivation, the same mechanisms that 

predispose to antibiotic resistance (see 1.2.2) (Figure 2B) (32). The most 

common form of resistance is mediated through the decreased accumulation 
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of triclosan within the cell, either through increased efflux (using efflux pumps 

highly similar to those conferring resistance to antibiotics) or alteration of the 

bacterial outer membrane composition to decrease permeability (37,40), 

either through modification of hydrophobicity (41) or outer membrane 

ultrastructure and composition (42–44). Triclosan has more extensively been 

demonstrated to be a substrate for multiple clinically relevant, antibiotic-

resistance conferring efflux pumps including AdeABC, AbeM and AdeIJK in 

A. baumannii (45–47), AcrAB-TolC in E. coli and S. typhimurium (48,49) and 

MexAB-OprM, MexCD-OprJ and MexEF-OprN in P. aeruginosa (see 1.2.2.1) 

(48,50), furthering the suggestion that co-resistance may occur. 

Initial investigations had suggested that target-based cross-resistance 

between antibiotics and biocides does not occur, as biocide resistance genes 

were no more prevalent in clinical multi-drug resistant isolates that they were 

in their susceptible counterparts (51,52), and triclosan was still effective 

against multidrug resistant bacteria such as MRSA, where it had been used 

to control multiple outbreaks in hospitals (53). However, mutations within a 

membrane-related fatty acid synthase gene (InhA) in Mycobacterium 

smegmatis was shown to confer resistance to triclosan and isoniazid, a front 

line therapy for tuberculosis (54) and triclosan resistance has been shown to 

be co-acquired with plasmid-mediated mupirocin resistance in MRSA clinical 

isolates (55), suggesting co-resistance may be possible.  

Further details on the use of triclosan, and its contribution to the emergence 

of antimicrobial and antibiotic resistance is covered in (37).  

Despite being a natural occurrence, antimicrobial resistance (AMR) has 

dramatically risen in prevalence over the last few decades, accelerated by 

the selective pressure of inappropriate and extreme use of antibiotics by 

humans in hospitals, veterinary medicine and agriculture. Antimicrobial 

resistance threatens the treatment of all infectious disease, not just those 

caused by bacteria. A lack of new antifungal development, combined with the 

loss of some therapies to resistance has also threatened the future of fungal 

disease treatment, a rising concern due to the increase in fungal disease 

prevalence due to the emergence of an ageing and more immune 
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susceptible population ((see Chapter 2, section 1.1) and covered further in 

(2)). Resistance to anti-viral and anti-protozoan drugs such as anti-malarial 

drugs is also of great concern. This thesis will focus on the development of 

resistance to antibiotic treatment.  

One contributing factor to the emergence of antimicrobial resistance is a lack 

of stewardship surrounding the use of these antimicrobial compounds. 

Extended courses of broad spectrum antibiotics are frequently prescribed to 

individuals in intensive care units (ICUs), organ transplant recipients and 

those with compromised immunity such as individuals with AIDS, all of whom 

are at increased risk of infection (2). Treatment is frequently given 

prophylactically, even when no clinical signs of infection are present owing to 

the potential for severe consequences if infection did occur (29). This 

increased dependence on antibiotics within modern healthcare has 

contributed to the recent increase in AMR, highlighting the urgent need for 

better stewardship and control over these compounds (29). There are also 

emerging questions regarding the off-target effects of long-term antibiotic 

administration on the host immune response, something that this thesis will 

build on.  

 

1.2.2 Mechanisms of AMR 

Antimicrobial resistance can either be intrinsic, where it is naturally encoded 

within the genome of the organism that produces the antimicrobial 

compound, or acquired, where it develops due to random mutation or 

acquisition of a genetic element upon exposure to a selection pressure, 

where it subsequently propagates and increases in frequency within the 

population due to the selective advantage it provides (56). Acquired 

resistance can be highly transferrable (see 1.2.3) and is usually initially 

obtained from the producer organism via the acquisition and integration of 

their genetic material via horizontal gene transfer, or via mutation, negating 

the mechanism of action of the antibiotic on the cell or excluding the antibiotic 

from the cell altogether (56,57). This form of AMR poses the greatest 

concern as it is this form that frequently occurs and spreads in a clinical 
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setting and prevents the effective treatment of infectious disease. The main 

mechanisms of antimicrobial resistance are summarised below.  

 

1.2.2.1 Decreased penetration and increased efflux 

One group of mechanisms of antibiotic resistance are the decreased 

penetration or increased efflux of antibiotics from the bacterial cell. This may 

occur due to the decreased permeability of the bacterial cell membrane to 

antibiotics, either through the alteration of charge on the outer membrane, 

preventing lethal concentrations of antibiotic entering the bacterial cell, or 

through the alteration or upregulation of porin expression, which decreases 

the uptake of b-lactams, tetracyclines and fluoroquinolones across the outer 

membrane e.g. the dysregulation of P. aeruginosa OprD expression results in 

resistance to multiple antibiotic classes (Figure 2B) (57,58).  

Alternatively, there may be an upregulation of efflux pumps either in Gram-

positive or Gram-negative bacteria, whereby the antibiotic is effluxed from the 

cell before bactericidal concentrations can be reached (Figure 2B) (59). 

Efflux pumps are usually intrinsically coded for within the bacterial 

chromosome, exporting the antibiotic substrate and making them intrinsically 

resistant, or exporting a structurally similar substrate. Their expression is 

then upregulated by mutation making the bacteria increasingly antibiotic 

resistant, or the active site mutates making the efflux pumps capable of 

exporting alternative substrates (59).  Efflux pumps can be categorised into 5 

different families depending on their host range, mode of efflux, substrate 

etc.: major facilitator superfamily (MFS) (60,61), resistance nodulation 

division (RND) such as the AcrAB-TolC pump found in Enterobacteriaceae 

(62), small multidrug resistance family (SMS), the ATP binding cassette 

family (ABC) and the multidrug and toxic compound extrusion family (MATE) 

(59). Whilst some efflux pumps are encoded for intrinsically within the 

chromosome, such as the RND efflux pumps that confer resistance to a wide 

array of antibiotics including tetracyclines, chloramphenicol, b-lactams and 

fluoroquinolones (57), others are encoded by a mobile genetic element, 
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therefore the spread of efflux pump mediated antimicrobial resistance is also 

a serious threat to the treatment of infectious disease (57). 

1.2.2.2 Alteration of target 

As mentioned in 1.2.2, an alternative mechanism of antibiotic resistance is to 

alter the target of the antibiotic, thus preventing the antibiotic from binding. 

This can be achieved either through protection or modification of the target 

site (Figure 2B) (57). Genes encoding target site protecting proteins are 

typically encoded of mobile genetic elements, including a large number of 

plasmids and broad host range conjugative transposons, facilitating their 

spread throughout bacterial populations (63) (see 1.2.3). Protective proteins 

include the TetM, TetO and Qnr proteins which provide tetracycline 

resistance and fluoroquinolone resistance respectively (57).  These proteins 

work in a variety of different ways, either by dislodging the antibiotic from the 

target site and altering the ribosomal conformation to prevent re-binding 

(TetM) or competing with the antibiotic to bind to the target site and altering 

the target binding site also (TetO) (64,65). Alternatively, the Qnr (quinolone 

resistance protein), which is encoded on a conjugative plasmid, competes for 

the DNA binding sites on the DNA gyrase and topoisomerase IV molecules 

(66) conferring low level resistance to fluoroquinolones. Additionally, Qnr 

proteins have been seen to promote single point mutations in the gyrase 

target site, leading to emergence of highly resistant isolates (67).  

Instead, bacteria may modify their target site to prevent antibiotic binding or 

to decrease the binding affinity of the target site, a mechanism which is 

common in multidrug resistant clinical isolates (57). This may occur through 

the generation of point mutations within the genes encoding the target site 

e.g. single amino acid mutations in the rpoB gene encoding the binding 

pocket of the RNA polymerase targeted by rifampicin results in high levels of 

resistance (68) and multiple single amino acid changes in the DNA gyrase 

and topoisomerase IV molecules leads to fluoroquinolone resistance 

accumulation over time (69). Resistance may also occur through the 

enzymatic modification of the target site e.g. methylation of the erythromycin 

binding site on the ribosomal 50s subunit results in macrolide resistance (70). 

Finally, modification of the target site may be achieved through replacement 
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or bypass of the target, meaning the binding of the antibiotic is no longer 

detrimental to the bacterial cell. The primary example of this is seen in 

methicillin resistant S. aureus (MRSA) whereby the replacement of a 

penicillin binding protein with PBP2a (encoded by mecA on the mobile 

Staphylococcus cassette chromosome mec (SCCmec)) which has a lower 

binding affinity for methicillin, results in a bypass of the initial PBP target so 

methicillin has no effect on peptidoglycan synthesis within the cell (Figure 2B) 

(71).  

 

1.2.2.3 Alteration of drug 

Another mechanism of antibiotic resistance is the chemical alteration of the 

antibiotic itself. This mechanism is usually encoded by mobile genetic 

elements that are readily transferred throughout neighbouring cells via 

conjugation, and commonly provides resistance to aminoglycosides and 

chloramphenicol (57). Modification may consist of acetylation of the hydroxyl 

or amine groups on the antibiotic, phosphorylation or adenylation, either 

preventing binding via steric inhibition due to the antibiotic no longer fitting in 

the target binding site, or altering the nature of the antibiotic molecule making 

binding occur with a lower affinity (Figure 2B) (57).  

Alternatively, bacteria may modify the antibiotic molecules structure and 

destroy the molecule (Figure 2B). The prime example of this is b-lactamase-

mediated cleavage of the amide bond within the b-lactam ring within 

penicillins and other b-lactams, leading to a complete loss of antibacterial 

activity (57).  Separate classes of b-lactamases have varying mechanisms of 

cleavage, either through the use of a serine molecule (serine b-lactamases) 

or via a zinc ion (metallo-b-lactamases), some of which have a broad 

spectrum (extended spectrum b-lactamases/ESBLs) and others with a more 

narrow target range (carbapenemases) (57), where all b-lactamases alter the 

antibiotic molecule and negate its antibacterial activity. One example of a 

highly mobile drug alteration mechanism is that of the ESBL CTX-M which 

confers cephalosporin resistance to Enterobacteriaceae after being first 

obtained from an intrinsically resistant environmental organism (57,72). The 
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genes encoding this form of resistance have been shown to be associated 

with transposon elements, conjugative plasmids and phage-like sequences, 

all of which would readily aid dissemination of these genes and 

cephalosporin resistance (57,73). 

As discussed above, antimicrobial resistance may arise through a multitude 

of mechanisms. However, it is important to consider that resistance to one 

antibiotic can occur via multiple mechanisms, or one mechanism can encode 

resistance to multiple antibiotics. For example, resistance to fluoroquinolones 

can occur through a mutation in the target gyrase site, an increase in efflux 

pump expression or via restriction of the target site through the production of 

a protection protein (Qnr) (57). Conversely, the upregulation of a single RND 

efflux pump AdeABC in Acinetobacter baumannii confers resistance to 

tetracyclines, aminoglycosides, chloramphenicol, fluoroquinolones and an 

array of other antibiotics (74,75).  Another important consideration is that 

multiple resistance-determining genes may be co-inherited together, 

conferring multiple drug resistance via multiple mechanisms in one single 

genetic transfer event e.g. New Delhi metallo-b-lactamase spread on some 

plasmids has been shown to also confer resistance to other b-lactams via 

other extended spectrum b-lactamases, macrolide resistance via methylation 

enzymes and fluoroquinolone resistance through Qnr protein expression 

(57). It is important to consider this co-acquisition and co-expression of 

multiple resistance mechanisms when seeking out alternative solutions to the 

AMR crisis. 

 

1.2.2.4 Community mediated resistance 

Bacteria may also resist the action of antibiotics through community mediated 

changes in susceptibility rather than single cell actions (76). A prime example 

of this is the formation of biofilms (communities of bacteria surrounded by 

extracellular DNA, extra polymeric matrices, polysaccharides etc.) whereby 

quorum sensing mediated communication is instrumental in their formation 

(77). Biofilms have been shown to resist the actions of the immune system 

and antimicrobials (where less susceptible cells can easily propagate) and 
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are regarded as sites of high genetic exchange, making them a key 

distribution site of mobile genetic element encoded resistance genes (77).  

They are also common and extremely problematic in a clinical setting, where 

most chronic infections occur as biofilms rather than planktonic infections. A 

more comprehensive review of the role of biofilms in antimicrobial resistance 

is covered in the following reviews: (76,77).  

 

1.2.3 The rise and spread of AMR 

As discussed in 1.2.2, antibiotic resistance has always been present in 

bacterial populations, long before even the first antibiotics were formally 

discovered, due to them being a natural product produced by 

microorganisms as a competitive growth advantage against others. However, 

the accelerated rates of antibiotic resistance and its increased mobility and 

spread throughout the world is of great concern. Most genes encoding 

antibiotic resistance are obtained via horizontal gene transfer (HGT). HGT 

may occur through transformation (the uptake of naked DNA from the 

environment), transduction (usually bacteriophage mediated injection of DNA 

into the bacterium), conjugation (the exchange of genetic material between 

two cells via pili) or the transfer of mobile genetic elements (either plasmids, 

transposons or integrons) between bacteria (57). The main reason behind 

this acceleration in AMR development is the reckless overconsumption of 

antibiotics within a clinical setting that has become increasingly more reliant 

on them for everyday medical interventions (2). The over-prescription of 

antibiotics for diseases that could be treated alternatively or with more 

appropriate interventions represents one pillar of the AMR crisis. The lack of 

stewardship regarding antibiotic administration, whereby they are available 

over the counter in some countries like the USA and Bangladesh (78) and 

can be used as animal growth promoters within agriculture (a practise that is 

banned within Europe but is still prevalent around the world) (79) when 

alternatives such as vaccination of livestock would provide more appropriate 

interventions against infection (80) are also contributory factors. Overall, the 

overconsumption and inappropriate use of antibiotics around the world over 

the last few decades has led to a scenario where, without the rapid discovery 
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of novel antimicrobial treatments, the treatment of infectious disease could 

regress significantly, representing a significant health burden. This highlights 

the need for development of novel antimicrobial treatments, alongside the 

conservation and best use of current antimicrobial therapies, to treat 

infectious disease in the future.  

 

1.2.4 Overcoming the AMR crisis 
As the majority of antibiotics are isolated from nature in the first instance, 

resistance mechanisms to these compounds will already exist within the 

environment even before their discovery and clinical use, either within the 

producing organism itself which is likely to be intrinsically resistant, or within 

neighbouring closely related species. This suggests the use of evolutionary 

static compounds as antimicrobial therapies is already a short-lived strategy 

owing to the tools to disarm them already being widespread. The use of 

alternative antimicrobial approaches has subsequently been considered, 

whereby the prevention of infection, the enhancement of existing 

antimicrobial compounds and the use of “living” antimicrobial therapies (see 

1.2.4.4 and 1.2.4.6) represent potential solutions to the AMR crisis. 

 

1.2.4.1 Adjuvants  

One potential solution to AMR is the use of antibiotic adjuvants alongside 

conventional antibiotic therapy to extend the lifespan of conventional 

antibacterial therapies whilst novel antimicrobial therapies are developed. 

These compounds have little antimicrobial activity themselves, but when 

combined with conventional antibiotics, enhance their efficacy either through 

the targeting of resistance mechanisms e.g. clavulanic acid cleaves the TEM 

b-lactamase, restoring b-lactam sensitivity, and efflux pump inhibitors inhibit 

the export of the antibiotic from the cell, restoring drug efficacy (81). 

Alternatively, adjuvants may alter the bacterial cell itself making the antibiotic 

more potent e.g. loperamide makes the bacterial cell membrane more 

permeable to some antibiotics (81,82). Adjuvants provide a way to continue 

the use of current conventional antibiotic therapies, even when some 
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resistance has developed, making them a promising avenue for combating 

AMR. However, they face the same issues as conventional antibiotics 

whereby the economic support and interest is lacking, slowing the 

development of further adjuvant therapies, and the development of 

resistance is inevitable due to their evolutionarily-static nature (83).  

 

1.2.4.2 Vaccination 

Vaccination represents another potential tool in the treatment of infectious 

disease and the curbing of antimicrobial resistance. Much like the importance 

of improved hygiene practices and infection control within healthcare 

settings, vaccination also plays a role in the prevention of infection. 

Vaccination prevents disease as vaccines are administered prophylactically 

and so this negates the need for antibiotics to be prescribed (either correctly 

or inappropriately for non-bacterial disease), thus limiting the emergence of 

AMR and the selection pressure to evolve resistance in both commensals 

and pathogens (84). Viral vaccines also have a role in the prevention of AMR 

emergence as they indirectly limit the prevalence of secondary bacterial 

infections and so decrease antibiotic usage further (80). Vaccination has 

been pivotal in the eradication of smallpox and the near eradication of polio 

from the World (although lack of compliance threatens the latter) (85). One 

example of the role of vaccination in the fight against AMR is that of the 

Haemophilus influenzae Type B vaccine (86). Treatment of H. influenzae 

Type B infection was complicated by the presence of a high proportion of b-

lactamase positive bacterial strains (16.6%) in the 1970s (86,87). However, 

after the introduction of a H. influenzae Type B vaccine, cases of H. 

influenzae drastically dropped (86), along with the prevalence of b-lactamase 

genes within the bacterial population (88), demonstrating that vaccination 

against infectious disease not only provides an alternative form of treatment, 

but can also actively reverse the emergence of resistance to antimicrobials. 

In a more direct approach, vaccines for Clostridium difficile and S. aureus 

infection are now being developed and are in late stage clinical trials, in the 

hope that their use may follow suit and slow the development of AMR further 

(80).  
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Vaccination isn’t only important for the treatment of human disease; it also 

plays an arguably more important role in agriculture. Despite being outlawed 

for use as agricultural growth promoters in Europe, antibiotics are still 

administered in extreme quantities around the World, especially in the USA 

and Asia whereby the prevention of infection within livestock leads to higher 

yields (79). The outright banning of antibiotic use in agriculture (both as non-

therapeutic growth promoters and for disease treatment) would be met with 

great opposition due to its potential impacts on food production and the 

economy. However, the development of vaccines against agricultural 

diseases may represent a cost-effective and equally efficacious approach to 

preventing disease and maximising yields, whilst minimising antibiotic use 

and AMR development. The development of vaccines for agricultural disease 

should be made a priority in the ongoing battle with AMR (79).  

Potential fallbacks of vaccination include the potential for resistance to 

evolve, or the emergence of new strains due to selection against some 

strains, facilitating the emergence and increased prevalence of others 

(85,86). One key example of this is the Streptococcus pneumoniae type A 

vaccine whereby mutations occur which render the vaccine ineffective, and 

some serotypes emerge and increase in prevalence at the expense of others 

(85,86). This suggests that vaccines will need to be constantly modified to 

cover further serotypes and remain effective, increasing the economic cost 

and providing an ongoing solution to infectious disease rather than a 

permanent one.  

 

1.2.4.3 Anti-virulence factors  

Another potential alternative to the use of antibiotics is the use of anti-

virulence factors. These compounds prevent the establishment of infection 

within a host by inhibiting the mechanisms required for colonisation, 

establishment or toxin release etc., without exerting a bactericidal or 

bacteriostatic effect on the bacterium, allowing the immune system to 

eradicate the pathogen without as strong a selection pressure as antibiotic 

use (81,89).  Anti-virulence factors may target specific virulence factors 
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relevant to infection, such as Type 3 secretion system assembly (90) and 

toxin production (91), virulence regulators for quorum sensing (92) or 

virulence factors relevant to immune system resistance and persistence 

within the host such as biofilm formation (93) and capsule formation (94,95). 

One example of a target for anti-virulence therapy is quorum-sensing, a 

communication system between bacteria that relies on the diffusion of small 

molecules to aid population density sensing and coordination of gene 

expression, including that of virulence factors such as adhesin expression, 

secretion system expression and toxin secretion (96). Successful chemical 

quorum sensing inhibitors have been utilised previously in clinical trials (97). 

However, P. aeruginosa isolates have already emerged that are resistant to 

anti-quorum sensing treatments through the upregulation of efflux pumps 

(much like the mechanism behind resistance to some antibiotics (covered in 

1.2.2.1)), whereby the isolates cause a higher mortality in the presence of 

this anti-virulence therapy (98,99). As, the rate of mutation and gene 

acquisition within bacterial species is highly species specific, some anti-

virulence factors may be highly effective in some species with lower mutation 

rates, such as S. aureus, but redundant in others, such as P. aeruginosa 

where resistance quickly emerges (100). Other anti-virulence factors 

currently in clinical trials include pilicides and type 3 secretion system 

inhibitors, some of which may have a broader host range and may target 

multiple species within the Enterobacteriaceae (101), and a S. aureus toxin-

targeting anti-virulence factor that has been shown to speed up S. aureus 

infected wound healing and cause a stronger and more effective immune 

response to S. aureus in this scenario (102).  

Anti-virulence therapies represent a more targeted treatment approach as 

they will be bacterial species specific in most cases and so should have 

minimal side effects on the host and gut microbiota. However, as they have a 

narrow host range, the advancement of clinical diagnostics will be needed 

before they can be fully utilised and further study will be required to find the 

most effective targets with the lowest likelihood of resistance formation (101).  
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One further potential caveat of anti-virulence factor use is that they rely on a 

functioning host immune system to neutralise the pathogen, something that 

may be lacking in individuals on ICU wards or with treatment-mediated or 

disease-mediated immunosuppression in individuals who are at increased 

risk of infection in the first instance (2).  Treatment of these individuals may 

still be effective as disease would not be able to establish, but without being 

reinforced by a host-mediated clearing mechanism they may not be as 

effective. One solution to this would be the administration of a combination 

therapy of anti-virulence factors and bactericidal antibiotics. However, this 

still represents the use of a static therapy against a living, evolving organism, 

meaning that even though the pressure to develop resistance may be lower 

than that seen with conventional antibiotics, if pathogenesis is essential for 

bacterial viability then resistance is likely to develop.  

Another important consideration is the differential gene expression that 

occurs between planktonic cells and biofilms and within biofilms themselves, 

whereby the bacteria at the surface of the biofilm will express different genes 

and virulence factors to those on the inside, who will likely express very few 

virulence factors in comparison. One example of this is the expression of 

fermentation associated genes in anoxic areas of S. aureus biofilms, where 

acidic pH tolerance genes will likely be upregulated but adhesins for host 

tissue cells will not be expressed (103). Comparatively, in surface biofilm 

cells and planktonic cells, adhesins, toxins and proteases are all upregulated 

so would make good targets for anti-virulence therapy, but will be effective 

against this subset only (103). This has potential implications for anti-

virulence factor treatment as it means that treatment would only target a 

subset of the population, leaving the remainder unaffected and still capable 

of establishing infection. Once again, the solution to this would be to 

administer anti-virulence factors as part of a combination therapy with 

conventional bactericidal antibiotic treatment, but this approach isn’t without 

drawbacks, as mentioned previously.  
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1.2.4.4 Phage therapy 

The use of bacteriophage in the treatment of bacterial infection has long 

been of interest. Bacteriophage are viruses that target and infect bacteria in a 

highly receptor specific manner (104), making them a potential form of 

narrow range antimicrobial therapy for both planktonic and biofilm infections 

(105). Bacteriophage exhibit two lifestyles, whereby they either invade the 

bacterial cell and manipulate the host machinery to replicate viral DNA and 

capsid proteins before lysing the cell (lytic cycle), or integrate their genome 

into the host genome, replicating alongside the bacterial cell covertly 

(lysogenic cycle) (104). The latter may have a contributory role to the 

development of AMR as the process whereby the bacteriophage extracts 

itself from the host bacterial genome may also lead to the extraction of some 

host genomic material, facilitating the transfer of bacterial DNA and possibly 

antibiotic resistance genes between bacterial hosts (104). The lytic cycle, 

however, is of great interest in the reduction of AMR development. After 

bacteriophage entry and host machinery manipulation occurs to replicate the 

viral DNA and capsid proteins, an array of hydrolytic and degradative 

enzymes are released, some of which have bactericidal and bacteriostatic 

properties, such as holins, which create small pores in the cytoplasmic 

membrane of the bacterial cell and endolysins and peptidoglycan hydrolases 

which digest the bacterial peptidoglycan and lyse the cell, resulting in the 

release of viral progeny and death of the bacterium (104).  

Bacteriophage have also been used as tools for genetic modification of 

pathogens, whereby bacteriophage are used to deliver CRISPR-Cas9 

nucleases into bacteria, which subsequently can be targeted to excise 

antibiotic resistance encoding genes and restore susceptibility to antibiotic 

treatment (106,107) or to knockout virulence factor encoding genes. 

However, one major drawback to this approach is that the target site, i.e. the 

gene nucleotide sequence, must be known and so this approach would only 

be effective against known and well characterised resistance and virulence 

factor mechanisms, not those that occur as a result of single point mutations 

in antibiotic target sites or for virulence factors that are poorly studied.  
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Potential drawbacks of the use of bacteriophage in treatment of infectious 

disease also lie in their high specificity. Despite this high specificity limiting 

the off-target side effects on the host and the commensal microbiome 

(something that antibiotics are known for), the high specificity of 

bacteriophage treatments means that a whole library of bacteriophage will 

need to be developed to treat infectious disease (one for each strain type), 

making treatment development costly, and better diagnostics will be needed 

to diagnose the causative organism before treatment can begin (104). Other 

drawbacks include the potential for an immune response towards the 

bacteriophage, that may result in inflammation and harm to the host or may 

neutralise the bacteriophage before they have sufficient dwell time to prey 

upon the pathogenic bacteria (104). Resistance may also occur through the 

mutation of pathogenic surface receptors, negating bacteriophage entry, 

although the live nature of this treatment approach may mean that co-

evolution between bacteriophage and pathogen may occur, slowing 

resistance formation (104).   

 

1.2.4.5 Enzybiotics 

An alternative that builds on the use of bacteriophage as antimicrobial 

therapies is the use of the bacteriostatic and bactericidal enzymes that 

bacteriophage (108,109) or other bacteria (110) produce as antimicrobial 

therapies. These enzymes may include peptidoglycan hydrolysers such as 

Gp181, a peptidoglycan hydrolase produced by the P. aeruginosa 

bacteriophage jKZ (108), phospholipases or other hydrolytic enzymes, all of 

which encompass a wide variety of different targets, modes and chronologies 

of action (111).  Endolysins from bacteriophage have been shown to be 

effective against Streptococcus spp. in murine models (112,113) as well as 

Enterococcus spp. (114), Clostridium perfringens (115), P. aeruginosa 

(108,109) and Bacillus anthracis (116), demonstrating their potential for 

infectious disease treatment.  

Enzymes from bacteriophage typically consist of a peptidoglycan binding 

domain which targets the enzyme towards its substrate, and an active 
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catalytic domain that degrades the cell wall through the cleavage of 

peptidoglycan crosslinks (117). One advantage of the use of enzybiotics over 

bacteriophage is their versatility, whereby, due to their modular nature, 

enzymatic domains can be swapped between enzymes to increase their 

antimicrobial properties such as efficacy and their biophysical properties such 

as their stability and solubility (118). They can also be modified to kill Gram-

negative bacteria from the outside of the cell, which does not occur naturally 

as the majority of bacteriophage-mediated lysis occurs from within (119).  

Enzymes from the predatory bacterium Bdellovibrio bacteriovorus may also 

have potential for the treatment of Gram-negative infections (110). As part of 

the predatory lifecycle of B. bacteriovorus (detailed later in Chapter 3), an 

array of peptidoglycan hydrolases and other peptidoglycan-modifying 

enzymes are used to gain entry into Gram-negative prey, modifying the prey 

cell wall to promote establishment of B. bacteriovorus inside the periplasm 

where it subsequently grows and feeds upon the bacterial cell (110). One 

example is the dacB DD-endo/carboxypeptidase enzymes that are expressed 

upon prey entry, ultimately causing prey cell rounding and creating a niche 

for B. bacteriovorus growth (110). These enzymes could be alternatively 

utilised to alter bacterial cell morphology, preventing bacterial growth and 

establishment of infection through their bacteriostatic actions. Enzymes from 

B. bacteriovorus have not been utilised in the treatment of Gram-negative 

bacterial infections yet but they show great promise as treatment options for 

infectious disease in the future.  

The use of enzybiotics for the treatment of infectious disease is easier to 

validate compared to living therapies, but the advantage of co-evolution 

between pathogen and bacteriophage/bacterium is lost, meaning resistance 

to these single enzymes is highly likely unless administered in combination 

with other antimicrobial therapies. This is an important consideration for the 

potential use of enzybiotics in the future.  

 

 



 
 

24 

1.2.4.6 Bdellovibrio bacteriovorus 

As discussed in the above section, the use of static antimicrobial therapies 

i.e. anti-virulence factors and other conventional treatments or molecules, 

suffers from the fundamental flaw that resistance will inevitably evolve, 

rendering the treatment ineffective. The use of living antimicrobial therapies, 

such as bacteriophage, that can co-evolve alongside the pathogen is an 

alternative approach that should lead to a lower likelihood of resistance 

development. However, bacteriophage often only bind to a single receptor on 

the target bacterium, giving them a narrow spectrum of action, and are 

potentially immunogenic, creating barriers to their use as antimicrobial 

therapies. Further work is needed to develop novel antimicrobial therapies 

that work alongside the host immune response to eradicate infection, whilst 

retaining their ability to co-evolve alongside pathogens to minimise resistance 

formation. One example of such a living therapy is the predatory bacterium 

Bdellovibrio bacteriovorus (120,121), which will be covered in Chapter 3 of 

this thesis.  
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2. The innate immune system 

2.1 Overview 

Humans are exposed to a range of microorganisms on a daily basis either 

through inhalation, ingestion or injury, the majority of these exposures being 

asymptomatic. The human body is home to a diverse commensal microbiota 

therefore it is a fine balance between preventing and responding to infection 

whilst avoiding eradication of the beneficial commensal microbiome or 

causing inflammation (122). The use of conventional antibiotics to treat 

infectious disease frequently upsets this balance through the non-specific 

eradication of the host microbiota, perturbing the host immune response in 

the process.  The interplay between antibiotic treatment and the host immune 

system has been frequently overlooked and so the consideration of the host 

immune system in the development of new antimicrobial approaches and the 

most prudent use of existing antimicrobials is of great importance. 

The immune response is comprised of two systems, a dendritic cell mediated 

adaptive immune response consisting of a random and diverse array of T 

and B cells with differing pathogen recognition receptors (PRRs), that when 

stimulated by the binding of an appropriate pathogen associated molecular 

pattern (PAMP) undergo clonal selection and expansion to mount a slower, 

adaptive, memory-based response. This adaptive immune response is 

complimented by a quicker, less fine-tuned innate immune response 

responsible for the rapid initial control of infection (123,124). Phagocytes are 

the primary mediators of the innate immune system. They are selectively 

distributed around the body, mostly at sites where microbial exposure is high 

such as at the mucosal surfaces (125). Detection by phagocytes can occur 

via two modes; opsonised detection where Fc receptors and complement 

receptors recognise particles coated in antibodies or complement by the host 

which aids recognition, or non-opsonised detection where PAMPs are 

recognised by PRRs on the host phagocyte cell membrane (125).  

Multiple phagocyte cell types coordinate to form the innate immune system. 

Neutrophils rapidly migrate to and control infection, responding to chemokine 

ligand 1 (CXCL1) and other chemoattractants produced by epithelial cells, 



 
 

26 

macrophages and mast cells, subsequently killing the detected pathogens. 

Other cell types such as natural killer (NK) and mast cells also play important 

roles within the innate immune response. However, arguably the most 

important cell type that senses and responds to infection within the innate 

immune system is the macrophage which will be the focus of the remainder 

of this section. 

 

2.2 Macrophage sensing 

Macrophages are some of the first phagocytic cells to sense and respond to 

infectious stimuli. They have important roles in environmental sensing, 

microbial killing, uptake of apoptotic and necrotic cells, tissue healing and 

antigen presentation to T cells (126). The origins and expression profiles, i.e. 

surface markers, vary between tissues facilitating the detection of various 

tissue types, metabolites, pathogens and antibodies (126). Tissue-resident 

macrophages exist in a resting state, termed M2, whereby they promote 

tissue repair and homeostasis. Upon the detection of infection, interleukin-12 

(IL-12) and inducible nitric oxide synthase (iNOS) are released promoting 

differentiation into M1 type macrophages, facilitating the development and 

polarisation of tissue-specific macrophage phenotypes (126).  

Macrophages express 6 types of pathogen recognition receptors that are key 

for sensing and responding to infection; Toll like receptors (TLRs), Nod 

(nucleotide oligomerisation domain) like receptors (NLRs), intracellular RNA 

receptors, intracellular DNA receptors, C-type lectin receptors and scavenger 

receptors (126).  The detection of different PAMPs is facilitated by these 

different PRRs, resulting in the activation of alternative pathways.  

 

2.2.1 Toll-like receptors 

Toll-like receptors are expressed on macrophages and other host cells such 

as neutrophils, dendritic cells, T cells and epithelial cells (127). TLRs are 

capable of sensing a wide range of microbial ligands, which are usually 

released in higher concentrations upon the initial activation of the immune 
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system as it causes damage to the microbial cells. TLR-1/2/4/5 and 6 are 

expressed on the cell surface of the host cell whereas TLR-3/7/8 and 9 are 

expressed within the endosome where they induce interferon (IFN) 

production through the activation of interferon regulatory factor family 

transcription factors (126,128).  

 

TLRs form one of the central classes of PRRs that are important in the 

detection of PAMPs from bacteria, fungi, viruses and protozoa, with some 

TLRs being more important in the detection and sensing of bacterial ligands 

and others being more ubiquitous (Figure 3) (126,129). For example, TLR-2 

detects peptidoglycan and lipoproteins and so is instrumental in the detection 

of both Gram-positive and Gram-negative bacteria. TLR-4 is instrumental in 

the detection of LPS and lipoteichoic acids, making it important for the 

detection of Gram-negative bacteria (123,128). Alternatively, TLR-3 and TLR-

9 detect double stranded DNA and CpG DNA respectively, and so are 

important for the detection of viruses and bacterial cells (when lysed) (123).  

Whilst some TLRs are capable of binding to microbial ligands individually, 

others require additional host proteins and TLRs to bind. One example of this 

is the complexation of TLR-2 with TLR-1 and -6 to recognise peptidoglycan, 

emphasising the extensive crosstalk that occurs within the microbial 

detection system (123). Most TLRs signal through a multi-protein complex 

comprised of the MyD88 (myeloid differentiation primary response protein 88) 

adaptor protein and interleukin (IL)-1R associated kinase (IRAK) and TNF-

receptor associated factor 6 (TRAF-6) accessory proteins, leading to NFkB 

transcription factor activation (123,126). Alternatively, some TLRs e.g. TLR-3 

signal through the TRIF (TIR domain containing adaptor inducing interferon 

b) adaptor, leading to type 1 interferon production or through multiple 

adaptors e.g. TLR-4 signals through TIRAP (TIR-domain containing adaptor 

protein), TRIF and MyD88 adaptor protein complexes (Figure 4) (123,126). 

TLRs and IL-1Rs rely on these TIR domain-containing adaptor proteins to 

activate the downstream transcription factors, e.g. NFkB and MAP kinases, 

and induce downstream target gene expression (123). 
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2.2.1.1 Peptidoglycan detection 

TLR-2 detects peptidoglycan within the bacterial cell wall. Usually 

peptidoglycan is masked in Gram-negative bacteria by the outer membrane 

and LPS. However, after some bacterial cells have been lysed by the 

immune system or upon entry into the host, exposed peptidoglycan 

fragments may be present. Hexokinases recognise N-acetyl glucosamine 

(NAG) and muramyl dipeptide (MDP) N-acetyl muramic acid (NAM) subunits 

and initiate a signalling cascade resulting in caspase-1 dependent NLRP3 

inflammasome assembly and proinflammatory cytokine release e.g. IL-1b 

and activation of the innate immune response (128). 

 

2.2.1.2 LPS detection 

The detection of LPS in Gram-negative bacteria is predominantly mediated 

by TLR-4. Initially, LPS is detected by LPS-binding protein at the cytoplasmic 

membrane of the host cell (in collaboration with CD14) and delivered to a 

TLR-4-MD2 complex, resulting in myddosome assembly (a complex of 

MyD88 and other adaptor proteins). CD14 also delivers the dimerised TLR-4 

to the endosome, promoting TRIF adaptor mediated signalling through a 

putative triffosome (a complex of TRIF and other adaptor proteins). Both of 

these signalling cascades converge and initiate phagocytosis, production of 

reactive oxygen species (ROS) and the induction of inflammation. 

Furthermore, upon trafficking of LPS to the cytosol, it is bound by caspase-

11, initiating the formation of a non-canonical inflammasome (leading to host 

cell pyroptosis) and a canonical NLRP3-mediated inflammasome (resulting in 

IL-1b processing and release), amplifying the proinflammatory innate immune 

response (Figure 4) (128). 
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2.2.2 Nod-like receptors 

Nod-like receptors are responsible for the regulation of a number of key 

inflammatory pathways and have a crucial role in inflammasome assembly. 

NLRs do not recognise PAMPs; instead they detect cellular stress such as 

reactive oxygen species and potassium efflux that are frequently associated 

with tissue damage and infection (Figure 3). For example, in response to 

NLRP3-mediated detection of cellular stress, inflammasome assembly 

occurs in a canonical caspase-1 dependent or non-canonical caspase-11 

dependent manner, prompting the recruitment of phagocytes, 

proinflammatory cytokine release and phagocytosis of the cell not through 

the induction of transcriptional responses but through the release of already 

synthesised pre-existing IL-1 cytokines, amplifying the immune response 

further and causing localised inflammation (128). Alternatively, when sensing 

certain bacteria, the NLRC4 inflammasome is activated by the ASC 

(Apoptosis-associated speck-like protein containing CARD) adaptor protein, 

stimulated by the detection of flagellin, Type 3 or 4 secretion system rod and 

needle components or other bacterial components within the cytosol of the 

Figure 3: Recognition of pathogen associated molecular patterns by different pattern 
recognition receptors. 
The detection of PAMPs by host PRRs is what triggers the initiation of the innate immune response, 
whether this be towards viruses, bacteria, fungi or protozoa. The majority of PAMPs are unique to a 
specific class of microbial pathogen. However, some PAMPs are ubiquitous and are represented in 
multiple classes of pathogen, such as DNA and RNA. The major PAMPs for each class of 
microorganism are shown, along with the host cell PRRs that detect their presence. GP, surface 
glycoproteins; LP, lipoproteins; PG, peptidoglycan; LTA, lipoteichoic acid; LPS, lipopolysaccharide; 
GPI, glycophosphatidylinositol; TLR, Toll-like receptors; RLR, RIG-1 like receptors; NLR, Nod-like 
receptors. Figure taken from Mogensen, 2009.  
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cell, prompting the formation of a pyroptome that causes localised 

inflammation and macrophage pyroptosis (126). 

Both TLRs and NLRs are crucial classes of PRRs in the innate immune 

response, directed towards the detection of a range of bacterial, fungal and 

viral PAMPs (Figure 3). Other receptors present on/in the macrophage have 

a more focused pathogen detection range. The intracellular RNA and DNA 

PRRs have an important role in the detection of viral genome components 

and lysed bacterial cells. RIG1, an intracellular RNA receptor, signals through 

a MAVS (mitochondrial antiviral) adaptor protein to activate IRF-3 and -7 

transcription factors prompting the release of IFN-a and b (Figure 3). The 

intracellular DNA receptors TLR-9 and STING (stimulator of interferon genes) 

subsequently also signal through the same pathway, aiding the detection and 

immune response towards viral and bacterial DNA.  

 

2.2.3 C-type lectin receptors 

C-type lectin receptors are capable of recognising carbohydrate ligands on 

the epithelial and endothelial cell surface as well as on the surface of 

pathogens and on the surface of apoptotic and necrotic cells, facilitating 

uptake. They can be classed as collectins, selectins, lymphocyte lectins and 

proteoglycans amongst others depending on their target cell type. CLRs 

typically interact with ITIM (immunoreceptor tyrosine-based inhibition motif)-

domain containing adaptor proteins where they have an inhibitory and 

suppressive effect on immune cell activation or with ITAM (immunoreceptor 

tyrosine-based activation motif)-domain containing adaptor proteins with a 

stimulatory effect, although other ITAM/ITIM independent adaptor proteins 

are also used. CLRs have been shown to have a role in the detection of 

bacterial pathogens (130,131) and some viruses (132), but their most 

definitive role is in the detection of fungal ligands during infection e.g. Dectin-

1 and mannose receptor have important roles in the detection of b(1,3)- 

glucan, mannose and other fungal ligands (126,133).  

Upon CLR activation, intracellular signalling pathways are initiated, triggering 

phagocytosis, proinflammatory cytokine release, activation of the respiratory 
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burst etc. via the activation of ITAM and other signalling motifs within the 

CLRs or by association with other signal transducing adaptor molecules 

(133) For example, CLR-mediated activation of Syk (spleen tyrosine kinase) 

leads to the formation of a CARD9:BCL10:MALT1 (Caspase recruitment 

domain-containing protein 9: B-cell lymphoma 10: Mucosa-associated 

lymphoid tissue translocation protein 1) multiprotein complex that 

subsequently activates NFkB, driving proinflammatory cytokine release and 

the release of TNF-a, whilst also shaping Th1 and Th17 immune responses 

(Figure 4) (133). TNF receptors then bind soluble and surface expressed 

TNF molecules, resulting in caspase activation, inflammasome formation and 

apoptosis, or further activation of the NFkB and MAP kinase transcription 

factors, resulting in further cytokine release and amplification of the 

proinflammatory response. 

In summary, macrophages possess a diverse array of membrane bound 

pattern recognition receptors that, when bound to by microbial ligands, 

initiate signalling cascades throughout the cell. These signalling cascades 

involve the transduction of a signal through Syk or other ITAM-containing 

adaptor proteins within multiprotein complexes, which subsequently induce 

the activation of transcription factors such as NFkB or activator protein 1 

(AP1), ultimately leading to amplification of the innate immune response 

through proinflammatory cytokine release and phagocyte recruitment, whilst 

also prompting inflammasome assembly and apoptosis, ultimately resulting in 

increased microbial killing.  
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Figure 4: Detection of and responding to microbial molecules by the host immune response.  
Pathogen associated molecular patterns (PAMPs) in the microbial cell are detected by pattern recognition 
receptors (PRRs) on the plasma membrane of the host phagocyte cell. This initiates a signalling cascade 
through an ITAM- containing adaptor protein e.g. Syk into a multiprotein complex of other adaptor and 
accessory proteins. Signal transduction leads to the activation of transcription factors such as NFkB, resulting in 
inflammasome assembly and proinflammatory cytokine release, prompting further phagocyte recruitment and 
microbial killing. LPS, lipopolysaccharide; TLR, Toll-like receptor; Syk, spleen tyrosine kinase; ITAM, 
immunoreceptor tyrosine-based activation motif; TRIF, TIR domain containing adaptor inducing interferon b; 
TRAF, TNF receptor associated factor; TRAM, TRIF-related adaptor molecule; MyD88, myeloid differentiation 
factor 88; IRAK, interleukin-1 receptor associated kinase; CARD9, caspase recruitment domain containing 
protein 9; MALT1, mucosa-associated lymphoid tissue translocation protein 1; BCL10, B-cell lymphoma 10; 
NFkB, nuclear factor kappa B; ROS, reactive oxygen species; TNFa, tumour necrosis factor alpha; IL, 
interleukin; NLR, Nod-like receptor; CXCR,  chemokine ligand receptor; IFN, interferon; MAF, macrophage 
activating factor; Th, T helper. Adapted from Clark & Drummond, 2019. 
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2.3 Consideration of the innate immune response within infectious 
disease treatment 
Recently, there has been an increased focus on the importance of a 

collaborative effort of treatment approaches and the immune system in 

treating infectious disease. The use of treatments that control infection 

without complete eradication, thus allowing the immune system to neutralise 

the infection, is thought to be an alternative approach that may curb the 

formation of resistance to treatments such as antibiotic therapy. The interplay 

between and effects of the immune system on antibiotic therapy and the 

effects of antibiotics on the functioning of the immune system is only recently 

being considered. Whilst there has long been a known association between 

immunosuppression, either through iatrogenic interventions such as organ 

transplantation, or through disease such as AIDS, and opportunistic bacterial 

and fungal infection, the link between antibiotic use and predisposition to 

infection is only just being realised (2). This is of great concern due to large 

numbers of individuals in ICU wards, undergoing organ transplantation or 

immunomodulatory treatments, being on long-term courses of antibiotics, 

which may, in turn, be predisposing them to fungal or multidrug resistant 

bacterial infection, resulting in mortality.  

The consideration of the participation of the immune system in novel 

treatment approaches, and how treatment may affect the sensing of 

pathogens by macrophages and initiation of the innate immune response is 

of great importance. One such novel treatment approach that was recently 

found to use this collaboration between treatment and the immune system is 

the use of the predatory bacterium Bdellovibrio bacteriovorus. Studies by 

Willis et al. (120), demonstrated that not only did B. bacteriovorus persist 

within a zebrafish larvae host non-pathogenically, and not perturb the 

functioning of the immune response, B. bacteriovorus was also able to prey 

upon an antibiotic resistant strain of Shigella flexneri within zebrafish larvae 

and drastically improve survival (120). One further, revolutionary finding of 

this study was achieved through the depletion of zebrafish leukocyte 

numbers, impairing the innate immune response (120). Leukocyte 

(predominantly macrophage) depletion demonstrated that, in addition to in-
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vivo predation depleting S. flexneri numbers significantly, the most beneficial 

outcome and greatest resolution of infection arose from the collaboration of 

the host immune response with B. bacteriovorus predation (120). This 

demonstrates how the interplay between B. bacteriovorus treatment, and the 

host immune response is beneficial for resolution of infection, and how the 

synergy between the immune response and treatment is an important 

consideration, both for conventional and novel antimicrobial therapies (134).  

 

2.3.1 Use of Bdellovibrio bacteriovorus in infectious disease treatment 

2.3.1.1 Characterisation of the immune response to B. bacteriovorus 

One important consideration when advocating the use of the living, predatory 

bacterium B. bacteriovorus as an antibacterial therapy is that it involves the 

introduction of a second bacterium, with many potentially immunostimulatory 

components such as LPS and peptidoglycan, to a scenario that already 

contains an infectious organism with immunostimulatory LPS and 

peptidoglycan, potentially triggering a stronger immune response that may 

harm the host or eradicate B. bacteriovorus before it has sufficient dwell time 

to prey on the pathogens.  

As previously mentioned (above), initial studies characterising the interplay 

between the host immune system and B. bacteriovorus were undertaken by 

studying predation of an antibiotic resistant strain of Shigella flexneri by B. 

bacteriovorus within a zebrafish larvae model (120). This study demonstrated 

that B. bacteriovorus becomes localised within macrophages and is slowly 

degraded within the phagosome. Prior to degradation, B. bacteriovorus was 

shown to assist the immune system in promoting larvae survival and 

resolution of infection, whereby the best survival and clearance of infection 

was seen in immune-competent larvae (120), therefore it was concluded that 

a collaboration between the host immune response and B. bacteriovorus was 

important in combatting infection. However, this study was unable to 

characterise the interactions between B. bacteriovorus and the host immune 

cells on a molecular level, and to discern the immune response that occurs 

towards B. bacteriovorus.  
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A further study (121), sought to characterise the immune response towards 

B. bacteriovorus to determine how it is taken up and trafficked throughout the 

immune system and whether it has any impact on macrophage viability or 

phagosome maturation. It was shown that B. bacteriovorus persists within the 

macrophage with a sufficient dwell time that predation upon pathogenic 

organisms would be possible, without perturbing the immune response or 

phagocyte viability and without causing high proinflammatory cytokine 

release (121). This builds on previous studies (135–141) that have found a 

lack of cytotoxicity within in-vitro cell culture and in-vivo animal models by 

further characterising the interactions of B. bacteriovorus with the host 

immune system. 

Further research into the immunostimulatory properties of B. bacteriovorus 

have shown it to be surprisingly minimally immunogenic within the host 

(121,142). Despite containing LPS, peptidoglycan and flagellins, all of which 

have been shown to be highly immunostimulatory when expressed by other 

bacteria, studies in our lab showed that B. bacteriovorus induces a cytokine 

response that is significantly lower than other bacteria such as Klebsiella 

pneumoniae and Salmonella typhimurium, with TNF-a induction being shown 

to be 100 x less in B. bacteriovorus stimulated human macrophages 

compared to human macrophages stimulated by E. coli K12 (142). B. 

bacteriovorus stimulation of human macrophages was also shown to cause 

less IL-6 induction compared to E. coli K12 stimulation, and less TNFa, IL-6 

and IL-1b induction (2 fold to 8 fold less) compared to stimulation by K. 

pneumoniae and S. typhimurium LT2 (121,142).  

One potential explanation for this lower immunostimulatory state is the 

expression of an alternative lipid A polar head group within B. bacteriovorus 

LPS, whereby an a-d-mannose group is present instead of a phosphate 

group, negating the LPS’s usual negative charge and giving it a lower binding 

affinity to host TLR-4 and other PRRs (142).  Another contributory factor to 

the low immunogenicity of B. bacteriovorus is that the flagellins that comprise 

the single polar flagellum of B. bacteriovorus are sheathed by a lipid 

membrane, a feature that is unusual in many bacteria (143). This membrane 
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sheath masks the flagellins from detection by host PRRs such as NLRC4, 

making B. bacteriovorus less immunostimulatory still (Figure 5: top, left) 

(143).  

However, B. bacteriovorus stimulation of human macrophages is not 

completely immunologically silent, whereby some proinflammatory cytokine 

induction is seen e.g. at 4-8hrs of stimulation, TNF-a levels peak in B. 

bacteriovorus stimulated human macrophages (121). This is likely due to the 

random lysis of B. bacteriovorus upon exposure to macrophages whereby 

some predatory bacteria will be non-specifically targeted by the host 

macrophage for degradation or will randomly lyse. This lysis of the predator 

cell would result in a higher concentration of immunogenic fragments being 

presented to the macrophages, whereby the usually masked flagellins and 

peptidoglycan would be exposed and detected by the host phagocyte PRRs, 

resulting in activation and proinflammatory cytokine release (121). However, 

even at the peak of TNF-a induction, the cytokine levels still do not exceed 

those induced by the pathogens K. pneumoniae and S. typhimurium and so 

B. bacteriovorus can still be considered to be minimally immunogenic when 

exposed to human macrophages (121), suggesting it may be suitable for the 

treatment of bacterial infection within human hosts.  

 

2.3.1.2 Immune sensing of infection 

2.3.1.2.1 Overview 

The host immune system typically processes and detects whole antigens 

upon the surface of living cells. Some antigenic material may be withheld 

from detection by the immune system due to it being masked by other 

components e.g. the peptidoglycan of Gram-negative organisms is masked 

by the outer membrane and LPS and so is not detected by host phagocyte 

PRRs. Additionally, bacterial DNA is withheld within the cell and so remains 

undetected by host phagocytes. There is also a slowing of the immune 

response due to a lower frequency of antigenic material being present i.e. 

one cell compared to multiple fragments. Other immunostimulatory antigens 

e.g. flagellin are not usually masked in bacteria, or they have a typical LPS 
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structure that is immunogenic, and so some proinflammatory cytokine 

induction occurs (Figure 5: top, right) (123). However, upon bacterial entry 

into the host, random lysis of the infectious organism may occur, leading to 

PAMP detection by host PRRs e.g. peptidoglycan detection by TLR-2 and 

bacterial DNA detection by TLR-9. Cell lysis and PAMP detection accelerates 

the innate immune response in response to antigenic stimulation, leading to 

phagocytosis and digestion of pathogens and antigen presentation, 

amplifying the proinflammatory cytokine and innate immune response. This 

targeted antigen presentation amplifies the immune system, whilst the 

presence of a higher concentration of immunogenic fragments, due to cell 

degradation and lysis, results in the further acceleration and tailoring of the 

innate immune response.  

It therefore follows that alternative means of cell lysis and degradation would 

also amplify the immune response due to the increased availability and 

presence of immunogenic material. One means of degradation and 

subsequent stimulation has been seen through the use of bactericidal 

antibiotics, whereby antibiotics kill the bacterial cell but frequently also trigger 

cell lysis and so simultaneously stimulate the immune response towards the 

pathogen, leading to a higher concentration of antigenic material being 

exposed to the immune system (compared to a living, whole cell), and a 

heightening of the immune response. Cell lysis and immune system 

acceleration is not seen to such an extent with bacteriostatic antibiotic 

treatment, where they inhibit the growth of the pathogen without lysing the 

cell and so bacteriostatic antibiotic treatment does not stimulate the immune 

system further than the presence of the infectious organism alone. Predation 

of Gram-negative pathogens by B. bacteriovorus enhances the lytic, 

immunogenic response seen with bactericidal antibiotic treatment and as 

mentioned previously (section 2.3), work from our lab has demonstrated that 

the combination of predation by B. bacteriovorus and the actions of host 

immune leukocytes combines to give maximal pathogen clearance (120).  
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Figure 5: Summary of predicted immunogenicity of Bdellovibrio bacteriovorus and a typical 
pathogenic bacterium Escherichia coli pre- and post-predation.  
Top left: B. bacteriovorus is minimally immunogenic to host macrophages due to an atypical 
mannosylated LPS structure, masked peptidoglycan and a membrane sheathed flagellum, 
minimising detection by the host macrophage pathogen recognition receptors TLR-2, TLR-4 and 
NLRC4. Top, right: E. coli is mildly immunogenic due to LPS and flagellin being immunostimulatory 
to host macrophages, resulting in activation of host PRRs TLR-2, TLR-4 and NLRC4. Lower, 
middle: Upon E. coli cell lysis post- B. bacteriovorus predation, antigenic microbial ligands such as 
LPS, peptidoglycan and flagellin are present in higher concentrations causing greater levels of 
activation of host PRRs, resulting in further activation of the host innate immune system. LPS, 
lipopolysaccharide; TLR, Toll-like receptor; NLR, Nod-like receptor; NAG, N-acetyl glucosamine; 
NAM, N-acetyl muramic acid.  
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2.3.1.2.2 Immune response to B. bacteriovorus predation  

With predation of pathogenic bacteria by B. bacteriovorus, cell lysis and 

increased presentation of antigenic material to the immune system occurs. 

The lysis of prey cells leads to the revealing and presentation of broken 

cellular fragments from prey, including those containing peptidoglycan which 

is usually masked from host immune detection by the infectious bacterium. 

Broken fragments of LPS are also present, resulting in the increased 

presentation of these antigens in a higher than normal concentration to the 

host immune system (Figure 5: lower, middle). Cell lysis and fragmentation of 

the carbohydrates on the surface of the pathogen cell results in the formation 

of small vesicles studded with a diverse array of O-antigens, surface antigens 

and peptidoglycan-derived carbohydrates from the infectious bacterium, 

which are then detected by the host resulting in a higher degree of immune 

stimulation.  

However, B. bacteriovorus also limits immune stimulation through its use of 

some of the prey cell components in its own growth. The DNA of the 

pathogenic prey cell is consumed by B. bacteriovorus during predatory 

growth, whilst RNA and proteins are degraded and the monomers 

repolymerised into components that are required for predator growth, 

whereby they are incorporated into the growing B. bacteriovorus cell 

(144,145).  

This contrasts to the actions of bacteriophage on bacterial cells (as 

mentioned in 1.2.4.4), whereby they hijack host cell machinery during their 

lytic growth cycle to synthesise their genome and capsid proteins (146). After 

attachment, bacteriophage inject their DNA into the prey bacterium and 

redirect the host cell machinery to stimulate genome replication of the phage 

DNA, whilst blocking prey RNA translation and slowly degrading the prey 

DNA (146,147). Capsid proteins and further bacteriophage DNA are then 

synthesised, where the individual components then assemble into phage 

progeny (146,147). Upon the induction of lysis of the bacterial cell by the 

bacteriophage, bacteriophage progeny are released completing the 

replication cycle (146). However, prey bacterium DNA and components 

thereof are also released, resulting in a wasteful and immunogenic process 



 
 

40 

(compared with B. bacteriovorus predation where the majority of host DNA 

and components are used and incorporated into B. bacteriovorus progeny 

making it comparably more immunologically silent). This also heavily 

contrasts to the actions of bactericidal antibiotics, which lyse bacterial cells 

and expel immunogenic material such as bacterial DNA, RNA, LPS, 

peptidoglycan and other bacterial components, all of which trigger various 

host pattern recognition receptors and induce a strong proinflammatory 

immune response. 

Predation of pathogenic bacterium may be considered as an awakening 

stimulus to the host immune response (120,134). Previously, the whole, 

living, pathogenic bacterium may have evaded detection by the host immune 

response or resisted engulfment and antigen presentation. B. bacteriovorus 

kills and degrades the pathogenic bacteria cells, resulting in a higher 

concentration of immunogenic antigens being shown to the host immune 

response where they can be detected, activating the host PRRs and inducing 

the signalling cascades that result in increased phagocyte recruitment, 

phagocytosis, proinflammatory cytokine production and pathogen killing, 

without overloading the host immune response and causing extensive 

inflammation and harm (120,134).  

 

2.4 Research aims 

To develop successful antimicrobial therapies, host immunity and novel and 

chemical antimicrobial approaches must combine for a successful anti-

infective outcome. For this to happen it is imperative that we understand the 

interactions that occur between current and novel antimicrobial therapies and 

the host immune system.  

In this thesis, I explore the results obtained from two rotation projects 

undertaken as a joint endeavour between the University of Birmingham and 

the University of Nottingham.  

In my first rotation project, undertaken at the University of Birmingham, I used 

a combination of tissue culture and molecular biology to probe the 
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interactions that occur between fungi and the host immune system, and how 

vancomycin treatment may alter this interaction and perturb the antifungal 

immune response.   

In my second rotation project, undertaken at the University of Nottingham, I 

focused on one potential novel antimicrobial therapy of the future, the use of 

Bdellovibrio bacteriovorus as a “living antibiotic”. It is vital that we understand 

the intricate mechanisms that underly the predation process before we can 

consider using B. bacteriovorus, or any components of its predatory lifecycle, 

as antimicrobial therapies. Through the use of molecular cloning techniques, 

I investigated the role of three hypothetical proteins predicted to be contained 

within a vesicle associated with predation, to elucidate on the complex 

biological killing of one bacterium by another.  

Taken together, these projects provide insight into how cell-cell interactions 

can be studied to inform the development of new avenues to combat 

infection, highlighting the need for increased consideration and a higher 

depth of understanding when administering current antibiotic therapies and 

when considering novel antimicrobial therapies in the future. This research is 

relevant to the future development of B. bacteriovorus as a novel 

antimicrobial treatment and also the best use of current antimicrobial 

therapies to achieve the most successful infection outcome.  

I will now introduce each project in turn and will explain my findings further in 

chapters 2 and 3.  
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Abstract 
Fungal infections are associated with a high mortality, making the increase in 

fungal disease prevalence a significant challenge for infectious disease 

treatment and a major threat to human health. Long-term courses of 

antibiotics are regularly administered to immunocompromised individuals. 

However, certain antibiotics have been demonstrated to be a collaterally-

damaging risk factor for the development of fungal infections, whereby they 

have been shown to perturb mucosal and systemic antifungal immunity, 

through their localised effects on host phagocytes, and wider effects on 

global immune regulation. The underlying mechanisms behind such 

antibiotic-mediated predisposition to fungal infection are yet to be found.  

In this project, a combination of tissue culture and molecular techniques were 

used to investigate the mechanisms of vancomycin-mediated susceptibility to 

C. albicans infection. Macrophages were found to have a decreased ability to 

kill C. albicans when treated with vancomycin. This was attributed to a 

decrease in mitochondrial membrane potential, which forms a key 

component of the TCA cycle and immune response, alongside decreased 

expression of the pattern recognition receptors Dectin-1 and Complement 

receptor 3 and decreased proinflammatory IL-1b cytokine secretion. These 

data suggest that a localised immune defect is being induced in 

macrophages by vancomycin, which would result in an inability to control 

fungal infection in an in-vivo scenario resulting in systemic fungal infection 

and increased mortality.  

Understanding the mechanisms underlying the vancomycin-induced 

susceptibility to candidemia will lessen the significant health burden this 

disease confers and will aid the wider consideration of fungal infections with 

regards to shaping antibiotic stewardship and clinical practise. This study 

helps to elucidate the wide-ranging implications of antibiotics in human 

disease. Further work will aim to elucidate the mechanism behind 

vancomycin-induced predisposition to fungal infection in the hope that these 

findings may then be implicated in the shaping of antibiotic stewardship and 

clinical practise.  
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1. Introduction 

1.1 Overview of antibiotic treatment 

1.1.1 The commensal microbiome 
The human body plays host to a wide array of bacteria, fungi and other 

microorganisms on the skin, within the gut and on other mucosal surfaces, all 

of which comprises the commensal microbiome of the host. The commensals 

within the body persist due to a level of tolerance present within the host 

immune system, whereby they exist in a state where overgrowth, chronic 

infection and disease is prevented but persistence is ensured (Figure 6A). 

Upon perturbation of the microbiota, through antibiotic treatment, disease or 

immune suppression, a subset of this commensal microbiome may become 

pathogenic and establish as opportunistic infections. One such example of 

this is the fungal commensal Candida albicans, a dimorphic fungus that 

persists within the gut, skin and vulvovaginal tract but can cause invasive 

mucosal and systemic infection (Figure 6B). The commensal microbiota 

plays an array of unknown functions in host metabolism and physiology, 

whilst also protecting the host against invasive fungal infection. Further 

understanding of this balance between control and tolerance, and how the 

immune responses are elicited and quenched within healthy individuals has 

important implications for the treatment of fungal disease in individuals 

without a functioning immune system.  

 

1.1.2 Long-term antibiotic administration 
Broad-spectrum antibiotics are prophylactically administered to several 

patient groups who are at risk of bacterial infection, including those in the 

ICU, recipients of organ transplants and patients with acquired 

immunodeficiency (e.g. HIV) (29). Modern healthcare has become 

increasingly dependent on antibiotics to allow the continued execution of 

surgical procedures and due to iatrogenic interventions, such as 

immunomodulatory treatment post-organ transplantation, increasing the 

proportion of immunocompromised individuals within the population. This 

increased dependency is threatened by the emergence of antibacterial 
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resistance, making the control of even minor infections increasingly difficult. It 

is therefore crucial that antibiotic stewardship is improved, and antibiotics are 

deployed in hospitals more effectively (29). Another emerging, crucial issue 

with the increased use of antibiotics is the amplified predisposition to fungal 

infection. Antibiotics have been cited as an independent risk factor for the 

development of both mucosal and invasive Candida infections (148), and so 

the determination of the mechanisms that underlie the predisposition to 

infection require immediate research. 

 

 

 

 

 

 

 

 

 

Figure 6: Antibiotic-mediated predisposition to superficial and systemic fungal infection 
A: In a healthy host, the commensal microbiome exists in a state of symbiosis with the host, whereby 
overgrowth is prevented by the actions of the host immune system and by physical crowding and 
spatial limitation by the other members of the microbiota, whilst eradication is prevented by the 
induction of a hyporesponsive immune state, maintained by the microbiota. B: Upon antibiotic 
treatment, selected components of the commensal microbiome are eradicated, reversing this 
hyporesponsive immune state and allowing for the overgrowth of commensal fungi e.g. C. albicans. 
This results in superficial and mucosal infection on body surfaces, promoted further by inflammation 
caused by the overstimulated immune system in response to the remaining microbiota. Fungi may also 
penetrate into tissues of the gastrointestinal tract and enter the bloodstream, whereby disseminated 
systemic infection may occur. This is amplified by the potential effects of antibiotics on host 
phagocytes, where they may affect cytokine release, phagocytosis and fungal killing, hindering the 
control of fungal infection. Figure generated using Biorender software. 
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1.1.2.1 Vancomycin 

One antibiotic that is regularly administered to at-risk patient groups as part 

of a cocktail of antimicrobial drugs is vancomycin. Vancomycin is a large, 

tricyclic glycopeptide molecule with bactericidal properties (Figure 7) 

(149,150). Its mode of action consists of it covalently and irreversibly binding 

to the D-Ala D-Ala peptidoglycan substrate preventing its incorporation into 

the bacterial cell wall and predisposing to bacterial cell lysis (Figure 1; see 

1.1.2.1) (149). Due to its poor tissue penetration and its tendency to cause 

ototoxicity and nephrotoxicity when administered in large doses, it is used as 

an antibiotic of last resort against Gram-positive nosocomial infections (as it 

is too large to enter the Gram-negative bacterial cell) where penicillin 

resistance is suspected such as in MRSA infection, where penicillin 

intolerance within the patient is present, or when infection is life threatening 

such as in sepsis (149). Vancomycin also perturbs the membrane 

permeability of the bacterial cell, which may also contribute to its bactericidal 

effect (149).  

 

 

 

 

 

 

 

 

 

1.2 Overview of fungal infection 
Fungal infections are responsible for 1.5 million life threatening infections 

every year, as well as causing over 1 billion superficial infections annually 

(151), so the need for effective antifungal treatments and vaccines and for 

 

Figure 7: The chemical structure of vancomycin 
Image taken from Nitanai et al, 2009 

 



 
 

47 

rapid diagnostics to allow for prompt diagnosis to combat fungal infection is 

essential (152). Fungal infections are typically opportunistic, whereby a 

localised perturbation of the immune response is required for infection to 

establish. They may occur due to the overgrowth of fungi within the 

commensal microbiome or establishment of infection by the environmental 

fungi that the human body is exposed to on a daily basis, if an insufficient 

immune response is mounted (152). Due to an increase in the proportion of 

the population that are immunocompromised, either through disease such as 

AIDS, iatrogenic interventions such as immunomodulatory therapies post-

organ transplantation, or individuals within ICU wards, the burden and 

prevalence of fungal disease is increasing (2,152). Immunocompromised 

individuals are at risk of bacterial infection, which has the potential to be life-

threatening, so they are treated with long term antibiotic treatment, negating 

the risk of most bacterial infections but still leaving the individual at risk of 

developing fungal infection. Emerging evidence suggests that long term 

antibiotic treatment may be affecting the host immune response, further 

predisposing to fungal infection. The mechanisms behind this alleged 

predisposition are currently unknown and will form the focus of this study. 

 

1.2.1 Candida albicans 

1.2.1.1 Overview 

Candida albicans is a white, asporogenous, ascomycete yeast that is a 

commensal of the skin, gut and mucosal surfaces of the human body. It can 

undergo a dimorphic switch into a hyphal form when prompted by 

environmental conditions such as nutrient levels and temperature, and 

become pathogenic, causing opportunistic infection (Figure 8) (153–155). C. 

albicans is one of seven medically important Candida species but accounts 

for the majority of Candida fungal infections (153). Fungi have a thick cell 

wall that is the first point of contact for the host immune response. The cell 

wall is a highly crosslinked structure composed of an outer layer of O- linked 

and N-linked glycoproteins, predominantly linked to mannose sugars, and an 

inner layer of chitin, b (1, 3) glucan and b (1, 6) glucan which play key 
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structural roles in the cell (156,157). The cell wall composition varies 

between the different morphologies of C. albicans, whereby, upon the switch 

to hyphal growth, highly immunogenic b-glucan residues are no longer 

masked by the mannoprotein outer layer, accounting for the difference in 

immunogenicity between yeast and hyphal forms and the immune tolerance 

towards commensal yeast (158). In a host with a functioning immune system, 

the immune response would react to the hyphal C. albicans, controlling 

infection and restoring symbiosis. However, in immunocompromised 

individual this morphological switch signals the start of a chronic C. albicans 

infection.  

 

 

 

 

 

 

1.2.1.2 Pathology of C. albicans infection 

C. albicans infection can take two forms: superficial, mucosal infection that 

whilst not life-threatening, may have a significant health burden on 

individuals, or systemic, disseminated disease which is life-threatening and 

carries a high mortality (157).  

Mucosal infection frequently occurs in individuals with localised immune 

system dysregulation, the two most common forms of which being 

Figure 8: The opportunistic fungal pathogen C. albicans 

Microscopy images of the two most common morphologies of 

the opportunistic fungal pathogen C. albicans.  Figure is taken 

from Gladfelter & Sudbery, 2008.   
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oropharyngeal candidiasis (OPC), which is common in individuals with HIV 

that are not on anti-retroviral treatment, and vulvovaginal candidiasis (VVC), 

which is common in women taking antibiotics (157). Mucosal infection usually 

results from localised dysbiosis of the commensal microbiota and an 

excessive immune response and inflammation, making it treatable with a 

combination of topical antifungals and immune modulatory drugs such as 

interferon-1 receptor antagonists for VVC which aims to mediate the 

excessive inflammation occurring with the vaginal tract, allowing for the re-

establishment of the vaginal microbiome and the calming of dysbiosis 

(159,160). 

Systemic candidemia frequently occur in individuals with more widespread 

immune defects, whereby dysbiosis leads to hyphal growth and escape of C. 

albicans into the surrounding tissues and dissemination (153). Bloodstream 

infections represent one of the most frequent, life-threatening and difficult to 

treat forms of nosocomial mycosis, affecting over 250,000 people annually 

resulting in the deaths of 50,000 people a year (161).  80% of candidemia 

infections are caused by C. albicans (153). There has been an increase in 

both the prevalence and mortality of candidemia in recent decades, due to 

emerging antifungal drug resistant isolates, increased levels of 

immunomodulation within the population and a lack of novel and rapid 

diagnostic tools (153). Systemic candidemia is frequently observed in 

individuals after surgery or chemotherapy, whereby the barrier function within 

the gastrointestinal tract is perturbed, allowing for the escape of C. albicans 

into the bloodstream (162). This association can be reversed through the 

better understanding and consideration of risk factors and the use of azole 

prophylaxis after surgery or treatment to minimise the risk of fungal infection, 

although azole resistance is on the rise within C. albicans and other multidrug 

resistant species, such as C. glabrata, are now increasingly causing disease 

(162).  

An alternative form of systemic infection frequently occurs in a hospital 

setting, where long term use of catheters is common such as on ICU wards 

(125). Catheter insertion disrupts mucosal barriers within the host, disrupting 

mucosal immunity (16). Biofilm formation occurs on these artificial surfaces, 
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after contamination by C. albicans from the environment or from the skin, 

leading to direct access to the bloodstream and the establishment and 

dissemination of life-threatening systemic Candida infection. These biofilms 

are commonly less susceptible to antifungal drugs and immune responses, 

making them harder to treat (153,163). These infections are common in 

individuals who are immunocompromised or on long term antibiotic treatment 

because, upon entry into the bloodstream, C. albicans is not neutralised by 

the host immune system, suggesting that a localised or systemic immune 

defect may be present in individuals who contract these infections. This 

potential immune defect requires a great deal of further investigation, 

something that this study aims to address.  

 

1.2.2 Antifungal immune response 
As previously mentioned (Chapter 1, section 2.1), the immune response is 

comprised of the innate immune response, mediated predominantly by 

myeloid cells, which controls infection, and the adaptive immune response 

which is initiated and co-ordinated by dendritic cells and monocytes and 

provides further protection against infection (124). Phagocytes are the first 

line of response to fungal infections, whereby they kill pathogenic organisms 

through oxidative mechanisms such as the generation of reactive oxygen 

species and reactive nitrogen species, and non-oxidative mechanisms such 

as antimicrobial peptide secretion and neutrophil extracellular trap formation 

(152). Phagocytes are highly abundant on mucosal surfaces where most 

encounters with fungal pathogens first occur (124).  

Phagocytes, and the microbial sensing and signalling mechanisms that they 

initiate, are known to be crucial to the antifungal immune response due to the 

increase in predisposition to fungal disease that occurs when deficiencies in 

these molecules and pathways are seen. Phagocytes, especially 

macrophages and neutrophils play an important role in the control and 

prevention of fungal infection (161). Defects in neutrophil killing and 

recruitment are common in immunocompromised individuals, leaving them 

highly susceptible to fungal infection (161). Deficiencies or polymorphisms in 
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pattern recognition receptors such as Dectin-1 and TLR-3 result in decreased 

NFkB activation and proinflammatory cytokine IFN-g release giving an 

increased susceptibility to recurrent episodes of VVC and other cutaneous 

and mucosal infections, such as chronic skin and nail infections, but no 

predisposition to systemic fungal infection (164–166), probably due to the 

functioning of the other PRRs within the antifungal immune response.  

Mutations in the IKK gene, which encodes a NFkB transcription factor 

activator protein, results in susceptibility to chronic mucocutaneous 

candidiasis due to the impairment of IFN-g, IL-17A and IL-22 release, all of 

which are pivotal in the maintenance of the mucosal barrier (167).  

Alternatively, deficiencies or the absence of functional signalling and adaptor 

proteins such as CARD9 and Syk, and in cytokines and chemokine receptors 

such as TNFa and CXCR1 respectively, results in predisposition to systemic 

fungal infection but not does affect mucosal immunity (168,169). CARD9, like 

other adaptor proteins, mediates the downstream signalling from multiple 

CLRs within the antifungal immune response (170). Deficiency leads to a 

predisposition to invasive candidiasis infection and spontaneous systemic 

fungal infection (171–173), and a defect in cytokine and CXCR1/2 ligand 

production, leading to decreased neutrophil recruitment and highly invasive 

fungal infection development within the brain (174,175). CXCR1 is highly 

induced in kidneys during C. albicans infection. Deficiencies in the 

chemokine receptors CXCR1 and CCR2 in humans gives increased 

susceptibility to disseminated candidiasis due to a defect in phagocyte 

recruitment, neutrophil degranulation and killing (176–178), whilst Cxcr1-/- 

mice are unable to control C. albicans infection due to impaired neutrophil 

killing (178), demonstrating the importance of cytokine mediated signalling in 

the regulation and sustained action of the antifungal immune response.  

1.2.2.1 Candida specific immune response 

Similar to the wider antifungal immune response, the immune response 

against C. albicans heavily relies on C-type lectin receptors to detect the 

fungal cell and initiate the signalling cascade to trigger an immune response 

(179). C. albicans is predominantly detected by TLR-2, TLR-4 and Dectin-1 
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within the host (180).  b- glucans present in the inner layer of the fungal cell 

wall are some of the more immunogenic residues involved in C. albicans 

sensing (179). They are shielded within the yeast form, minimising immune 

stimulation and resulting in tolerance to C. albicans within the gut and other 

mucosal sites. Upon the switch to hyphal growth, b-glucans become 

unmasked due to them non longer being shielded by mannoproteins present 

in the outer cell wall, leading to detection by Dectin-1 and other CLRs on 

phagocyte cells (179,181). Dectin-1 activation promotes proinflammatory 

cytokine release and internalisation of the fungal cell, frequently also 

triggering macrophage pyroptosis (182,183), whilst amplifying the binding of 

TLR-2 and TLR-4 to the fungal cell (184). Binding to TLR-2 and TLR-4 then 

promotes further proinflammatory cytokine release (179). Other TLRs such 

as the intracellular TLRs TLR-3 and TLR-9 also play a role in the anti-

Candida immune response through the detection of nucleic acids within the 

cell, which would signal either the invasion of a cell by the fungi, or the 

phagocytosis and digestion of a fungal cell, either way alerting the immune 

system to the presence of the microorganism (179). Chitin within the fungal 

cell wall is recognised by TLR-9, whilst also modulating the immune 

response through the activation of a NOD2 dependent mechanism (185). A 

multitude of other PRRs such as DC-SIGN (Dendritic cell specific ICAM3 

grabbing non integrin) and galectin-3 have roles in the recognition of mannan 

proteins within the cell wall, inducing T helper cell responses via further 

signalling cascades (179). Unmasking of b-glucan during hyphal growth also 

leads to Dectin-1 dependent NLRP3 inflammasome activation (186), 

triggering caspase-1 and caspase-8 induced cleavage of pro-IL-1b and pro-

IL-18 into their biologically active forms (187–190), amplifying the 

proinflammatory response. Deficiency in NLRP3 results in decreased 

caspase-1 activation and IL-1b secretion within murine macrophages, giving 

increased susceptibility to infection (188,189,191). Activation of the NLRC4 

inflammasome also plays a role in mucosal defence through the release of 

proinflammatory cytokines and antimicrobial proteins (192). Detection of C. 

albicans relies on an array of different pathways. Perturbation of these 

pathways, or their components, may lead to predisposition to fungal infection.  
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1.2.3 Predisposition to fungal infection 
Antibiotics have been cited as independent risk factors for the development 

of both mucosal and invasive candida infections (148) and have been shown 

to perturb mucosal and systemic antifungal immunity, two key components of 

the anti-Candida response. Antibiotics have been shown to predispose to 

fungal infection through the significant disruption of the microbiota, negating 

colonisation resistance and enhancing the likelihood of invasive infection 

through system wide defects in the immune response (167). C. albicans 

infection has also been associated with the administration of antibiotics to 

patients at risk of infection that are fitted with intravenous catheters, such as 

those in ICU wards. The underlying mechanisms behind this association are 

largely unknown, suggesting some form of antibiotic-induced defect in 

antifungal immunity may be present. This combines with recent studies that 

show that antibiotics have been shown to perturb mucosal and systemic 

immunity, independently of their effects on the microbiome, where they are 

believed to impair the action of macrophages and lymphocytes through 

detection impairment and mitochondrial dysfunction (193).   

 

1.2.3.1 Disturbance of the commensal microbiome 

As mentioned in 1.1.1, disturbance of the commensal microbiota by long term 

antibiotic treatment represents one mechanism of predisposition to fungal 

infection within the host, due to the negation of spatial growth inhibition. 

Fungal infection also occurs due to the loss of a microbiota-mediated 

modulation of the immune response.   

 

1.2.3.1.1 Innate immunity 

Antibiotics have also been shown to perturb innate immunity through the 

elimination of certain subsets of the gut microbiota causes the loss of specific 

metabolites, such as adenosine monophosphate (AMP) within the gut, 

causing immune defects via the impairment of phagocytic killing and 

respiratory activity within macrophages through a decreased AMP kinase 
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activation (194,195). This antibiotic-mediated alteration of both host-derived 

and microbiota-derived metabolites perturbs the correct functioning of the 

immune response (194), resulting in an increased predisposition to fungal 

infection.  

 

1.2.3.1.2 Adaptive immunity  

Bactericidal antibiotics have also been shown to shape the adaptive immune 

response through their effects on the host commensal microbiome. Normally, 

the gut exists in a hyporesponsive state whereby PRRs do not get activated 

by the presence of the commensal microbiome, or its ligands, avoiding 

overstimulation, inflammation and microbiome eradication (196). This 

hyporesponsive state is mediated by an increase in the proportion of 

regulatory T cells (Tregs) within the gut, and the presence of short chain fatty 

acid molecules (metabolites of a subset of the commensal microbiome) that 

increase oxidative phosphorylation within intestinal macrophages, 

alternatively activating them into a hyporesponsive state (196). Antibiotics 

cause a reversion in this hyporesponsive state by eliminating the contingent 

of the microbiota that produce these short chain fatty acids, resulting in 

hyperactivation of gut macrophages and causing them to react to the 

presence of any remaining commensals that have not been eradicated by 

antibiotic treatment, releasing large amounts of proinflammatory cytokines, 

shaping the Th1 response and causing dysbiosis within the gut (196). This 

also leads to the suppression of the Th2 and Th17 responses, both of which 

are important for mucosal and antifungal immunity, whereby Th17 cells 

promote the recruitment of neutrophils to the site of infection through 

chemokine release, namely CXCL1 and CXCL5, and stimulate antimicrobial 

peptide release (197), making the suppression of these responses a crucial 

factor in the predisposition to fungal infection (196). The importance of the 

Th17 immune response in combatting fungal infection at mucosal surfaces is 

demonstrated by patients with IL-17 receptor antagonist mutations, as they 

are more susceptible to mucosal candidiasis (198).  
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Contrastingly, increased Treg numbers may also predispose to infection so 

the microbiota also plays a key role in the balancing of the immune response, 

allowing it to still respond to infection when needed. A subset of the 

microbiota has been shown to mediate Th17 response activation in the 

intestine, modulating inflammation whilst simultaneously protecting against 

mucosal infection (199). Vancomycin-mediated elimination of segmented 

filamentous bacteria (SFB) has been shown to result in a decrease in IL-17 

secretion by CD4+ T cells and the Th17 response, increasing the number of 

Treg cells and predisposing to Citrobacter infection due to intestinal 

macrophages being in a hyporesponsive state and not responding to 

infection (199,200). The balance between the Th17 and Treg responses 

dictates intestinal immunity, tolerance and infection susceptibility (199). The 

further study of the commensals and metabolites responsible for this balance 

will lead to an increased understanding of the underpinning principles of 

intestinal immunity and will better inform clinical practise and antibiotic use.  

 

1.2.3.2 Predisposition to Candida infection 

1.2.3.2.1 Predisposition to mucosal candidiasis  

Recurrent mucosal C. albicans infections have been linked to antibiotic use, 

especially the use of b-lactams. One key example of this is VVC.  C. albicans 

forms part of the commensal microbiome within the female reproductive tract, 

whereby its growth is limited by the other commensals present and by the 

actions of the host immune system (201). Commensal lactobacilli secrete 

exopolysaccharides that prevent C. albicans overgrowth by modulating 

growth, adhesion and morphogenesis, all of which form vital pillars of 

infection establishment (201). Lactobacilli also modulate the immune 

response to prevent dysbiosis, through the release of an aryl hydrocarbon 

receptor (AhR) ligand that induces IL-22 transcription, promoting barrier 

function and mucosal immunity regulation, and preventing inappropriate 

neutrophil recruitment (202). IL-22 also induces NLRC4-mediated production 

of the IL-1 receptor antagonist, inhibiting NLRP3 inflammasome activation 

and production of the proinflammatory cytokines IL-1b, IL-1a and IL-18, all of 

which would cause excessive inflammation (160). The eradication of 
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lactobacilli from the vagina by antibiotic treatment negates this, allowing for 

excessive and unregulated C. albicans growth and a decrease in IL-22 

mediated barrier function, resulting in a lack of immune response modulation, 

NLRP3 inflammasome activation and subsequent proinflammatory cytokine 

release and inflammation, whilst also promoting the establishment of 

mucosal C. albicans infection (159). This is further demonstrated by 

exogenous IL-1 receptor antagonist treatment being protective against VVC 

infection, whereby neutrophil recruitment is modulated highlighting the 

importance of IL-22 in the prevention of dysbiosis and disease, and by IL-22 

polymorphisms which subsequently predisposes to VVC in individuals 

(159,160).  

 

1.2.3.2.2 Predisposition to invasive candidiasis  

Antibiotics have been seen to predispose to invasive candidiasis also, 

especially the use of b-lactams, aminoglycosides and vancomycin (148,203). 

Antibiotic-mediated elimination of Bifidobacterium species, Clostridial 

Firmicutes and Bacteroidetes allows for the expansion of Proteobacteria 

within the gastrointestinal tract (204), whilst also negating the secretion of 

antimicrobial peptides and HIF1a activation by the gut microbiota (205), 

allowing for overgrowth of C. albicans and establishment of systemic, 

invasive infection. Isolates from patients with invasive candidemia 

bloodstream infections have been shown to match those present within the 

individuals gastrointestinal tract, supporting the idea that antibiotic-mediated 

intestinal dysbiosis triggers a fungal bloom resulting in overgrowth, 

dissemination and invasive disease (206). This is compounded by the 

disruption of barrier function by chemotherapy and surgery. Whilst 

surveillance and azole prophylaxis can prevent gastrointestinal infection. 

Systemic C. albicans infection associated with catheter use and long-term 

antibiotic treatment is less well understood. 
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1.2.3.3 Localised effects on immune cells 

Bactericidal antibiotics, such as the quinolones, aminoglycosides, 

vancomycin and b-lactams have been shown to cause mitochondrial 

dysfunction and overproduction of reactive oxygen species in phagocytes 

within murine models via the interruption of the TCA cycle and electron 

transport chain, which leads to dysregulated ROS production and oxidative 

damage to host DNA, lipids and proteins as demonstrated through the 

presence of elevated oxidative stress markers, oxidative tissue damage and 

an upregulation of anti-oxidative defences. The exact mechanisms by which 

bactericidal antibiotics cause this are yet to be fully determined (149,193), but 

will be investigated further in this study.  

 

1.3 Research aims 
Individuals that are at a higher risk of infection, either due to disease 

mediated immunosuppression or long-term ICU admission, are given long 

term courses of antibiotics to minimise infection risk. This has been shown to 

give an increased predisposition to fungal infection, leading to increased 

mortality amongst at risk individuals. This predisposition is thought to be due 

to an antibiotic-mediated immune defect.  

Preliminary data (Drummond et al, unpublished) shows that vancomycin, one 

of the antibiotics commonly administered to at risk individuals, increases 

mortality when administered to mice that are subsequently challenged 

intravenously with C. albicans, mimicking catheter insertion and infection. 

This increase in mortality is accompanied by an increase in dissemination to 

organs that are atypical for C. albicans infection and dissemination, namely 

the small intestine and colon, but no difference in typical dissemination sites 

such as the kidneys.  

It was further demonstrated that a fungal killing defect was present within 

murine macrophages, and that mitochondrial respiration within murine 

macrophages was perturbed suggesting some form of immune defect was 

present due to vancomycin treatment. This is suggestive of a vancomycin-

mediated immune defect preventing control of C. albicans infection within a 
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murine model, resulting in colonisation of the gastrointestinal tract and 

disruption of the mucosal barriers. This culminates in the escape of Gram-

negative commensals into the bloodstream, triggering polymicrobial sepsis 

and mortality. This project aims to build on these preliminary findings by 

assessing the ability of vancomycin-treated bone marrow derived murine 

macrophages to kill the fungus C. albicans and determining the underlying 

mechanisms behind this apparent defect in fungal killing, namely does 

vancomycin perturb fungal detection, phagocytic uptake, phagosomal 

maturation or fungal killing.  

Understanding the mechanisms of vancomycin-mediated susceptibility to C. 

albicans infection, a life-threatening fungal infection, will lessen the significant 

health burden this disease confers and will aid the wider consideration of 

fungal infections with regards to antibiotic stewardship and clinical practise. 

This study will elucidate the wide-ranging implications of antibiotics in human 

disease.  
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2. Material & Methods 
 

2.1 Fungal strains 
A full list of the strains used in this project can be found in Appendix: 

Supplementary Table 1.  

 

2.2 Fungal strain maintenance and culture 
Candida albicans SC5314 was cultured on Yeast Peptone Dextrose Agar 

plates (2% Peptone, 2% Glucose, 1% Yeast extract, 2% Agar (Sigma)) and 

grown at 25°C for 48 hours. Single colonies were then inoculated into YPD 

broth (same composition, minus 2% agar) and grown at 30°C for 18 hours at 

200 rpm to give the liquid fungal culture used in subsequent experiments. 

Glycerol stocks of C. albicans were stored at - 80°C.  C. albicans fungal 

plates were re-streaked onto YPD agar on a weekly basis.  

 

2.3 Culture of bone marrow derived macrophages 
Healthy adult mice (C57BL/6 WT) were maintained in the University of 

Birmingham’s Biomedical Services Unit. Mice were euthanised and legs 

removed. Legs were then sterilised in ethanol and any excess tissue and fat 

removed. Tibias and femurs were then flushed with PBS (Gibco) + 0.2% 

EDTA (Sigma) to remove bone marrow until bones appeared white. The 

bone marrow solution was filtered (0.7 nm) (Greiner Bio-one) and the cells 

pelleted (1500 rpm, 4°C for 4 minutes) and resuspended in RPMI (Sigma) 

supplemented with 20% Foetal Bovine Serum (FBS) (Gibco), 40 ng/ml 

macrophage colony stimulating factor (mCSF) (Invitrogen) ± 20 µg/ml 

vancomycin (Gibco). Cells were split into T75 flasks (Corning) and grown at 

37°C, 5% CO2 for 48 hours. Media was then replenished (as before) and 

cells were grown for a further 3 days before use.  
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2.4 Harvesting of murine bone marrow derived macrophages 
(MBMDM’s) 

Flasks containing 5-day old MBMDMs were taken and adherent cells were 

dislodged using a cell scraper (CoStar). Cell suspensions were then 

centrifuged (1500 rpm, 4°C for 4 minutes) and resuspended in RPMI. Viable 

cells were counted using trypan blue (Gibco) and resuspended at the desired 

concentration (varied per experiment) in RPMI + 10% FBS ± 20 µg/ml 

vancomycin. MBMDM’s were then considered ready for plating and 

experimental use.  

 

2.5 Fungal killing  
5-day old MBMDMs were plated into 96 well plates (Corning) at 1x104 cells 

per well to give 20 technical replicates per condition, for each of 4 conditions 

(± vancomycin treatment, ± opsonisation) and left to adhere for 24 hours 

(37°C, 5% CO2). The plate was then centrifuged (1500 rpm, 4 minutes) and 

the supernatant discarded. Cells were then resuspended in 50 µl PBS ± 10% 

FBS (non-opsonised) or 10% mouse serum (opsonised) (BioWest).  A liquid 

culture of C. albicans (prepared as detailed previously) was washed and 

resuspended in phosphate buffered saline (PBS). Fungal cells were then 

counted via a haemocytometer and diluted at 2x106 cells/ml. Standards 

beginning at 2x106 cells/ml were serially diluted (1:2) in PBS + 10% FBS to 

give 7 concentrations and a blank (containing no fungal cells) and plated in 

100 µl volume, in duplicate. C. albicans was then added to each infection 

well at 1x105 cells/well to give an MOI of 10 (macrophage: fungi) in a total 

volume of 100 µl. Plate were then incubated for 2 hours (37°C, 5% CO2) and 

subsequently washed with sterile distilled water (dH2O) + 0.02% Triton-X 

(Fisher Scientific) and PBS. Alamar blue dye (Invitrogen), a dye that 

measures metabolic activity and can be used as a proxy for cell viability and 

quantification, was then added and the plate was incubated for a further 18 

hours (37°C, 5% CO2). Fluorescence was then measured at 570 nm 

absorption, 590 nm emission using a Flexstation plate reader. Readings were 
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then blank corrected and the fluorescence of each well compared to that of 

the 1x105 cells/well standard to give the percentage fungal killing.  

 

2.6 Macrophage viability 
5-day old MBMDMs were dislodged from flasks using cell scrapers and 

stained with trypan blue to ascertain viability. Viability was quantified via light 

microscopy (10 x magnification) and viable cell counting by eye.  

 

2.7 Macrophage differentiation 
5 day old MBMDMs were dislodged from flasks and stained with Cd11b-APC 

Cy7 (1 µl/well)(Miltenyi Biotech), anti-CD45 BV510 (1 µl/well)( Miltenyi 

Biotech), F480-APC (1 µl/well)(Miltenyi Biotech) and MHC-II PE-Cy7 (1 

µl/well) (Miltenyi Biotech) on ice for 10 minutes. Samples were then washed 

with FACS buffer (PBS + 2% FBS), to prevent non-specific binding by Fc 

receptors, and acquired using a BD LSRFortessa 4 machine. Cells were 

gated by forward scatter; forward scatter width; Cd11b+; CD45+ F480+; MHC-

II count to determine macrophage differentiation profiles, using FACSDiva 

acquisition software and FlowJo v10 analysis software.  

 

2.8 Macrophage gross morphology  
5-day old MBMDMs were plated in duplicate in 24-well plates (Corning) at a 

concentration of 1x105 cells/well ± vancomycin treatment into wells 

containing sterile cover slips and left to adhere for 24 hours (37°C, 5% CO2). 

Cover slips were then removed from each well, and placed upside down onto 

glass microscope slides. Macrophages were then imaged at 20 x 

magnification under brightfield with 3 fields of view taken per condition, and 

gross morphology compared by eye.  
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2.9 Phagocytic uptake 
5-day old MBMDMs were plated in triplicate in 24-well plates at a 

concentration of 4x105 cells/well for each of six conditions (± vancomycin 

treatment ± C. albicans infection (30 minute and 60-minute incubation)) and 

left to adhere for 24 hours (37°C, 5% CO2). dTomato C. albicans was grown 

overnight (same method as previously used for WT), washed and added into 

each infection well at a MOI of 10 for 30 minutes or 60 minutes. Plates were 

put on ice for 30 minutes to aid detachment of macrophages. Macrophages 

were detached via gentle pipetting and moved to FACS tubes. Cells were 

centrifuged (1500 rpm, 4 minutes) and resuspended in PBS. Samples were 

stained with ZombieViolet live-dead stain (1 µl/well) (Biolegend), anti-

Candida GFP antibody (0.5 µl/well) (Invitrogen) and anti-CD45 BV510 

antibody (1 µl/well) on ice for 10 minutes. Samples were washed with FACS 

buffer and acquired using a BD LSRFortessa 4 machine. Cells were gated by 

forward scatter; forward scatter width; live (PacBlue+); CD45+ (BV510); GFP 

and dTomato status to determine whether fungi were associated attached 

(GFP+ dTomato+) or internalised (GFP- dTomato+), using FACSDiva 

acquisition software and FlowJo v10 analysis software.  

 

2.10 RNA isolation 
5-day old MBMDMs were plated in triplicate in 24-well plates at a 

concentration of 5x105 cells/well for each of four conditions (± vancomycin ± 

infection) and left to adhere for 24 hours (37°C, 5% CO2). WT C. albicans 

was grown as before and added into each infection well at a MOI of 10. Cells 

were incubated for 6 hours (37°C, 5% CO2). Plates were then centrifuged 

(1500 rpm, 4 minutes) and the supernatants harvested and flash frozen 

(subsequently stored at -80°C until use). 1 ml of Trizol (Ambion) was then 

added to each well to lyse the cells, upon which the cell suspension was 

flash frozen and subsequently stored at -80°C until use.  

For the isolation of RNA from lysates, lysate samples were defrosted at room 

temperature and mixed thoroughly. 200 µl chloroform (Alfa Aesar) was added 

to each sample, mixed thoroughly and then incubated at room temperature 
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for 5 minutes. Samples were then centrifuged (12000 x g, 15 minutes, 4°C) 

and the top layer (containing RNA) removed. Sample preparation was 

subsequently carried out as detailed in the RNeasy mini handbook (Qiagen) 

(step 4 onwards) using a Qiagen RNeasy RNA extraction kit and stored at -

20°C until use.  

 

2.11 cDNA generation 
cDNA was generated from RNA samples using PowerUp SYBR Green 

Master mix (Thermofisher). Briefly, 10 µl of 2x Master Mix was added to 1 µl 

reverse transcriptase (20x) and 9 µl RNA and cycled using the programme 

suggested by Thermofisher (incubation at 37°C for 1 hour followed by 

inactivation at 95°C for 5 minutes) to yield 20 µl of cDNA. cDNA was stored 

at -20°C until used.  

 

2.12 qPCR 
The genes studied, and primers used are detailed in Appendix: 

Supplementary Table 2. The qPCR procedure was as follows: initial 

denaturation at 95°C for 5 minutes, followed by 40 cycles of annealing at 

95°C for 15 seconds and extension at 60°C for 1 minute. DCt values were 

then calculated (Cttarget – CtGapdH, and relative expression calculated using the 

2-Ct method.  

 

2.13 Mitochondrial staining assay 
5-day old MBMDMs were plated in duplicate in 12-well plates (Corning) at a 

concentration of 1x105 cells/well for each of four conditions (± vancomycin ± 

infection) into wells containing sterile cover slips and left to adhere for 24 

hours (37°C, 5% CO2). WT C. albicans was grown overnight as before. C. 

albicans was added into each infection well at a MOI of 2 (macrophage: 

fungi) and incubated for 2 hours (37°C, 5% CO2). Wells were then stained 

with Mitospy Orange (0.05 µl/well) (BioLegend) for 30 minutes at 37°C. 
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Cover slips were then removed from each well, and placed upside down onto 

glass microscope slides. Macrophages were then imaged at 40 x 

magnification under brightfield and PE channels (exposure: 2 s; excitation: 

496 nm; emission: 578 nm) with 3 fields of view taken per condition using a 

Leica DM6000 Fluorescent microscope. ImageJ software was then used to 

quantify MFI per µm2 for 5 macrophages per field of view. 

 

2.14 IL-1b ELISA 

IL-1b sandwich ELISA was carried out via the protocol detailed in the DuoSet 

kit (R+D Systems) using the supernatants harvested previously.   

 

2.15 Statistical analysis 

A D’Agostino-Pearson test for normality was carried out on data sets from 

each experiment which indicated that the data did not fit the assumptions 

made for parametric testing i.e. the data did not conform to a Gaussian 

distribution. Due to this, the data was analysed using non-parametric tests. 

Statistical analysis was carried out using GraphPad Prism 7.03 analysis tool 

package. Significance was obtained via Mann-Whitney tests. A confidence 

level of 95% was applied to all statistical tests. N.S. indicates non-significant 

findings, * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001, **** 

indicates P<0.0001. n indicates the number of biological replicates performed 

for each experiment. 

2.16 Ethics statement 

All experiments conformed to ethical approval obtained by Dr Rebecca 

Drummond, University of Birmingham, under home office personal project 

license number PBE275C33. 

 

 



 
 

65 

3. Results 
 

Fitting in with my interests in immune-antimicrobial interplay, I began my first 

rotation by studying the relationship between Candida albicans infected 

macrophages and antibiotic treatment.  

3.1 Vancomycin negatively affected fungal killing by macrophages 
Preliminary data (Appendix: Supplementary Figure 1) showed that 

vancomycin treated MBMDMs had a reduced capacity to kill C. albicans 

fungi, therefore we first wanted to re-confirm whether vancomycin affected 

macrophage fungal killing capacity. To determine whether vancomycin 

affects the ability of macrophages to kill C. albicans, MBMDMs (± 

vancomycin treatment ± opsonisation) were incubated with C. albicans and 

the percentage of fungi killed assessed by comparison to standards of known 

fungal cell number. Treatment of macrophages with 20 µg/ml of vancomycin 

decreased the killing of C. albicans in both opsonised and un-opsonised 

conditions (n=2, P<0.0001 & P<0.001 respectively) (Figure 9). Taken 

together, our data shows that vancomycin negatively affects fungal killing by 

macrophages. This may be due to an alteration of macrophage viability and 

differentiation, a defect in fungal cell recognition, a defect in phagocytic 

uptake or maturation, or a multitude of other mechanisms and thus required 

further investigation. 

3.2 Vancomycin did not affect macrophage viability, differentiation and 
gross morphology 
One explanation for the reduced fungal killing seen with vancomycin 

treatment may be that vancomycin is detrimentally affecting naïve 

macrophage development. We therefore wanted to see whether vancomycin 

affected macrophage viability, differentiation and gross morphology. To 

determine whether vancomycin treatment affected macrophage viability, the 

number of viable macrophages for each of 8 rounds of differentiation was 

measured via staining with the cell viability stain trypan blue, whereby viable 

cells extrude the dye and are not stained, and counted via light microscopy. 
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Macrophage viability was not affected by vancomycin treatment (n=8, P< 

0.05) (Figure 10A). To determine whether vancomycin affected the gross  

 

 

 

 

 

 

 

morphology of the macrophages, as the presence of blebs or other structural 

anomalies may indicate cell stress or apoptotic responses, macrophages 

were imaged via brightfield microscopy (20 x objective) and compared by 

eye. Vancomycin treatment did not affect the gross morphology of the 

macrophages (n=1) (Figure 10B). Finally, to determine whether vancomycin 

affected the differentiation of bone marrow progenitor cells into 

macrophages, the differentiation profiles of the macrophages were probed 

via flow cytometry, characterising them by their expression of Cd11b, a 

macrophage and microglial marker, CD45, a leukocyte marker, F480, a 

Figure 9: Vancomycin treatment decreased C. albicans killing by murine macrophages 
Treatment of murine bone marrow derived macrophages with vancomycin decreased their 
ability to kill C. albicans, independently of opsonisation, compared to untreated macrophages 
(n=2, P<0.0001 & P<0.001 respectively). C. albicans was incubated with bone marrow 
derived murine macrophages treated with 20 µg/ml of vancomycin (± opsonisation) and the 
percentage of fungal killing assessed after 2 hours using the metabolism dye alamar blue, by 
comparison with standards of known fungal cell count. n=2 where n represents the number 
of independent biological replicates obtained for this experiment. Data was analysed via 
Mann-Whitney U-tests due to its non-parametric nature. *** represents significance at 
P<0.001, **** represents significance at P<0.0001. Error bars represent the standard 
deviation of the data set. Data has been normalised to non-opsonised and opsonised 
untreated values (set at 100%) to account for variation in killing between biological repeats.  
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murine macrophage marker, and MHC-II count, a marker of macrophage 

activation. Cells were gated by forward scatter; forward scatter width; 

Cd11b+; CD45+F480+; MHC-II count. Macrophage differentiation was not 

affected by vancomycin treatment (n=1, P<0.05) (Figure 10C). Taken 

together, our data shows that vancomycin does not affect the viability, 

differentiation profile or gross morphology of macrophages, and thus the 

defect in fungal killing seen is not due to developmental differences. 
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3.3 Vancomycin did not affect association and uptake by macrophages 
Phagocytosis forms a key part of the antifungal immune response; we next 

wanted to test if vancomycin affected phagocytic uptake by macrophages. 

Defects in association and binding may account for the reduced fungal killing 

seen with vancomycin treatment. A defect in internalisation would indicate 

that vancomycin was not affecting binding but may be having an effect on the 

macrophage cytoskeleton or intracellular trafficking capabilities, in turn 

perturbing phagocytic uptake, maturation and fungal killing. To assess 

macrophage-fungi association and phagocytic uptake, macrophages were 

infected with a dTomato strain of C. albicans, for either 30 minutes or 60 

minutes to account for both binding and internalisation and stained with an 

anti-Candida antibody. Phagocytic ability was then assessed via flow 

cytometry by determining whether vancomycin affected the proportion of 

fungal cells A: associated, B: bound and C: internalised by the macrophage. 

Cells were gated on forward scatter; forward scatter width; CD45+ dTomato+ 

(associated); dTomato+GFP+ (bound) or dTomato+GFP- (internalised). 

Percentage of macrophages associated with fungi represents the number of 

macrophages (CD45+) co-associated with C. albicans (dTomato+) out of the 

whole macrophage population (all CD45+ events). Percentage of  

macrophages bound with fungi represents the number of dTomato+GFP+ 

events out of the whole CD45+dTomato+ (associated) population. Percentage 

of macrophages with fungi internalised represents the number of 

Figure 10: Vancomycin did not affect macrophage viability, differentiation or gross morphology 
Treatment of bone marrow derived progenitor cells with vancomycin throughout differentiation into 
macrophages did not affect the viability, differentiation rate, maturation or gross morphology of 
macrophages. Bone marrow progenitor cells were treated with 20 µg/ml of vancomycin after harvesting 
and throughout their differentiation into macrophages. A: The number of viable macrophages per 
treatment group was quantified via trypan blue viability staining and manual counting. B: The gross 
morphology of macrophages from both treatment groups was compared via microscopy (brightfield, 
20x objective) for 3 fields of view. Representative images shown. C: The differentiation and maturation 
of macrophages from both groups was determined via flow cytometry using CD11b, CD45, F480 and 
MHC-II as markers of macrophage differentiation and activation. Cells were gated on forward scatter; 
forward scatter width; Cd11b+; CD45+F480+; MHC-II Count. A: n=8 where n represents the number of 
independent rounds of differentiation carried out. Data was analysed using Mann-Whitney U-tests due 
to the non-parametric nature of the data. N.S represents non significance at P<0.05. Error bars 
represent the standard deviation of the data set. B/C: n=1 where n represents the number of biological 
replicates obtained for the experiment. B: White scale bars represent 25 µM.  
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dTomato+GFP- events out of the whole CD45+dTomato+ (associated) 

population (N.B. GFP antibody cannot enter macrophage thus GFP- fungi 

must be internalised). Vancomycin did not affect association, binding or 

internalisation of C. albicans by macrophages (n=2, P<0.05) (Figure 11). 

Taken together, our data showed that vancomycin does not affect the ability 

of macrophages to phagocytose C. albicans and so a defect in phagocytic 

uptake is not responsible for reduced fungal killing.  

 

 

 

 

 

 

 

Figure 11: Vancomycin treatment did not affect macrophage-C. albicans association or 
phagocytic uptake 
Vancomycin treatment did not affect the ability of macrophages to phagocytose and uptake C. 
albicans (n=2, P<0.05). dTomato C. albicans (fluorescent in the PE channel) was incubated with 
macrophages at a MOI of 10 for either 30 minutes or 60 minutes and the proportion of events 
(phagocytes) positive for dTomato, CD45 and GFP markers indicating that fungi were either A: 
associated (CD45+dTomato+), B: bound (dTomato+GFP+) or C: internalised (dTomato+GFP-) by the 
macrophages was determined by flow cytometry. An example gating strategy can be found in 
Appendix: Supplementary Figure 2. Data points represent technical replicates for two independent 
experiments. n=2 where n represents the number of independent biological replicates obtained for 
this experiment. Data was analysed via Mann-Whitney U-tests due to its non-parametric nature. 
N.S. represents non-significance at P<0.05, Error bars represent the standard deviation of the data 
set.   



 
 

71 

3.4 Vancomycin affected pattern recognition receptor expression on 
macrophages 
Vancomycin did not affect phagocytic uptake, but its effect on other aspects 

of phagocytosis were unknown, namely: Does vancomycin affect pattern 

recognition receptor expression and pathogen detection, phagosome 

maturation and cytokine expression post-phagocytosis? To determine 

whether vancomycin affected fungal detection by the macrophage, RNA was 

isolated from vancomycin treated macrophages, both in the presence and 

absence of C. albicans infection, from which cDNA was generated and 

probed for the expression of a series of pattern recognition receptors and 

detection markers via qPCR (standardised to the housekeeper gene GapdH). 

The markers investigated were as follows: ClqA (complement component 

chain A) which forms part of the serum complement mediated system of 

pathogenic detection, CR3 (complement receptor 3) which detects non-

opsonised b-glucan and can trigger phagocytosis and oxidative killing, 

Dectin-1 (Clec7a) which recognises b-glucan and initiates a signalling 

cascade, MINCLE (Clec4e/macrophage inducible calcium dependent lectin 

receptor) which recognises a-mannan and Mrc1 (mannose receptor) which 

detects mannose within the fungal cell wall. Perturbation of these PRRs 

would result in the absence of detection and signalling response to fungal cell 

presence, giving a dysregulated signalling response and inadequate immune 

activation. Our data showed that vancomycin did not affect the expression of 

ClqA, MINCLE and Mrc1, in the presence and absence of infection (n=2, 

P<0.05), but did result in significant downregulation of CR3 in an infection 

scenario (n=2, P<0.05) and downregulation of Dectin-1 during infection, 

although not significantly (n=2, P=0.0513) (Figure 12A-E).  

Previous experiments (Figure 11) suggested that vancomycin does not cause 

a defect in fungal binding and phagocytic uptake. The expression of Msr1 

(macrophage scavenger receptor) which plays a role in the endocytosis of 

microorganisms and their pathogenic ligands was also assessed to confirm 

that no defect in fungal uptake was present. A defect in fungal uptake would 

result in reduced fungal killing and control of infection. Our data shows that 
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vancomycin did not affect the expression of Msr1, independent of infection 

(n=2, P<0.05) (Figure 12F), in line with our previous findings. 

Next, we wanted to test whether vancomycin affected the amplification of the 

immune responses, post-phagocytosis, through the modulation of cytokine 

release. To determine whether cytokine expression was altered by 

vancomycin, the expression of IL-10, an immunomodulatory cytokine, and 

CXCR3, a receptor for CXCL9/10/11 chemokines which are involved in 

leukocyte recruitment and amplification of the immune response, were also 

assessed. Our data showed that vancomycin did not affect the expression of 

IL-10 in the presence and absence of C. albicans infection (n=2, P<0.05), but 

did significantly upregulate CXCR3 expression in the absence of infection 

(n=2, P<0.05) (Figure 12G & H).  

One final potential explanation for the vancomycin-mediated fungal killing 

defect is that vancomycin may be influencing the activation state of the 

macrophage cells, causing a hyperresponsive state which may result in an 

inflammatory phenotype and premature cell apoptosis, or a hyporesponsive 

state resulting in an insufficient immune response towards infection and 

decreased fungal killing. To determine whether vancomycin alters the 

activation state of macrophages, either into a more inflammatory M1 

phenotype or the more tolerant, immunomodulatory M2 phenotype, the 

expression of NOS2 (nitric oxide synthase 2), responsible for the production 

of cytotoxic nitric oxide reactive oxygen species, and Arg1 (arginase 1), 

which suppresses CD4+ T cell responses and modulates the immune 

response, were assessed. Our data showed that vancomycin did not affect 

the expression of NOS2 by macrophages, independent of infection, and thus 

did not alter the activation state of the cell (n=2, P<0.05) (Figure 12I & J). 

Taken together, our data shows that vancomycin downregulated the 

expression of the PRRs Dectin-1 and CR3 by macrophages during our 

experimental C. albicans infection and upregulates the expression of the 

chemokine receptor CXCR3 in the absence of infection, potentially perturbing 

the initiation and co-ordination of the antifungal immune response. We next 

sought to determine the downstream effects of the reduced PRR expression 
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and detection capabilities of the macrophages on the antifungal immune 

response.  

3.5 Vancomycin perturbed macrophage mitochondrial function in the 
absence of infection 
A large proportion of macrophage function and killing ability is reliant upon 

the TCA cycle. The ratio between oxidative phosphorylation and glycolysis 

during infection is indicative of the immune status of the cell and thus by 

studying the membrane potential of mitochondria we can make judgements 

about the immune response capabilities of the cell. Preliminary data suggests 

that vancomycin affects macrophage respiratory activity (Drummond et al., 

unpublished), whilst bactericidal antibiotics have been demonstrated to affect 

oxidative phosphorylation and glycolysis within macrophages (149). Firstly, I 

sought to determine whether vancomycin affects glycolysis, through 

determination of the expression of three enzymes (Hexokinase 2, Enolase 1 

and Pyruvate Kinase) which act at various stages of the glycolysis pathway 

(determined by qPCR relative to the housekeeper gene GapdH). HK2 

(Hexokinase 2) catalyses the first step of glycolysis where glucose is 

converted to glucose-6-phosphate, whereby expression would indicate 

initiation of the glycolysis pathway. ENO1 (Enolase 1) and PK (Pyruvate 

Kinase) catalyse the penultimate and last stages of the glycolysis pathway, 

whereby expression would indicate the completion of glycolysis within the 

cell. Vancomycin did not affect the expression of HK2, ENO1 and PK within 

macrophages, independent of infection, suggesting that vancomycin does not 

affect glycolysis (n=2, P<0.05) (Figure 13).  
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Figure 12: Vancomycin altered pattern recognition receptor-mediated recognition of C. albicans  
Vancomycin decreased macrophage expression of Dectin-1 (Clec7a) and Complement receptor 3 
(CR3) in infection and increased the expression of chemokine receptor 3 (CXCR3) in the absence of 
infection. RNA was isolated from macrophages ± vancomycin treatment ± C. albicans infection, from 
which cDNA was generated and probed for A-E: detection markers and pattern recognition receptors, 
F: a phagocytic uptake receptor, G & H: cytokine/chemokine ligands and receptors and I & J: 
activation markers. Each data point represents a technical replicate for each of 2 independent 
experiments. n=2 where n represents the number of independent biological replicates obtained for this 
experiment. Data was analysed via Mann-Whitney U-tests due the non-parametric nature of the data. 
Changes in expression between treatment groups were non-significant (n=2, P<0.05) unless indicated 
otherwise. * indicates significance at P<0.05. Error bars represent the standard deviation of the data 
set. 

Figure 13: Vancomycin did not affect glycolysis within macrophages 
The treatment of macrophages with vancomycin did not affect the expression of ENO1, HK2 or PK, 
three glycolytic enzymes situated at various stages in the glycolytic pathway, in both the presence and 
absence of infection. RNA was isolated from 106 murine bone marrow derived macrophages ± 
vancomycin ± C. albicans infection (MOI of 10), from which cDNA was generated. cDNA was then 
probed for the glycolytic enzyme genes ENO1, HK2 and PK. Each data point represents a technical 
replicate for each of 2 independent experiments. n=2 where n represents the number of independent 
biological replicates obtained for this experiment. Data was analysed via Mann-Whitney U-tests due to 
its non-parametric nature. Non significance (n=2, P<0.05) was concluded throughout unless stated 
otherwise. Error bars represent the standard deviation of the data set.  
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We also sought to determine whether vancomycin affected membrane 

potential within the macrophage, as this would indicate a shift in the ratio of 

oxidative phosphorylation to glycolysis, which may have a detrimental effect 

in the control of infection and fungal killing. To do this, membrane potential 

was measured by combining a mitochondrial dye MitoSpy orange (which 

localises to mitochondria based on membrane potential) with fluorescence 

microscopy and subsequent quantification of the mean fluorescence intensity 

(MFI). Our data showed that vancomycin downregulated the membrane 

potential of macrophage mitochondria in the absence of experimental 

Candida infection (n=2, P<0.01), whereas it did not significantly downregulate 

mitochondrial membrane potential during infection (although infection itself 

downregulates membrane potential as a shift towards glycolysis occurs) 

(n=2, P<0.05) (Figure 14). C. albicans infection downregulated mitochondrial 

membrane potential, making determination of the effect of vancomycin on 

macrophage mitochondrial potential during infection hard to ascertain. To test 

whether vancomycin downregulated mitochondrial potential during infection, 

macrophages were also infected with heat killed C. albicans. Heat killing 

significantly reversed the infection-mediated decrease in mitochondrial 

membrane potential, (n=1, P<0.0001), whilst vancomycin downregulated 

mitochondrial membrane potential during infection with heat killed C. 

albicans, although not significantly (n=1, P<0.05) (Figure 14). Taken 

together, our data indicated that vancomycin does not affect glycolysis within 

the macrophage but does downregulate mitochondrial membrane potential in 

the absence of infection, potentially indicating a shift towards glycolysis and 

perturbation of oxidative phosphorylation. Whether vancomycin 

downregulates mitochondrial membrane potential during infection remains to 

be determined. 

3.6 Vancomycin downregulated IL-1b production 

Interleukin 1b is a potent proinflammatory cytokine responsible for neutrophil 

chemotaxis, phagocyte activation and co-ordination of the Th17 antifungal 

response after fungal uptake and phagocytosis, resulting in the stimulation of 

a stronger immune response. We sought to determine whether vancomycin 

affects the expression of IL-1b by macrophages, potentially explaining the 
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reduction in fungal killing. To do this, the expression of IL-1b was quantified 

by ELISA in the presence and absence of infection. Vancomycin treatment 

decreases the production of IL-1b in the presence and absence of C. 

albicans infection (P<0.05, n=2) (Figure 15).  
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Of note is that the baseline IL-1b expression in the absence of infection and 

vancomycin was higher than expected, making IL-1b induction (the difference 

between non-infected and infected IL-1b levels) minimal. The reason behind 

this abnormally high baseline was not determined, however it may lie in the 

experimental procedures used to isolate and differentiate the MBMDMs 

stressing the cells and inducing such a response. Further repeats of this 

experiment would elucidate on the reasoning behind this further. Taken 

together, our data shows that the proinflammatory cytokine IL-1b is 

downregulated by vancomycin treatment, suggesting that vancomycin may 

perturb the cytokine response, potentially dysregulating the immune 

response.  

  

 

Figure 14: Vancomycin decreased mitochondrial potential in the absence of infection. 
Treatment of macrophages with vancomycin decreases the membrane potential of the mitochondria in the 
absence of C. albicans infection (black, solid). Additionally, C. albicans infection decreases mitochondrial 
membrane potential (black, dashed), but heat-killing reverses this infection-mediated reduction of mitochondrial 
membrane potential (red solid & dashed). A: The mitochondrial potential of macrophages ± vancomycin 
treatment ± C. albicans infection (live or heat killed) was measured via microscopy (40 x objective, brightfield 
and PE channels) using the fluorescent dye MitoSpy Orange and the MFI per µm2 calculated from each of 5 
macrophages in 3/4 fields of view per condition. B: Representative images of macrophages ± vancomycin ± C. 
albicans (brightfield, PE and a dual merge (L-R)). Each data point represents a technical replicate for 2 
independent experiment. n=2 where n represents the number of independent biological replicates obtained for 
this experiment (except for heat killed C. albicans infection which was carried out once (n=1)). Data was 
analysed via Mann-Whitney U-tests due to its non-parametric nature. N.S. represents non-significance at 
P<0.05, *** represents significance at P<0.001, **** represents significance at P<0.0001. A: Error bars represent 
the standard deviation of the data set. B: Scale bars represent 10 µM. 
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Figure 15: Vancomycin decreased IL-1b cytokine production by macrophages 
Treatment of macrophages with 20 µg/ml of vancomycin decreases the production of IL-1b, a potent 
proinflammatory cytokine, in both the presence and absence of C. albicans infection. Supernatants 
were taken from macrophages ± vancomycin treatment ± C. albicans infection and IL-1b presence 
quantified by ELISA. Each data point represents a technical replicate for 1 biologically independent 
experiment (n=1). Data was analysed via Mann-Whitney U-tests due to its non-parametric nature. ** 
indicates significance at P<0.01. Error bars represent the standard deviation of the data set. 
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4. Discussion 

4.1 Importance 
Antibiotics are administered to a significant proportion of the 

immunocompromised population with the aim of preventing bacterial 

infection. However, antibiotics are a risk factor for the development of lethal 

fungal infections, with the underlying reasons for this remaining poorly 

defined. Different antibiotics have previously been shown to perturb mucosal 

and systemic antifungal immunity, two key components of the anti-Candida 

immune response (148,193). One antibiotic that is regularly administered to 

immunocompromised individuals that are at risk of infection is the 

glycopeptide antibiotic vancomycin. It is suggested (Drummond et al., 

unpublished) that glycopeptide antibiotic treatment induces a localised 

immune defect within host phagocytes, resulting in an insufficient immune 

response being mounted towards C. albicans, if it enters the bloodstream 

during catheter use, resulting in invasive candidiasis and mortality. Invasive 

fungal infections have a high mortality (207), and with an increasing 

proportion of the population becoming immunocompromised, either due to 

disease or immunomodulatory drug treatment, the prevalence of fungal 

infection is rising. This is compounded by an increased predisposition to 

fungal infection, mediated through the administration of long-term courses of 

glycopeptides and other antibiotics to already immunocompromised 

individuals.  

Antibiotic resistance is threatening the use of antibiotics to treat even minor 

infections and so identification of the specific mechanisms that glycopeptides 

and other classes of antibiotics perturb within the antifungal immune 

response is needed to improve stewardship, aid the smarter clinical use of 

antibiotics and to combat the increasing mortality of fungal infection. 

Understanding the mechanisms of vancomycin-mediated susceptibility to C. 

albicans infection, a life-threatening fungal infection, will lessen the significant 

health burden this disease confers and will aid the wider consideration of 

fungal infections with regards to antibiotic stewardship and clinical practise. 

This study indicates a potential mechanism explaining how long-term 
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vancomycin treatment may be impairing the ability of macrophages to kill 

fungi, leading to invasive fungal infection.   

In this study, we characterised the effect of vancomycin on the ability of 

macrophages to kill the fungus C. albicans. We initially determined that 

macrophage viability was not affected by vancomycin, so the reduced killing 

of C. albicans was not due to a lack of macrophage viability but rather a 

defect in macrophage function. Through a combination of flow cytometry, 

qPCR and microscopy, we subsequently identified a defect in Dectin-1 and 

Complement receptor 3 (CR3) expression, two pattern recognition receptors 

that are key for C. albicans detection. Consequently, vancomycin was shown 

to downregulate the membrane potential of macrophage mitochondria in the 

absence of infection and decrease production of the proinflammatory 

cytokine IL-1b.  

 

4.2 Vancomycin negatively impacts fungal immunity 
As explained previously (see Chapter 1, section 1.1.1), vancomycin is one of 

the antibiotics that is used as part as a long-term course of antibiotic therapy 

given to individuals on ICU wards, undergoing organ transplantation or 

immunomodulatory therapy, or those with disease-mediated immune defects. 

Our data show that vancomycin causes a decrease in killing of C. albicans by 

murine macrophages. This adds to our knowledge of the underlying 

predisposition to fungal infection seen in immunocompromised individuals 

undergoing long-term antibiotic treatment. This is in agreement with other 

studies, that show that certain classes of antibiotics (quinolones, 

aminoglycosides and b-lactams) have impacted mucosal and systemic 

immunity to fungal infection independently of their effects on the microbiome. 

In these studies, fungal killing was perturbed through a combination of 

detection impairment and mitochondrial dysfunction, resulting in the 

overproduction of reactive oxygen species (ROS) and oxidative stress (193). 

Building on this, glycopeptide antibiotic mediated elevation of ROS and 

oxidative stress has also been seen in rat kidney tissue, suggesting that 
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vancomycin may impart a similar oxidative stress on host phagocytes 

potentially impairing antifungal immunity in a similar way (149).  

Elevation of ROS has long been documented in the bactericidal killing effect 

of these antibiotics (208–212), where the neutralisation of oxidative stress 

has been shown to negate bacterial killing (213,214), although the role of 

ROS in bacterial killing is debated by some (215). However, the contrary 

induction of elevated ROS generation in host immune cells is only recently 

being considered and its effect on phagocyte-mediated killing realised, 

therefore a link between treatment with any classes of antibiotic and 

defective phagocyte-mediated killing has not been widely reported.  

Despite there being few reports of a direct link between antibiotic treatment 

and a fungal killing defect in host microglial cells, there is a general 

association between long term antibiotic treatment and a decrease in 

immunity to fungal infection. However, the mechanisms underpinning this 

immune defect vary due to the differing antibiotic structures, mechanisms of 

action and their effects on host cells.  

 

4.2.1 Host microbiota-mediated effects  
Perturbation of the gastrointestinal microbiota by glycopeptides and b-

lactams has been shown to modulate adaptive fungal immunity through the 

downregulation of Th17 responses and upregulation of Treg responses, 

leading to a hyporesponsive immune response towards pathogenic challenge 

(199,216). Conversely, glycopeptides, b-lactams and aminoglycosides have 

been demonstrated to shift hyporesponsive intestinal macrophages into a 

hyperresponsive state through the elimination of short chain fatty acid 

producing bacteria from the gut, resulting in overstimulation of the immune 

response by the commensal microbiota and sustained inflammation (196). 

Additional work is needed to determine how these varying classes of 

antibiotics impact the microbiota and fungal innate and adaptive immune 

responses on an individual basis (167) and to understand the importance of 

balance between hypo- and hyper-responsiveness to commensals in the gut.  
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4.2.2 Cell-specific effects on host phagocytes 
Localised effects on host cells have also been seen, where aminoglycosides, 

b-lactams and quinolones have been shown to promote mitochondrial 

dysregulation (193) and ciprofloxacin has been shown to impair phagocytic 

killing and respiratory activity (194). Additionally, antibiotic treatment has 

been shown to perturb mucosal immunity, leading to development of mucosal 

infections such as VVC (157,159), and systemic immunity, predisposing to 

systemic infection by Candida and other fungal species (148,153).  

The killing defect seen in this study is suggestive of a wider defect in the 

antifungal immune response, although at what level this defect is present is 

yet to be determined.  

 

4.3 The importance of mitochondrial membrane potential 
This study sought to probe further the mechanisms behind the vancomycin-

mediated defect in fungal killing. Our data showed that vancomycin 

downregulated mitochondrial membrane potential in the absence of infection 

only, although downregulation of mitochondrial membrane potential by 

vancomycin during infection is also plausible, but is masked by the 

downregulation of mitochondrial potential during infection due to the switch to 

glycolysis (217). This downregulation of mitochondrial potential may have a 

wide range of implications for biological processes within the macrophage, 

including the functioning of the TCA cycle and oxidative phosphorylation 

(217).  

 

4.3.1 Oxidative phosphorylation 
Oxidative phosphorylation is reliant on the maintenance and utilisation of 

mitochondrial membrane potential by multiple protein complexes embedded 

in the cardiolipin of the mitochondrial inner membrane (218). The respiratory 

chain is primarily fuelled by NADH which enters into complex I (a NADH: 

ubiquinone dehydrogenase complex) and is oxidised by the transfer of two 

electrons to ubiquinone to form ubiquinol. Ubiquinol is then oxidised by a 
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ubiquinone cytochrome c oxidoreductase/ bc1 complex (complex III) that 

donates the electrons to an oxygen molecule at complex IV (catalysed by a 

cytochrome oxidase) to form a single water molecule  (218). The energy 

generated through this sequential oxidation and reduction of substrates is 

used to facilitate the transport of protons across the mitochondrial membrane 

from the mitochondrial matrix into the periplasmic space, resulting in the 

formation of a proton gradient (218). Protons then flow through an ATP 

synthase uncoupler protein (complex V) into the matrix of the mitochondria, 

powering the phosphorylation of ADP into ATP, resulting in ATP formation 

(218).  

 

4.3.2 The TCA cycle  

4.3.2.1 Overview of the TCA cycle  

The TCA cycle is primarily responsible for the release of energy via the 

oxidation of large macromolecules to generate ATP and other small 

metabolites, such as succinate and NADH, which feed into the respiratory 

chain and fuel cellular respiration (217).  Fungal killing is a highly 

energetically expensive process; synthesis and export of pattern recognition 

receptors into the phagosomal membrane, signal transduction upon PRR 

activation, phagocytosis, cytokine release and ROS generation all require 

large amounts of ATP to occur, without which antifungal killing is diminished, 

therefore the TCA cycle plays a key part in the antifungal immune response.  

 

4.3.2.2 The role of the TCA cycle in innate immunity 

The TCA cycle also plays other roles beyond ATP generation in immune 

functioning. Upon PRR stimulation, the TCA cycle stalls due to the 

downregulation of succinate dehydrogenase and upregulation of citrate 

synthase, resulting in the accumulation of succinate and citrate respectively 

(219,220). Usually succinate is fed back into the TCA cycle and is converted 

to other metabolites, or enters the respiratory chain at complex II (a succinate 
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dehydrogenase) and is oxidised and so does not accumulate in resting 

macrophages (220).  

 

4.3.2.2.1 Succinate 

Upon macrophage activation, succinate accumulates to a higher extent, 

whereby it enters the respiratory chain at complex II and is oxidised, reducing 

ubiquinone to ubiquinol, emulating the actions of complex I (221). However, 

instead of undergoing forward electron transfer and donating the electrons to 

complex III and IV, the electron transport chain is reversed and the electrons 

pass back through complex I and are donated to an oxygen molecule, 

forming ROS (222). This leads to the prioritisation of ROS generation over 

ATP synthesis; the high demand for ATP by host phagocytes is met through 

glycolysis-mediated ATP synthesis instead (222). ROS generated through 

this process subsequently stabilise hypoxia inducible factor 1a (HIF1a) which 

binds to the IL-1b promoter, enhancing the production of IL-1b, a key 

proinflammatory cytokine in the antifungal immune response (222,223). ROS 

form part of the oxidative killing mechanisms in phagocytosis that are 

responsible for microbial killing (124). Succinate accumulation therefore 

induces the production of ROS and IL-1b within the macrophage, both of 

which have important roles in the antifungal immune response.  

 

4.3.2.2.2 Citrate 

Citrate is utilised for phospholipid and fatty acid synthesis, contributing to 

membrane biogenesis and lysosome formation (220). Citrate is also used to 

generate NADPH, which may either enter the nitric oxide (NO) synthesis 

pathway where it donates an electron to L-arginine to form L-citrulline and 

NO (catalysed by the inducible nitric oxide synthase), or is utilised by NADPH 

oxidase which reduces oxygen to form ROS (220,224). In inactivated 

macrophages, arginine is depleted by arginase, limiting ROS generation 

(220).  
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4.4 Perturbation of mitochondrial membrane potential 
The perturbation of mitochondrial membrane potential seen within this study 

can be attributed to three main causes: Disruption of the TCA cycle, a defect 

in electron transport across the mitochondrial inner membrane or the 

uncoupling and disruption of the mitochondrial inner membrane proton 

gradient. Each of these reasons will now be explored. 

 

4.4.1 Disruption of the TCA cycle 
The perturbation of mitochondrial membrane potential may be due to the 

disruption of the TCA cycle, whereby inhibition of the enzymes that catalyse it 

may have resulted in the accumulation of some substrates or metabolites, at 

the expense of others that may be required for oxidative phosphorylation, 

leading to a lack of metabolites entering the respiratory chain, e.g. NADH, 

decreasing mitochondrial membrane potential and ATP generation. 

Perturbation of mitochondrial membrane potential within the macrophage is 

likely to have a strong effect on its fungal killing capabilities. This is further 

supported by studies by Kalghatgi et al. which show that quinolones, 

aminoglycosides and b-lactams disrupt the TCA cycle and electron transport 

chain within mitochondria (mechanism not discussed), where they cause 

dysregulated overproduction of ROS and extensive oxidative damage within 

immune cells (193). Perturbation of membrane potential may in turn lead to a 

stalling of the TCA cycle which may result in accumulation of some 

metabolites at the expense of others, potentially leading to either a defect or 

an excess of citrate or succinate accumulation, and subsequent dysregulated 

production of ROS, IL-1b and other components of the innate immune 

response.  

 

4.4.2 Uncoupling of the mitochondrial protein gradient  
Alternatively, vancomycin may not be disrupting the TCA cycle, and may 

instead be uncoupling the proton gradient, resulting in decreased 

mitochondrial membrane potential and ATP synthesis. Mitochondrial 

membrane potential is crucial for TCA cycle and oxidative phosphorylation 
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function and for ATP synthesis. Some lipid soluble, phenol-ring-containing 

drugs may uncouple the proton gradient  by integrating into and passing 

through the mitochondrial inner membrane, decreasing the proton gradient 

and thus the membrane potential (225). Vancomycin has multiple phenol 

rings within its structure, suggesting that the decrease in mitochondrial 

membrane potential seen within this study post-vancomycin treatment may 

be due to vancomycin integrating into the mitochondrial inner membrane, 

uncoupling the proton gradient and decreasing the membrane potential.  

Vancomycin has been shown previously to induce mitochondrial dysfunction, 

whereby the ototoxicity and nephrotoxicity that occur during long-term 

vancomycin treatment has been attributed to mitochondrial dysfunction. 

Vancomycin was demonstrated to induce intracellular ROS production, 

leading to the depolarisation of the mitochondrial membrane and activation of 

caspase-9 and -3/7 mediated apoptosis pathways in ciliated ear and renal 

tubular cells (226). Complex I of the mitochondrial respiratory chain has also 

been implicated in the vancomycin-induced superoxide generation and 

proximal tubular epithelial cell apoptosis (226). This supports the idea that 

the induction of mitochondrial dysfunction through the perturbation of 

mitochondrial membrane potential, which has been shown to be highly 

detrimental in other host cells, is likely to occur in host phagocytes, 

supporting the link between reduced mitochondrial membrane potential and 

the reduced fungal killing seen in this study. 

Vancomycin-induced ROS production within the mitochondria of renal tubular 

epithelial cells was later determined to induce cytochrome c-catalysed 

peroxidation of cardiolipin in the mitochondrial inner membrane (227). This 

permeabilises the mitochondrial inner membrane, impairing the respiratory 

chain at complex I (228) and triggering caspase-mediated cellular apoptosis 

(227,229–231). This ROS-induced apoptosis is reversible through the 

addition of FCCP (carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone), a 

well-established mitochondrial uncoupling molecule that dissipates the proton 

gradient across the mitochondrial inner membrane, uncoupling the 

respiratory chain from ATP synthesis and inhibiting superoxide production 

(227,232,233). FCCP also reversed the vancomycin-mediated depolarisation 
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of the mitochondrial membrane (227,232). This suggests that as vancomycin 

decreases mitochondrial membrane potential, but this effect is reversed by 

the addition of a known uncoupler molecule, that the vancomycin-mediated 

effects on mitochondrial membrane potential are not due to it being an 

uncoupler itself, and that vancomycin is perturbing either the TCA cycle, 

diminishing the supply of redox substrates into the respiratory chain, or 

disrupting respiratory chain complex formation.  

4.4.3 Defective electron transport 
Cell wall targeting antibiotics have previously been implicated in the 

downregulation of mitochondrial membrane potential and glycolysis; 

piperacillin, a broad spectrum b-lactam, has been shown to cause 

mitochondrial dysfunction within neuron cells, resulting in decreased 

respiratory rate, membrane potential and ATP generation and increased 

reactive oxygen species and superoxide radical generation and oxidative 

damage and stress responses (234). The effect of piperacillin on neuron cells 

was reversed via the administration of an antioxidant, suggesting that the 

decreased mitochondrial membrane potential and respiratory activity was 

due to excessive oxidative stress (234).  

b-lactams have also been demonstrated to sterically inhibit the transport of 

carnitine, a long chain fatty acid that, when oxidised, contributing to electron 

transport and ATP generation, into the mitochondria (235). The decrease in 

ATP production would result in an impaired killing ability due to a lack of 

antigen presentation, signalling, fungal uptake and ROS generation. Other 

antibiotics, with a wide array of mechanisms of action, all exert similar effects 

on the mitochondria, where mitochondrial respiration, membrane potential 

and ATP generation are all decreased but ROS generation and oxidative 

damage are heavily upregulated, resulting in caspase activation, membrane 

permeabilisation and apoptosis (236–239), potentially due to peroxidation of 

cardiolipin within the mitochondrial inner membrane (227).  
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4.5 Antibiotics perturb mitochondrial protein synthesis  
Conventional translation and protein-targeting antibiotics such as 

streptomycin, oxazolidinones, chloramphenicol and tetracycline have all been 

demonstrated to inhibit mitochondrial protein synthesis (240), likely through 

the perturbation of the TCA cycle and ATP generation within mitochondria 

(previously demonstrated in other studies). A large component of the 

antifungal immune response relies on the synthesis of pattern recognition 

receptors, cytokines and other proteins to function, making perturbation of 

protein synthesis within mitochondria highly likely to affect the antifungal 

immune response, and potentially explaining the lack of Dectin-1 and CR3 

expression seen in this study.  

The targeting of host mitochondria protein synthesis and function by other 

antibiotics has been well documented and utilised in the treatment of various 

forms of cancer (236–238,241–243). Due to this, the cytotoxic effects of 

antibiotics are well known, but implications on the immune system and on 

infectious disease treatment are only just beginning to be explored.  

The decrease in expression of Dectin-1 and CR3 expression and IL-1b 

secretion seen in this study may also be caused by a downregulation of 

mitochondrial membrane potential and disruption of the TCA cycle, either due 

to a decrease in ATP production, whereby PRR expression and integration 

into the macrophage membrane and cytokine synthesis and release are 

energetically expensive processes, resulting in an insufficient energy supply 

for the continued functioning of these synthesis and expression pathways.  

 

4.6 Complement receptor 3 and Dectin-1 downregulation 
Our data suggests that vancomycin causes a defect in the expression of CR3 

and Dectin-1 on the macrophage cell membrane, potentially accounting for 

the defect in fungal killing seen both in vitro, and within in vivo preliminary 

studies (Drummond et al., unpublished). CR3 and Dectin-1 are crucial in the 

anti-Candida immune response, as they detect non-opsonised b-glucan, the 

primary component of the fungal cell wall (179). Activation of CR3 and 

Dectin-1 is known to cause proinflammatory cytokine release, phagocytosis 
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and acceleration of the antifungal immune response, but the intricate 

mechanisms behind this signalling remain unknown (244). The importance of 

CR3 and Dectin-1 has previously been demonstrated to be required for 

proinflammatory cytokine release and formation of the IL-12 response within 

dendritic cells, both of which have been shown to be important in the control 

of C. albicans, Aspergillus fumigatis and Histoplasma capsulatum infections 

(245,246), where blockage or deficiency is highly detrimental due to 

increased dissemination of infection and Th1 response impairment (245–

247).  

Antibiotic-mediated downregulation of Dectin-1 and CR3 expression has not 

been documented previously for any classes of antibiotic. Deficiencies and 

polymorphisms in Dectin-1, resulting in decreased expression, have been 

shown to cause decreased production of cytokines e.g. IL-17 and TNFa, 

giving increased susceptibility to recurrent VVC and other mucosal and 

cutaneous infections, but not systemic infections as fungal phagocytosis and 

killing was shown to be unaffected (165). This suggests that Dectin-1 plays a 

role in protecting against mucosal infection, but that other PRRs are 

responsible for defence against systemic infection.  

However, extensive crosstalk occurs within the antifungal immune response, 

so it is important to not consider the effects on PRR expression in isolation. 

Dectin-1 stimulation alone is insufficient to cause proinflammatory cytokine 

release, NLRP3 inflammasome activation and IL-1b release (248). However, 

it has subsequently been shown that activation of Dectin-1 promotes the 

binding of CR3 to fungal b-glucan, whereby they are both required to 

stimulate proinflammatory cytokine release and inflammasome activation 

(247,249). The effects of the downregulation of CR3 and Dectin-1 expression 

seen in our study i.e. reduced fungal killing, look to emulate those that would 

occur in Dectin-1-CR3 deficiency. 

There have been few established links between antibiotic treatment and 

downregulation of PRR expression. Ciprofloxacin has been shown to 

suppress TLR-4 expression, a key player in the anti-Candida response, 

ultimately resulting in decreased TNF-a production (250) and predisposition 
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to invasive C. albicans infection (251), suggesting a defect in phagocytosis or 

fungal killing is present, although this has not been investigated further.   

 

4.7 IL-1b downregulation  

IL-1b is a key proinflammatory cytokine in C. albicans infection, whereby it 

promotes neutrophil chemotaxis, activation and differentiation and IL-17 

release, sculpting the formation of the Th17 response, which is key for 

antifungal immunity, especially at mucosal surfaces (252). In this study, IL-1b 

was shown to be downregulated by vancomycin, both in the presence and 

absence of infection. Through their actions on cytokine expression, 

antibiotics, such as ciprofloxacin and quinolones, have been demonstrated to 

have a disproportionately large effect on regulation of the antifungal immune 

response, as they acts on regulatory pathways that are common to multiple 

cytokines (253).  

Activation of both CR3 and Dectin-1 coordinates the caspase-1 dependent 

activation of the NLRP3 inflammasome in response to b-glucan, and 

subsequent cleavage of pro-IL-1b into its active form (190,249,254,255), and 

so the decreased expression of CR3 and Dectin-1 may lead to the decrease 

in IL-1b production seen in our experiments. The perturbation of IL-1b 

expression due to vancomycin treatment is highly likely to be a downstream 

effect of the perturbation of PRR expression or mitochondrial membrane 

potential, but despite being a downstream effect it could still have a large 

effect on the control and prevention of infection and fungal killing. 

 

4.8 CXCR3 upregulation 
Another finding of this study was that vancomycin upregulated the expression 

of CXCR3 within macrophages. CXCR3 is a chemokine receptor for the 

proinflammatory chemokines CXCL9, CXCL10 and CXCL11, all of which 

have roles in phagocyte recruitment and chemotaxis (256). CXCR3 is 

expressed on a range of cell types, such as macrophages and T cells, 

whereby it mediates acute and chronic inflammatory phenotypes through its 
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effects on cell migration, activation, differentiation and effector function (256). 

Expression of CXCR3 is strongly upregulated during infection, induced by 

IFN-g release and the Th1 response (257), whereby it plays a key role in 

mucosal immunity (258). Expression of CXCR3 is highly regulated; an 

absence of expression, as seen in CXCR3-/- mice, is associated with 

increased dissemination of disease (259), whilst overexpression may result in 

mitochondrial dysfunction, accumulation of ROS, cytokine dysregulation and 

cell death (256). Our experiments demonstrated that vancomycin 

upregulated CXCR3 in the absence of infection, potentially resulting in an 

inflammatory phenotype and accounting for mitochondrial dysfunction and 

the defect in fungal killing. However, upregulation of CXCR3 by antibiotic 

treatment has not been observed in any other study to date.  

Through the further study and understanding of the antifungal immune 

response pathway, and the further investigation of the exact point(s) of the 

antifungal pathway that vancomycin affects, will we be able to classify this 

interaction and chain of events for certain.  

 

4.9 Limitations 
Currently, this research is only applicable to an in vitro murine macrophage 

model of candidiasis, making the application of these results to clinical 

scenarios limited. The effect of vancomycin on other immune cell subsets 

and on the immune response as a whole requires further investigation. As 

documented above, antibiotics with differing modes of action can cause the 

same off-target effects within cells, whilst mechanistically similar antibiotics 

can have wide ranging implications for different diseases, so the findings of 

this study and future studies should be considered on an antibiotic-specific 

and disease-specific basis.  A simplistic mechanism links these findings, that 

doesn’t account for the extensive crosstalk and signalling that occurs within 

the antifungal immune response. The further probing of the mechanisms 

behind these findings is limited by a severe lack of understanding of the 

signalling pathways that initiate and sustain the antifungal response, due to it 

receiving considerably less research than other areas of the immune system. 
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Further proposed research that will expand upon the findings of this study 

and apply them further can be found in Chapter 4. 

The findings of this study are summarised below (Figure 16): 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 16: A mechanistic representation of how vancomycin affects C. albicans killing by 
macrophages, based on the results of this study 
This study sought to determine the underlying mechanisms behind the reduced fungal killing of C. 
albicans by macrophages, when macrophage have been treated with vancomycin. This study 
found that vancomycin reduced the expression of Complement receptor 3 and Dectin-1 in 
macrophages, but phagocytic uptake was not affected (probably due to detection and induction of 
phagocytosis by other pattern recognition receptors). A decrease in mitochondrial membrane 
potential and IL-1β release was also induced by vancomycin, ultimately culminating in the reduced 
killing of C. albicans by macrophages. The order of events, and therefore whether reduced 
detection is responsible for the reduction in mitochondrial potential and cytokine release or vice 
versa is unknown, as is the effect of the reduction in mitochondrial membrane potential on TCA 
cycle function. Figure generated using Biorender software.  
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5. Concluding remarks 
Vancomycin has a detrimental effect on myeloid cells within the antifungal 

innate immune response, leading to a defect in C. albicans killing, signifying 

a wider defect in antifungal immunity may be mediated through long-term 

glycopeptide antibiotic administration. The effect of glycopeptide antibiotics 

on the innate immune response needs prudent evaluation and is of the 

greatest importance, especially within immunocompromised populations who 

are already at increased risk of opportunistic bacterial and fungal infection 

and morbidity. This study explores the mechanisms underlying glycopeptide 

antibiotic-mediated susceptibility to lethal Candida infection, with the aim of 

shaping antibiotic stewardship and improving clinical practice. It found that 

vancomycin causes a defect in macrophage killing of the fungus C. albicans, 

and that this was likely due to a combination of the downregulation of pattern 

recognition receptor expression leading to altered signalling, culminating in 

the decrease in mitochondrial membrane potential and IL-1b expression. The 

treatment of infectious disease is likely to shift within the coming years due to 

the loss of current treatments to antimicrobial resistance. The improved 

usage of current antimicrobial therapies, combined with a better 

understanding of their effects on the immune system to minimise infection in 

the first instance, represent the best approaches to treating infectious 

disease during the coming antimicrobial resistance crisis.  
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Abstract 

Bdellovibrio bacteriovorus is a Gram-negative predatory bacterium that 

invades and replicates within the periplasm of other Gram-negative bacteria, 

killing them in the process. Despite decades of research, some of the 

underlying mechanisms behind the complex, multi-enzymatic predation 

process, and the cell-wall targeted enzymes that facilitate this, are still 

unknown. The improved understanding of the B. bacteriovorus predatory 

lifecycle will aid its potential as a treatment for antibiotic resistant pathogen-

mediated disease in future, either as a “living antibiotic” or through the use of 

components of its predatory cycle as enzybiotics, forming a potential solution 

to the impending antimicrobial resistance crisis.  

Previous work within the Sockett laboratory has revealed the presence of an 

active predatory vesicle deposited within prey during predation. However, the 

origin, function and components of this predatory vesicle remain unknown 

(and are being actively researched within the lab). In this project, 

bioinformatic techniques and molecular cloning were utilised alongside 

microscopy to fluorescently tag three of the proteins predicted by proteomics 

to be contained within this vesicle, with the aim of studying their distribution 

throughout the predatory cycle and assigning a function to them. It was 

discovered that Bd2439, a previously predicted cell wall anchor family 

protein, exhibited a dynamic localisation throughout the predatory cycle 

whereby it initially was distributed at both poles within attack phase B. 

bacteriovorus and subsequently was lost at one. It also co-localised with 

CpoB, a known vesicle component and penicillin binding protein modulator, 

supporting its role in incorporation into the predator cell outer membrane 

compartment for prey cell engagement, or a role in attachment of a vesicle 

within the predatory cell.  

Contrastingly, Bd1815 and Bd2754, two hypothetical, unannotated proteins, 

were predicted to be porin-like in function, suggesting they play roles in 

macromolecule transport or nutrient acquisition during predation, with both 

exhibiting diffuse distributions within attack phase predatory cells. 
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Additionally, Bd2754 but not Bd1815 was found to be compartmentalised in a 

vesicle location being deposited on cellular debris post-predation within the 

predatory vesicle. These data further aid the ascription of a function to some 

of the components of the novel predatory vesicle. Further work will aim to 

further confirm the function of these proteins and apply these findings to the 

wider context of their role throughout predation.  
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1.0 Introduction 

1.1 Overview  

Bdellovibrio bacteriovorus is a small (0.3 µm x 1 µm), vibroid shaped, Gram-

negative delta proteobacterium found in the environment within soil and 

water, where it swims around using a single polar flagellum, randomly 

colliding with and preying upon other Gram-negative bacteria (260).   

The genome of B. bacteriovorus is disproportionately large for its predatory 

lifestyle (261). The genome is devoid of repeat elements, which would add a 

strong potential for diversity within the genome, and analysis of codon usage 

suggests that minimal levels of horizontal gene transfer have occurred 

recently (262), compared to the large amounts of horizontal gene transfer 

that previously occurred and heavily shaped the early evolution of B. 

bacteriovorus predation (263). This indicates that B. bacteriovorus has a core 

genome that whilst devoid of recent variation, encodes a wide array of 

enzymes and components vital for its highly complex predatory lifestyle 

(264). However, the genome of B. bacteriovorus is poorly annotated 

compared to the genomes of other bacteria, with only 55% of the predicted 

proteins having a homology-assigned function, making the study of these 

novel proteins more complex (265). It is this arsenal of hydrolytic enzymes 

and novel proteins that has great potential in aiding the treatment of 

infectious disease, owing to the need for alternative novel therapies to 

combat Gram-negative mediated infections. 

 

1.2 Clinical significance 
As outlined in Chapter 1, there is a desperate and urgent need to find new 

treatment options for infectious disease, especially those caused by the 

ESKAPE pathogens (where all except S. aureus are Gram-negative) owing 

to them causing a significant threat to human health (28,266), especially 

within a healthcare setting (267). Due to their minimally immunogenic nature 

(see Chapter 1: section 2.3.1.1), their ability to co-evolve alongside prey to 

limit resistance formation (268), the scope to modify B. bacteriovorus to 
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prevent it using nutrients from external sources such as those in wounds or 

serum (269) and their capability to work alongside the host immune system in 

the eradication of infection (see Chapter 1: section 2.3.1.1) (120), B. 

bacteriovorus represent one potential alternative therapy for the treatment of 

diseases caused by these organisms. 

As with all strategies to combat infection, there is a need to be mindful about 

resistance developing to treatment. The likelihood of resistance to B. 

bacteriovorus predation forming is reduced by the ability of B. bacteriovorus 

to co-evolve alongside pathogens (268), and the targeting of several 

components of the prey bacterium simultaneously during predation rather 

than a single component. Studies of the transcriptional responses of prey 

during the early stages of predation also showed an absence of phage 

resistance gene expression, giving further support against the potential of 

resistance formation to this approach (270).  

1.3 The lifecycle of B. bacteriovorus 

1.3.1 Host independent lifecycle 

B. bacteriovorus has two distinct lifestyles, a host-dependent, predatory 

lifestyle and a mutation-driven host independent lifestyle (Figure 17) (271). A 

host independent lifecycle occurs due to a rare, mutation driven reversible 

phenotypic switch, where growth mirrors that of the intraperiplasmic growth 

within prey (271,272). This mutation, contained within the HIT (host 

interaction) locus was shown to occur in bd0108, a gene responsible for type 

4 pilus retraction regulation. Knockout mutant strains show reduced pilus 

extrusion, with this pilus extrusion believed to be normally acting as a cue to 

switch on the predatory genome, thus leaving an altered genome expression 

state in its absence (271). However, it is the predatory lifecycle of B. 

bacteriovorus that is of great interest to scientists for the infectious disease 

treatment.  
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1.3.2 Predatory lifecycle 
The predatory lifecycle of B. bacteriovorus can be divided into distinct 

phases; attachment, invasion, prey rounding, replication and cell lysis.  

1.3.2.1 Attachment 

Attachment is initiated when the highly motile, non-replicative attack phase B. 

bacteriovorus is chemotactically guided towards regions of high prey 

abundance via flagellar-mediated motility (in liquid) or gliding motility (in 

biofilms) (273,274). B. bacteriovorus’s single, polar, membrane-sheathed 

flagellum has been shown to be  

 

 

 

 

 

 

 

Figure 17: Schematic of the host dependent and host independent lifestyles of B. bacteriovorus. 
Host dependent: Highly motile attack phase B. bacteriovorus cells randomly collide with Gram-negative 
prey whereby they attach and enter the prey cell through the use of peptidoglycan-modifying enzymes. 
Upon entry, B. bacteriovorus further modifies the prey cell to form a rounded, osmotically stable bdelloplast 
whereby it can uptake nutrients and grow into a long filament. Upon nutrient exhaustion, the filament 
septates to form progeny attack phase cells that are then released upon prey lysis to invade further prey. 
Host independent: B. bacteriovorus may also undergo a rare, mutation driven host independent lifestyle 
whereby it grows in a slower, non-predatory manner. Figure taken from (Sockett, 2009). 

Host independent Host dependent 
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of great importance for its predatory capabilities, where it aids prey 

encounters early on in the predatory cycle by facilitating random collision and 

subsequent binding to prey cells. Despite facilitating the collision and 

subsequent binding of B. bacteriovorus to prey cells, the flagellum is not 

essential for prey entry and invasion (143). Instead, the active adhesion of B. 

bacteriovorus to prey is thought to be facilitated by multiple pili, protein 

structures that have previously been shown to be important for protein 

secretion, adherence, DNA uptake and twitching motility in other bacteria 

(275). Attachment is thought to be facilitated by a Type 4 pilus and further 

accessory pili, encoded for by the HIT locus, whereby a cell wall associated 

protein pilus, encoded by bd0109, binds to cellulose within the prey cell wall 

(276). Upon collision with a prey cell, B. bacteriovorus either aborts 

attachment and detaches itself, or it binds in a more permanent manner 

using further pili and retracting its Type 4 binding pilus, ultimately bringing the 

membranes of the two bacteria into contact and prompting prey invasion 

(261,272).  

 

1.3.2.2 Invasion  

After attachment to prey, the next barrier to invasion is the bacterial cell wall. 

As mentioned in Chapter 1: section 1.1.2.1, the bacterial cell wall is 

comprised of peptidoglycan monomers, highly crosslinked together to form a 

strong, dynamically remodelled structure that is vital for cell shape and 

osmotic stability (3). The bacterial cell wall is indispensable for bacterial cell 

viability and is one of the first points of contact with the environment (second 

only to the outer membrane), making peptidoglycan of great interest and 

importance in the B. bacteriovorus predatory cycle also (3).  

To cross the cell wall and invade the prey cell, B. bacteriovorus releases a 

series of hydrolytic enzymes including bd0816 and bd3459 encoded D, D 

endopeptidases (amongst others) that hydrolyse higher order (3, 4) D-Ala, D-

Ala peptide crosslinks within peptidoglycan (see Chapter 1: section 1.1.2.1), 

weakening and decrosslinking the prey cell wall to allow for entry by a yet 

undetermined mechanism (110). As B. bacteriovorus enters the periplasm of 



 
 

102 

the prey cell, the flagellum is thought to detach and flagellar induced motility 

ceases (277). Shortly after entry B. bacteriovorus uses another subset of 

peptidoglycan modification enzymes, encoded by bd0886 and bd1176, to 

remodel the prey peptidoglycan and cytoplasmic membrane through D, D 

endopeptidase-mediated modification and to alternatively re-crosslink the 

prey peptidoglycan, a process believed to be mediated by L, D 

transpeptidases but is yet to be shown (278,279). B. bacteriovorus then 

reseals the entry pore through a yet to be determined mechanism (actively 

researched within the Sockett lab) resulting in the formation of an osmotically 

stable bdelloplast (278,280,281). Modification also prevents the entry of a 

second B. bacteriovorus cell preventing wasteful secondary predation and 

ensuring a so called ‘private dining’ scenario. 20 minutes after predator entry, 

electron transport across the inner membrane of the prey cell ceases and the 

prey cell is killed (280).  

1.3.2.3 Intraperiplasmic growth  

Intraperiplasmic growth then begins, wherein DNA replication and cellular 

biogenesis occurs. Early on in the growth phase, B. bacteriovorus uses 

GlcNac and NAG deacetylases encoded by bd0468 and bd3279 respectively, 

to mark the prey cell wall for degradation (282). It also uses further 

deacetylase enzymes to temporarily make the bdelloplast peptidoglycan 

lysozyme resistant, to prevent premature lysis (283). To facilitate the nutrient 

uptake required for intraperiplasmic growth, B. bacteriovorus expresses an 

array of transmembrane uptake proteins and porins once it has entered the 

prey cell e.g. ATP binding cassette proteins and transporters belonging to the 

major facilitator superfamily. These uptake proteins allow for the uptake of 

nutrients across the prey cytoplasmic membrane and the B. bacteriovorus 

inner and outer membranes (284).  

As mentioned in Chapter 1: section 2.3.1.2.2, B. bacteriovorus is highly 

efficient in its use of prey resources for intraperiplasmic growth, using as 

much of the prey resources by as energetically inexpensive means as 

possible. B. bacteriovorus degrades DNA and RNA once it enters the 

bdelloplast, incorporating the nucleic acids directly into its own genome 
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(144,145) and using fatty acids for membrane synthesis (285). The uptake 

and integration of LPS and prey outer membrane proteins has also been 

described whereby OmpF, and to a lesser preference OmpC of E. coli, are 

incorporated into the bdelloplast membrane (286,287). These porins are 

crucial for nutrient acquisition but may also play other roles in the predation 

process. Upon nutrient exhaustion, synchronous septation of the B. 

bacteriovorus filament occurs creating odd or even numbers of progeny 

dependent on the amount of nutrients that were present in the prey cell, 

ending with flagellum biosynthesis (288). The bdelloplast peptidoglycan is 

then partially digested by an unknown acetylation sensitive mechanism to 

form discrete pores in the bdelloplast membrane, facilitating the release of 

progeny attack phase cells which subsequently go on to invade further prey 

cells  (282,283,289).  

 

1.3.3 Unknowns 
Despite decades of research into the predatory lifecycle of B. bacteriovorus, 

many questions still remain regarding the underlying mechanisms of the 

predatory lifecycle. Such questions include: What mechanism is responsible 

for the resealing of the porthole after predator entry? What are the next steps 

after pili binding and retraction that result in invasion? What happens to the 

flagellum after entry into the prey cell?  

Whilst actively researching the answers to these questions, it was discovered 

that a vesicle of unknown composition or function forms at the predator-prey 

interface shortly after prey invasion, and subsequently persists throughout 

the predatory cycle (290). These vesicles were subsequently shown to be 

deposited within the prey during the predation process and persist after prey 

lysis attached to cellular debris (291).  The contents of these vesicles and the 

mechanism through which they originate and pinch off from the predator’s 

inner membrane, outer membrane or cell wall are also unknown and are 

being actively researched within the lab.  

One potential indication of vesicle content and function is provided through 

the association of this vesicle with the PBP activity modulator CpoB 
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(Bd0635). Association with CpoB may suggest that the vesicle is synthesised 

upon entry into prey via CpoB-mediated modulation of prey PBPs, which is 

supported by the dynamic localisation of CpoB throughout the predation 

process, suggesting that some synthesis of membranes, and therefore 

vesicles, may be possible (291).  The underlying mechanisms of how and 

where this vesicle is synthesised (i.e. at what position within the predator cell) 

is currently under investigation.  

An alternative explanation for the source of the vesicle may be from the outer 

membrane sheath of the flagellum of B. bacteriovorus, that is thought to be 

partially shed upon prey entry (273,283). The flagellum is encoded by 6 

clusters of flagellar synthesis and motility genes, fliC1-6, each of which plays 

a different role in flagellar structure (143,273). The expression of flagellins is 

highly variable throughout the predatory cycle, where during attack phase 

flagellin expression is highly upregulated facilitating motility and subsequent 

localisation and invasion of prey, and upon prey invasion, flagellin expression 

is greatly reduced as B. bacteriovorus is stationary and expends energy on 

biosynthesis and growth (143).  The vesicle may emanate at the flagellar 

pole upon prey entry and so the flagellum may form part of the developing 

vesicle membrane. This is supported by the presence of flagellar basal motor 

proteins within the vesicle, that may be deposited within the vesicle when the 

flagellum tip is shed, whereby its membrane may form part of the vesicle 

membrane (Pratik Jagtap, personal communication). This flagellum-derived 

vesicle may then play a role in sealing the porthole in the prey cell membrane 

after predator entry.  

It is known that CpoB is able to modulate the activity of penicillin binding 

proteins within non-predatory bacteria to aid the dynamic modification of 

peptidoglycan within bacterial cell walls to facilitate growth and to constrict 

the outer membrane during division, whereby it co-ordinates the activity of 

PBP1 based on the activation state of the Tol protein (292). Extensive cell 

wall remodelling occurs within both B. bacteriovorus and prey cell walls 

during the predation process, facilitating the entry and invasion of the prey 

cell. It is possible that CpoB may aid this cell wall modification and facilitate 

invasion and prey killing, making any genes associated with CpoB of great 
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interest in the search for novel antimicrobial approaches. The fluorescent 

tagging of penicillin binding proteins with mCherry tags proves lethal owing to 

defective cell wall formation and subsequent lysis, making the investigation of 

CpoB’s role within the predation process difficult (290). However, isolation of 

CpoB associated vesicles indicated further proteins of interest that were 

present within the vesicle, of which many had unknown functions. The genes 

at the centre of this study are a subset of genes predicted via protein analysis 

to be present and expressed within these vesicles, identified through vesicle 

enrichment preparations.  

 

1.4 Research aims 
Although invasion of bacterial prey is natural, efficient and rapid, it is a 

complex process and only some of the cell wall activities that facilitate 

attachment, invasion and predation are known. For my second rotation at the 

University of Nottingham, I joined researchers examining the membrane 

dynamics during invasion.  

Previous studies have successfully visualised the dynamic localisation of 

CpoB throughout the predation process via the addition of a fluorescent 

mCherry tag and subsequent microscopy (291).  

To investigate the roles of these vesicle-associated proteins within the B. 

bacteriovorus predatory cycle, this study aims to emulate this approach and 

fluorescently C-terminally tag a subset of these vesicle-associated genes 

with an mNeon tag.   

This will allow for the visualisation of the dynamic localisation of these 

proteins to be seen via microscopy throughout the whole predation process.  

The further understanding of the roles of these proteins within the predation 

process may provide us with potential candidates for novel antimicrobial 

therapies or may aid the tailoring of B. bacteriovorus for the use as a 

potential ‘living’ antibiotic in the future treatment of infectious disease.   
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2. Materials and methods 

2.1 Bacterial strain culture and maintenance 

Escherichia coli DH5a and S17-1 for gene cloning and prey purposes were 

cultured in YT broth (5 g/l Difco yeast extract, 8 g/l Difco tryptone, 5 g/l NaCl, 

pH 7.5), at 37°C, 200 rpm for 18-24 hours, or on YT agar (YT broth 

composition plus 10 g/l agar (Sigma)) at 37°C overnight. To provide selection 

for plasmid constructs, 50 µg/ml of kanamycin sulphate was added to media 

when needed.  

Bdellovibrio bacteriovorus wild type strain HD100 was cultured in 10 ml 

Ca/HEPES (0.295 g/l CaCl2.2H2O, 5.94 g/l HEPES free acid, pH 7.6) 

containing 600 µl E. coli S17-1 prey (grown in YT broth at 29°C for 24 hours 

prior to use) and an inoculum of 200 µl of an overnight (minimum 16 hours) 

culture grown in the same way previously (typically containing 9.5 x107 

plaque forming units/ml). Alternatively, B. bacteriovorus was cultured on 

YPSC overlay plates (0.25 g/l MgSO4, 0.5 g/l NaOAc, 1 g/l broadbean 

peptone, 1 g/l yeast extract, 0.25 g/l CaCl22H2O, pH 7.6 with 10 g/l agar 

(YPSC-bottom plates) or 6 g/l agar (YPSC-top agar plates) at 29°C until 

plaques appeared. To provide selection for plasmid constructs, 50 µg/ml of 

kanamycin sulphate was added to media when needed.   

Full details of the strains and primers used in this study can be found in 

Appendix: Supplementary Table 3 & 4 respectively.  

2.2 Construction of mNeon fusion strains  

To study the localisation of the proteins encoded by these genes during the 

predatory cycle, fluorescently tagged genes were required. To do this the B. 

bacteriovorus genes bd1815, bd2439 and bd2754 were cloned into a 

pk18mobsacB suicide vector plasmid (293) in combination with an mNeon 

gene being added at the 3’ end, via NEB Gibson assembly using the primers 

detailed in Appendix: Supplementary Table 3.  The plasmid was introduced 

into the B. bacteriovorus genome by homologous recombination in a single 
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crossover event generating a genome containing an mNeon C-terminally 

tagged gene that will fluoresce within the cytoplasm of the cell (271).  

 

2.2.1 Primer design 

Primers for Gibson assembly were designed to encompass our gene 

of interest plus 600 bp of flanking region to facilitate recombination of 

our gene into the genome (a minimum of 1 kb is sufficient to allow for 

crossover into the genome). Full details of primer sequences can be 

found in Appendix: Supplementary Table 5. 

2.2.2 PCR amplification of DNA fragments for Gibson Assembly 

To generate mNeon tagged genes, DNA fragments containing our 

gene of interest and the mNeon tag were amplified via PCR. PCR 

reactions (100 µl total volume) were comprised of 0.5 µl each of 

forward and reverse primers (100 µM stock), 2 µl of 100 µM dNTPs 

(VWR Life Science), 20 µl of 5 x Q solution, 1 µl of Phusion 

polymerase (Thermo Scientific), 20 µl of 5 x Phusion High Fidelity 

buffer, 1 µl of DNA template and 55 µl of ultrapure Analar water. PCR 

reactions were then incubated under the following thermocycling 

conditions: Initial denaturation at 98°C for 3 minutes, annealing at 

60°C for 30 seconds and subsequent extension at 72°C for 4.5 

minutes for 30 cycles and final extension at 72°C for 5 minutes. This 

100 µl PCR reaction was then ran on an agarose gel (0.8% agarose, 

10.8 g/L Tris, 5.48 g/L Boric Acid and 0.6% 0.375 M Na2EDTA) 

measured against a 1 kb ladder (NEB) at 100 V for 1 hour and then 

bands were visualised under UV light, their correct size confirmed and 

then excised from gel under UV light visualisation.  

2.2.3 Gibson Assembly  

PCR products were extracted and purified from gel slices using the 

GenElute Gel Extraction Kit in accordance with manufacturer’s 
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instructions (Sigma). DNA fragments were cloned into the vector 

pK18mobsacB (digested with EcoRI and HindIII) using the NEBuilder 

HiFi DNA Assembly Kit (NEB) at a ratio of 7:1 and incubated at 50°C 

for 1 hour to promote assembly. 

2.2.4 Plasmid verification  

To verify that the plasmid contained the correct gene fragments, 2 µl 

of product from the Gibson Assembly was transformed into 50 µl of 

chemically competent E. coli DH5a cells as per manufacturer’s 

instructions (NEB). Through a blue-white selection approach, 

successfully transformed colonies containing our plasmid of interest 

were isolated (appearing white on YT agar plates containing 50 µg/ml 

kanamycin sulphate, 40 µg/ml X-Gal and 40 µg/ml IPTG). These 

colonies were further screened via restriction digest of the isolated 

plasmid, followed by transformation of Sigma preparations of validated 

plasmids into 200 µl of chemically competent E. coli S17-1 cells and 

further restriction digests on the re-isolated plasmids. Further details 

regarding the restriction enzymes used for these digests and the 

resulting fragment sizes can be found in Appendix: Supplementary 

Table 6.  

Plasmids were further verified by sequencing whereby genomic DNA 

from B. bacteriovorus containing either bd1815mNeon, bd2439mNeon 

or bd2754mNeon were amplified using the screening primers listed in 

Appendix: Supplementary Table 5 to amplify the fragment of plasmid 

containing our gene of interest and the mNeon fragment via PCR. 

Screening primers were designed to bind 100 bp upstream of the start 

of the gene of interest and 100 bp downstream of the end of the 

mNeon gene. The PCR product was purified through gel extraction 

and sent for sequencing (Source Bioscience).  
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2.2.5 Conjugation into B. bacteriovorus HD100  

To conjugate the plasmid constructs into B. bacteriovorus HD100 wild 

type and obtain a single crossover integrant of the tagged gene into 

the genome, 10 ml of E. coli S17-1 containing the construct and 10 ml 

of wild-type B. bacteriovorus HD100 lysate were centrifuged at 5100 

rpm for 10 minutes and resuspended either in residual supernatant (B. 

bacteriovorus) or 50 µl YT broth (E.coli S17-1) and applied to a 

nitrocellulose membrane secured on a SPY agar plate (10 g/l 

broadbean peptone, 3 g/l Difco yeast extract, 10 g/l Sigma select agar, 

pH adjusted to 6.8). SPY plates were incubated at 29°C overnight 

before being resuspended in 1 ml Ca/HEPES and spread onto YPSC 

overlay plates (comprised of YPSC bottom plates and YPSC top 

plates containing 150 µl E. coli S17-1 pZMR100 prey per 5 ml YPSC 

top). Overlay plates were incubated at 29°C until plaques appeared 

(approximately 5 days) after which plaques were picked into 2 ml of 

predatory cultures containing E. coli prey and cultured for 48 hours 

before being validated via microscopy where fluorescence was 

indicative of successful conjugation.  Alternatively, the fluorescently 

tagged genes were conjugated into a B. bacteriovorus HD100 strain 

containing a double crossover integrated mCherry-tagged CpoB 

(Bd0635) gene in the same way as above (Sockett lab, unpublished; 

Capeness et al., 2013).  

2.3 Microscopy and image analysis for bacteria  

Microscopy was carried out on a Nikon Eclipse Ti-E inverted 

fluorescence microscope equipped with a 100 x Phase 3 objective 

lens using phase contrast (exposure: 100 ms), the GFP channel 

(Exposure: 20 s, Gain: 1, Excitation: 400-440 nm, Emission: >470 

nm), used to detect mNeon fluorescence, and the mCherry channel 

(Exposure: 10 s, Gain: 1, Excitation: 550-600 nm, Emission 610-665 

nm), used to detect mCherry fluorescence.  
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2.3.1 Distribution of fluorescently tagged proteins during attack phase 

Initially, predatory cultures that had been incubated overnight 

(containing attack phase B. bacteriovorus only as all prey cells had 

been preyed upon and lysed) were immobilised on a bed of 

Ca/HEPES containing 1% agarose and mounted on glass slides. 10 

fields of view (each field containing at least 50 bacteria) were imaged, 

for three independent predatory cultures, for each of our three genes 

of interest. Images were processed using the MicrobeJ plugin (294) on 

ImageJ to determine where fluorescence and therefore protein 

localisation occurs within attack phase cells, from which heatmaps 

were generated.  

2.3.2 Synchronous predation timecourse 

To determine the location and chronology of fluorescently tagged 

protein expression during the predatory cycle, exconjugant B. 

bacteriovorus containing the constructs of interest were observed via 

fluorescence microscopy. Synchronous predation of E. coli S17-1 

PZMR100 prey by B. bacteriovorus HD100 (± CpoBmCherry) were set 

up by combining a 10x concentrated B. bacteriovorus predatory 

culture with E. coli S17-1 (standardised to an OD600 of 1) and 

Ca/HEPES at a ratio of 5:4:3 respectively. 10 µl samples were then 

taken at 0 hour, 15 minute, 30 minute, 45 minute, 1 hour, 2 hour, 3 

hour and 4 hour timepoints and immobilised in a bed of Ca/HEPES 

containing 1% agarose and mounted on glass slides.  

Due to time constraints, a single time-course experiment was 

conducted for each gene whereby 10 fields of view were taken for 

each timepoint to characterise all stages of predation. ImageJ was 

then used to select and process representative images for each gene 

of interest at each stage throughout the predatory cycle. Selections 

from images at each stage of predation (100 pixels by 100 pixels) 

were selected from in focus regions and images of individual channels 

were generated i.e. phase, GFP only, mCherry only, colour merge 
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(GFP & mCherry) and merge (all channels) for each stage. Images 

were then processed using 1 smooth and 1 sharpen filter and scale 

bars were overlaid onto each image. Panels for each time-course 

were then constructed. 

Images were taken using Nikon NIS software and analysed using 

ImageJ software.  

2.4 Statistical analysis  
Due to the qualitative nature of the data within this study, combined with only 

single biological repeats for the time-course experiments (due to time 

limitations), it was deemed that statistical analysis of the data generated by 

this study was not appropriate.  
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3. Results 

3.1 Bioinformatic analysis 
Bd1815 is a predicted gene product 179 amino acids in length with a 

predicted molecular weight of 19 kDa. Bd2754 is a predicted gene product 

173 amino acids in length with a predicted molecular weight of 18.7 kDa. 

Both gene products have not been previously studied and do not have an 

ascribed function and so they are classed as hypothetical proteins. Bd2439 is 

a predicted gene product 1107 amino acids in length with a predicted 

molecular weight of 112 kDa that is predicted by GenBank to be an 

uncharacterised cell wall surface anchor family protein due to it containing a 

cell wall surface anchor family domain.  

 

3.1.1 Protein homology 
An initial search for homologues of these proteins, with the aim of elucidating 

on a possible function through the comparison to proteins present in other 

bacterial species, gave few results. Bd2754 has homologues, each of which 

is present as a single copy, within the laboratory strains of invasive B. 

bacteriovorus HD100 and 109J and within the environmental invasive strain 

B. bacteriovorus strain Tiberius, all of which were classed as hypothetical 

proteins, but not within other Bdellovibrio bacteria outside of this species or 

within other bacteria in general (BLAST). Bd1815 also has hypothetical 

protein homologues within invasive B. bacteriovorus HD100 and 109J strains 

including one partial homologue that was annotated as a NAD-dependent 

epimerase/dehydratase (an energy providing domain for cellular processes) 

(BLAST). Bd2439 had homologues within B. bacteriovorus and B. 

bacteriovorus Tiberius, most of which were characterised as hypothetical 

proteins. A small number of homologues were identified as cell wall anchor 

family proteins and tail fibre domain containing proteins, both of which had 

S74 peptidase domains predicted within their structures, but had no further 

annotation or analysis carried out on them. All three proteins lack genomic 

homologues outside of the species, making determination of protein function 

more challenging.  
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3.1.2 Domain prediction 
We can begin to assign a role to these proteins by studying where and when 

they localise within cells and how this varies based on the predatory activities 

of the cell, especially whether this differs between attack phase, invasion, 

pore resealing and exit within B. bacteriovorus. To determine where and 

when these proteins may localise both within the B. bacteriovorus cell, and 

outside of B. bacteriovorus, inside the prey cell, the amino acid sequences of 

Bd1815, Bd2439 and Bd2754 were screened against the SignalP 4.0 

database (295), a program that predicts the presence of signal peptides. The 

presence of a signal peptide within the protein sequences would indicate that 

the protein may be translocated over the cytoplasmic membrane and so 

would localise within the periplasm of the B. bacteriovorus cell, or be 

translocated across the predator outer membrane and localise within the prey 

periplasm, or outside of the prey cell altogether. However, there is insufficient 

information to comment on this further potential translocation using 

bioinformatic analysis. SignalP 4.0 analysis predicted the presence of a 

signal peptide within the N-terminus of Bd1815 and Bd2439, indicating it may 

be trafficked across the cytoplasmic membrane into the periplasm, possibly 

via the Sec-dependent secretion system (Appendix: Supplementary Figure 

3C). SignalP 4.0 did not detect the presence of a signal peptide within the 

amino acid sequence of Bd2754 (Appendix: Supplementary Figure 3C). This 

contradicts with my preliminary investigations of Bd2754 on the UniProt 

database that suggests a signal peptide is present at the N-terminus of 

Bd2754 (predicted by the positive outcome of at least 2 of the following 

analyses: Phobius, Predotar, SignalP and TargetP).  

The protein sequences of Bd1815, Bd2754 and Bd2439 were also screened 

against the Pfam database, a database the predicts the presence of known 

domains within the protein structure (296). This also confirmed the prediction 

of signal peptides at the N-terminus of all three of these proteins, as well as 

predicting a small number of regions of disorder or low complexity, and so 

failed to highlight any further recognisable domains within the protein 

structure that could suggest a potential known function of these proteins 

(Appendix: Supplementary Figure 3A). As these genes are unique to 
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predatory bacteria, and domain characterisation by PFam is based on 

known, well studied bacteria (of which B. bacteriovorus is not), this explains 

the lack of domain identification within our proteins. Screening of these 

protein sequences in the KEGG database also suggested the presence of a 

pilin domain in the middle of the Bd2439 protein and an outer membrane 

protein beta barrel domain in Bd2754, that may also aid the assignment of a 

function to these proteins (Appendix: Supplementary Figure 3B) (KEGG). 

 

3.1.3 Structural analysis  
The structure of all three of these proteins remains unknown. To get an 

approximate impression of their structure, amino acid sequences were 

screened against the ITASSER server, a coalition of multiple structural 

databases combined into one predicted structural output (297). Initial 

secondary structure analysis of Bd1815 and Bd2754 reveals large areas of 

coils and some minor helical regions within the secondary structure, although 

no further recognisable domains were detected (ITASSER, JPRED, PHYRE). 

Both proteins also contain a large number of buried, minimally accessible 

residues, supporting the idea of a highly coiled, barrel like structure 

(ITASSER). Bd2754 was also seen to share some structural homology to the 

E. coli outer membrane proteins OmpA (PBD: 1BXW) (Tm score 0.75, where 

1 is a perfect match) and OmpW (PDB:2FLT) (Tm score 0.763) (Figure 18B), 

and to Neisseria surface protein A (NspA) (PDB: 1P4T) (Tm score 0.750) 

(ITASSER), whilst Bd1815 had a good alignment with the E. coli outer 

membrane proteins OmpA (PDB: 1BXW) (TM score 0.681) (Figure 18A), 

Neisseria surface protein A (NspA) (PDB: 1P4T) (TM score 0.653),  E. coli 

OmpW (PDB:2F1T) (Tm score 0.646), and a variety of other P. aeruginosa 

outer membrane proteins OprH (PDB: 2LHF), OprF (PDB: 4RLC) and OprG 

(PDB: 2X27) (ITASSER). Initial secondary structure analysis of Bd2439 

revealed a more helical structure with large stretches of coiled regions 

bordered by a large number of highly buried residues, although no further 

recognisable domains were found (ITASSER, JPRED, PHYRE). Bd2439 

loosely aligned to Shigella flexneri serine protease SepA (PBD: 5J44) (Tm 

score 0.877) (Figure 18C), and the E. coli proteins haemoglobin binding 
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protease (PDB: 1WXR) (Tm score 0.800) and serine protease EspP (PDB: 

3SZE) (Tm score 0.705) but was shown to have very few structurally similar 

proteins otherwise (ITASSER). 

 

 

 

 

 

3.1.4 Sequence homology to closest structural homologues  
The tertiary structure of these proteins shows some homology to other non-

Bdellovibrio proteins. To determine how the secondary structures and amino 

acid sequences compare between our proteins and their closest structural 

homologues, further sequence threading and alignments were carried out. 

Protein sequences for Bd1815, Bd2754 and Bd2439 were screened using 

Promals3D, an alignment tool, alongside the protein sequences for the 

closest structural homologues found above, and a novel B. bacteriovorus 

porin CAE47737.1 (286). Bd1815 and OmpA showed a strong alignment 

initially, with few conserved individual amino acids but a strongly conserved 

consensus amino acid sequence and nature, which later breaks down owing 

to OmpA being twice the size of Bd1815. Bd1815 also shows a strong 

alignment to the B. bacteriovorus porin CAE47737.1, especially within the 

first 20 amino acids where the signal peptide is known to be encoded. This 

Figure 18: Structural alignments between Bd1815, Bd2754 and Bd2439 and their 
closest structural homologues 
Structural alignments between the 3D model of the predicted protein structure of A: Bd1815, 
B: Bd2754 and C: Bd2439 depicted as multicoloured threads, and their closest structural 
homologues E. coli OmpA (PDB: 1BXW), E. coli OmpW (PDB: 2FLT) and Shigella flexneri 
serine protease (SepA) (PDB: 5J44) respectively depicted as purple threads. Each alignment 
has template modelling scores of 0.681, 0.783 and 0.877 respectively, where 1 indicates an 
identical match. 3D models of each protein and their corresponding alignments were 
generated using the online server ITASSER (Zhang et al, 2008).  



 
 

116 

novel B. bacteriovorus porin also shows conserved consensus amino acid 

sequence with the E. coli porin OmpA suggesting that all three proteins have 

a highly conserved consensus amino acid sequence and secondary 

structure, but a dissimilar amino acid sequence (Appendix: Supplementary 

Figure 4). Bd2754 and OmpW showed a strong alignment throughout, 

despite there being few conserved amino acids, as the nature of the amino 

acids was highly similar. CAE47737.1 also showed strong conservation with 

Bd2754 and the E. coli porin OmpW, once again suggesting a similar 

secondary structure for all 3 proteins (Appendix: Supplementary Figure 5). 

On the other hand, the alignment between Bd2439 and SepA was 

considered poor. Whilst having individual conserved amino acids throughout 

the alignment, the sequences highly differed between Bd2439 and SepA and 

large regions of the sequence were omitted to make the alignment fit, 

suggesting that despite having similar predicted 3D structures, the two are 

highly dissimilar on a sequence level (Appendix: Supplementary Figure 6). 

This trend of similar secondary structure and nature but dissimilar amino acid 

sequence seen with Bd1815 and Bd2754 is further suggested by the 3D 

modelling of Bd2754 and Bd1815 against the E. coli OmpA porin (Gift from 

Dr Andrew Lovering, University of Birmingham). Comparison of the amino 

acid sequences of our genes of interest to OmpA shows very low similarity, 

but comparison of the nature of the amino acids reveals a similar structure, 

giving a highly similar arrangement of coils and helices (Dr Andrew Lovering, 

Personal Communication) (Appendix: Supplementary Figure 5). The 

alignment of both of these proteins with outer membrane proteins and porins 

from other bacterial species, combined with the further threading and 3D 

modelling of Bd1815 and Bd2754 to the E. coli porin OmpA is highly 

suggestive of these two proteins belonging to a class of porins. 

However, this contrasts with the poor sequence alignment with known porins 

from E. coli and B. bacteriovorus. OmpA and OmpW are regular porins 

present in the LPS of the well-studied bacterium E. coli, and so their amino 

acid sequence and biophysical properties will favour their localisation within 

the outer membrane LPS. Bd1815 and Bd2754, the predicted porins in this 

study, are hypothesised to be found in a novel vesicle structure made by an 
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atypical predatory bacterium B. bacteriovorus, which has an unknown 

composition and structure. Due to this, these novel B. bacteriovorus porins 

may have entirely different biophysical properties and amino acid sequences 

as they are found in an entirely different membranous environment, 

potentially explaining the lack of similarity between amino acid sequences of 

E. coli porins OmpA and OmpW and the predicted B. bacteriovorus porins 

Bd1815 and Bd2754, despite their highly similar, porin-indicative tertiary 

structure.  

Bd1815 and Bd2754 have a highly similar tertiary structure to known porins 

in E. coli and B. bacteriovorus. As true porins, Bd1815 and Bd2754 should be 

present in the outer membrane of the predator cell and should be exported 

from the cytoplasm of the cell where they are synthesised (supported by the 

presence of signal peptides encoded within their amino acid sequences and 

their diffuse distribution within attack phase cells where they may be present 

throughout the outer membrane). The signal sequence present within these 

two proteins is highly similar to the signal peptide present within novel OMPs 

found in B. bacteriovorus (study: Beck et al., 2004) which are highly similar in 

structure to the E. coli porins OmpA and OmpW, further confirming the 

likelihood that Bd1815 and Bd2754 are porins.  

 

3.2 Constructions of mNeon fusion strains and transfer into B. 
bacteriovorus 

To determine the chronology and localisation of protein expression, Bd1815, 

Bd2439 and Bd2754 were C-terminally tagged with a fluorescent mNeon tag. 

To generate mNeon tagged bd1815, bd2754 and bd2439 genes, DNA 

fragments containing our gene of interest and the mNeon tag were amplified 

via PCR using genomic DNA from B. bacteriovorus HD100 as a template for 

amplification of the gene fragments or the plasmid pAKF220 as a template 

for mNeon fragment amplification. These fragments were then ligated into the 

suicide vector pK18mobsacB via Gibson assembly (Figure 19A) and 

transformed into E. coli DH5a. Restriction digests were used to validate that 

the gene fragments had correctly integrated into the plasmid and that the 
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fusion of the gene with mNeon was successful. Sigma preparations of these 

plasmids were then transformed into E. coli S17-1, where they underwent 

further validatory restriction digests (Figure 19B) and, if correct, were then 

conjugated into B. bacteriovorus HD100 wildtype or B. bacteriovorus HD100 

containing an mCherry tagged CpoB gene (introduced via double crossover) 

(Sockett lab, unpublished) to generate single crossover integrant strains 

containing mNeon tagged fluorescent bd1815, bd2754 or bd2439 genes.  

To validate the identity of the plasmids generated in this study, genomic DNA 

was isolated from B. bacteriovorus HD100 strains containing bd1815mNeon, 

bd2754mNeon and bd2439mNeon genes and the region containing the gene 

of interest and mNeon fragment was amplified by PCR using the screening 

primers detailed in Appendix: Supplementary Table 5. This PCR product was 

purified by gel extraction and sequenced (Source Bioscience).  Further 

validation of correctly mNeon tagged proteins could be achieved through the 

purification of mNeon-tagged proteins through Western Blot using primary 

antibodies specific to the WT (untagged) protein and an mNeon-specific 

antibody, coupled to a secondary antibody e.g. goat-anti-rabbit that is linked 

to a horseradish peroxidase molecule. These purified proteins may then be 

run on an SDS page gel and compared to demonstrate the mNeon tagged 

gene is approximately 711 bases (the size of the mNeon protein) bigger than 

the WT protein.  
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Figure 19: Plasmid maps showing A: gene and fluorescent tag locations and B: restriction 
digests for bd1815, bd2754 and bd2439  
A: Three plasmids containing mNeon C-terminal tagged bd1815, bd2754 and bd2439 genes within a 
pk18mobsacB suicide vector. sacB encodes a levansucrase, an enzyme that converts sucrose into a 
toxic product. nptII represents a neomycin phosphotransferase that confers resistance to neomycin 
and kanamycin providing a selection pressure for generation of the above plasmids.  Arrows labelled 
with the suffix “_F/R” represent forward and reverse primers used for amplification of the gene 
fragment or the mNeon fragment. B: Representative restriction digests for each gene validating the 
identity and composition of the plasmid. Plasmids containing our mNeon tagged gene of interest were 
digested and ran against a 1 kb NEB ladder (Lanes 1 & 7). Plasmids were uncut (2), cut with NheI (3), 
cut with SacI (4), cut with BamHI-BglII (5) or cut with restriction enzymes where the restriction site was 
not present within the plasmid (6). Expected band sizes can be found in Appendix: Supplementary 
Table 6. 



 
 

120 

3.3 Characterisation of fluorescently tagged protein distribution during 
predation 
This study focused on the roles of three proteins, thought to be associated 

with a CpoB-containing vesicle that is deposited within the prey after 

predation, where both the proteins and the vesicle have unknown functions. 

The chronology and location of protein expression, and where they localise at 

certain stages of the predatory lifecycle can help the assignment of potential 

functions to some hypothetical proteins. In this study, the timing and 

localisation of these hypothesised vesicular proteins at different stages 

throughout the predatory cycle was visualised via the means of a fluorescent 

mNeon tag and subsequent microscopy.  

 

3.3.1 Determination of fluorescent protein distribution during attack 
phase  

To determine where these proteins localise within B. bacteriovorus, attack 

phase cells from predatory cultures were imaged via fluorescence 

microscopy and their fluorescence mapped on an artificially rod-shaped 

heatmap, aligned by cell polarity, using the ImageJ plug-in MicrobeJ (294). 

Within attack phase B. bacteriovorus, Bd1815 and Bd2754 were distributed 

diffusely throughout the cell, with distribution resembling that of an mCherry 

tagged Bd0064 PilZ protein, a known cytoplasmically distributed protein as it 

has no signal peptide present (Figure 20A) (Gift from Emma Banks, 

University of Nottingham). However, as Bd1815 and Bd2754 have signal 

peptides within their protein sequences, it is likely that they are studded into 

the outer membrane of the B. bacteriovorus attack phase cell, giving a diffuse 

distribution instead of being present in the cytoplasm. The distribution of 

Bd1815 and Bd2754 varies slightly, despite both showing diffuse 

distributions, due to their amino acid sequences varying and not showing 

high similarity suggesting they may localise slightly differently. Bd2439 

exhibited a bipolar distribution within attack phase cells (Figure 19A).  
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3.3.2 Determination of fluorescent protein distribution throughout 
predation 
We next sought to determine whether the distribution of these proteins varied 

throughout the course of the predatory cycle, as any change in localisation 

may aid the functional annotation of these proteins. To do this, fluorescent 

protein expression was visualised throughout the predation cycle, with 10 

fields of view being imaged at t0, 15 minute, 30 minute, 45 minute, 1 hour, 2 

hour, 3 hour and 4 hour timepoints within the CpoBmCherry containing B. 

bacteriovorus strain to simultaneously determine where the proteins localise 

throughout the predatory cycle and whether protein expression co-localises 

with CpoB expression, or within the WT B. bacteriovorus HD100 strain in the 

case of Bd1815 time-courses.  

Figure 20: Fluorescent distribution of Bd1815, Bd2754, Bd2439 and Bd0064 in attack phase 
B. bacteriovorus. 
The proteins Bd1815 and Bd2754 show a diffuse localization within attack phase B. bacteriovorus 
and show a similar localization pattern to Bd0064, a known cytoplasmically distributed protein, 
whereas the protein Bd2439 shows a bipolar distribution within attack phase cells. A: A minimum 
of 100 bacteria from each of at least 10 fields of view for each of three independent predations 
were analysed for GFP fluorescence (a proxy for expression of either bd1815mNeon, 
bd2754mNeon or bd2439mNeon) or for mCherry fluorescence (a proxy for bd0064mCherry 
expression) and the maxima/foci of fluorescence was visualized via heatmap using the MicrobeJ 
plugin of ImageJ (Ducret et al., 2016). B: Representative images of the distribution of Bd1815, 
Bd2754, Bd2439 and Bd0064. Scale bars represent 2 µM. Phase: Exposure 100 ms, GFP: 
excitation 400-440 nm, emission > 470 nm, Gain 1, exposure time 20 s. mCherry: excitation 550-
600 nm, emission 610-665 nm, Gain 1, exposure time 10 s.  
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Bd2439mNeon initially exhibits a bipolar distribution within attack phase cells 

(as previously shown in Figure 20) at t0. Upon attachment (t 15 minutes), 

Bd2439mNeon remains at the poles of the cell whilst CpoBmCherry remains 

diffusely distributed throughout the cytoplasm. During early entry (t 30 

minutes and 45 minutes), Bd2439mNeon remains at both poles, and co-

localises with CpoBmCherry at one pole. Later in intraperiplasmic growth (t 1 

hour and 2 hours), the second non-CpoBmCherry associated protein 

accumulation disappears, leaving Bd2439mNeon distributed at one pole and 

associated with CpoBmCherry within the growing filament. At 3 hours, late in 

intraperiplasmic growth, Bd2439mNeon becomes more diffusely distributed 

within the growing filament, as well as remaining highly localised at one pole 

and associated with CpoBmCherry. Finally, at 4 hours, prey lysis has 

occurred and the B. bacteriovorus filament has septated to form attack phase 

cells once more, all of which have a bipolar distribution of Bd2439mNeon 

(Figure 21). At 4 hours, Bd2439mNeon also co-localises with the 

CpoBmCherry-associated vesicles that are deposited on cellular debris post-

prey lysis, confirming their interaction further (Figures 21 and 25).   

In contrast, Figure 20 shows that Bd2754mNeon and Bd1815mNeon initially 

exhibit a diffuse distribution throughout the attack phase cell. Upon 

attachment and entry into the cell (t 15 minutes and 30 minutes), the 

fluorescence of Bd2754mNeon and Bd1815mNeon is occluded by the 

autofluorescence of the prey cell, making any judgement on where either 

protein localises throughout the duration of the predatory cycle impossible 

(Figure 22 and 23 respectively). After prey lysis, at 4 hours, Bd2754mNeon 

and Bd1815mNeon exhibit a diffuse distribution as before. Of note is the co-

localisation of Bd2754mNeon with CpoBmCherry within some vesicles 

deposited on cellular debris at the 4hr timepoint, suggesting that 

Bd2754mNeon may co-localise with CpoBmCherry at some point during the 

predatory cycle, and that this is obscured by the autofluorescence of the prey 

(Figure 22). The majority of these cellular-debris associated vesicles contain 

CpoBmCherry alone, suggesting 
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Bd2754mNeon is not present or has been degraded, but a portion of them do 

contain Bd2754mNeon co-localised with CpoBmCherry (Figure 26). 

Bd1815mNeon did not co-localise with any CpoBmCherry-associated 

vesicles after prey lysis (Figure 23).  

To determine how frequently Bd2439mNeon co-localised with CpoBmCherry 

later on in intraperiplasmic growth, when the second accumulation of 

Bd2439mNeon at the other pole had disappeared, bdelloplasts from each 

field of view at the 3 hour timepoint were characterised based on whether the 

foci indicating protein accumulation was green (indicating Bd2439mNeon 

localisation only), red (indicating CpoBmCherry localisation only) or yellow 

(indicating co-localisation of both Bd2439mNeon and CpoBmCherry) (Figure 

24A). The majority of Bd2439mNeon foci were co-localised with 

CpoBmCherry at 3 hours into predation (Figure 24B).  

 

 

 

 

Figure 21: Expression and co-localization of Bd2439mNeon with CpoBmCherry throughout 
the B. bacteriovorus predatory cycle. 
A: Representative images taken at t0, 15 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 3 hours 
and 4 hours of the expression of the fluorescent mNeon tagged protein Bd2439, within 
CpoBmCherry tagged B. bacteriovorus, preying upon E. coli S17-1 pZMR100 prey. Also shown is 
cellular debris after prey lysis associated with both Bd2439mNeon and CpoBmCherry. B: Close-up 
images of protein compartments at the 3 hour timepoint, i: within the bdelloplast showing co-
localisation of Bd2439mNeon and CpoBmCherry in a distinct compartment at the end of the 
growing B. bacteriovorus filament, and ii: vesicles present on cellular debris containing either 
Bd2439mNeon and CpoBmCherry together, or iii: in separate, distinct vesicles. At least 10 fields of 
view were taken for each timepoint. Phase: Exposure 100 ms. GFP: excitation 400-440 nm, 
emission > 470 nm, Gain 1, exposure time 20 s. mCherry: excitation 550-600 nm, emission 610-
665 nm, Gain 1, exposure time 10 s.  White scale bars represent 2 µM.  
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Figure 22: Expression and co-localization of Bd2754mNeon with CpoBmCherry 
throughout the B. bacteriovorus predatory cycle. 
A: Representative images taken at t0, 15 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 3 
hours and 4 hours of the expression of the fluorescent mNeon tagged protein Bd2754, within 
CpoBmCherry tagged B. bacteriovorus, preying upon E. coli S17-1 pZMR100 prey. Also shown 
is cellular debris after prey lysis associated with both Bd2754mNeon and CpoBmCherry. B: 
Close up images of vesicle-associated debris 4 hours into predation where red indicates 
association with CpoBmCherry and yellow indicates association with CpoBmCherry and 
Bd2754mNeon. At least 10 fields of view were taken for each timepoint. Phase: Exposure 100 
ms. GFP: excitation 400-440 nm, emission > 470 nm, Gain 1, exposure time 20 s. mCherry: 
excitation 550-600 nm, emission 610-665 nm, Gain 1, exposure time 10 s.  White scale bars 
represent 2 µM.  
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Figure 23: Expression and localization of Bd1815mNeon throughout the B. bacteriovorus 
predatory cycle. 
Representative images taken at t0, 15 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 3 hours 
and 4 hours of the expression of the fluorescent mNeon tagged protein Bd1815 within WT B. 
bacteriovorus preying upon E. coli S17-1 pZMR100 prey. Due to high levels of prey 
autofluorescence in the GFP channel, Bd1815mNeon fluorescence was occluded upon prey 
attachment and entry, making determination of the localisation and timing of Bd1815mNeon 
expression throughout the predation cycle undiscernible. At least 10 fields of view were taken for 
each timepoint. Phase: Exposure 100 ms. GFP: excitation 400-440 nm, emission > 470 nm, Gain 1, 
exposure time 20 s. White scale bars represent 2 µM.  
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Figure 24: Gallery of expression and co-localization of Bd2439mNeon with CpoBmCherry 
in bdelloplasts at the 3 hour timepoint of the B. bacteriovorus predatory cycle. 
A: Representative merge images of bdelloplasts taken at 3 hours into the predatory cycle 
visualizing the expression of the fluorescent mNeon tagged protein Bd2439 within CpoBmCherry 
tagged B. bacteriovorus preying upon E. coli S17-1 pZMR100 prey. Images taken from 10 fields 
of view. Phase: Exposure 100 ms. GFP: excitation 400-440 nm, emission > 470 nm, Gain 1, 
exposure time 20 s. mCherry: excitation 550-600 nm, emission 610-665 nm, Gain 1, exposure 
time 10 s. Scale bars represent 2 µM. B: Bd2439mNeon and CpoBmCherry colocalize within the 
majority (approximately 70%) of protein compartments 3 hours into predation. The colours of the 
vesicles present within the bdelloplasts were scored as red (indicating the presence of 
CpoBmCherry but not Bd2439mNeon), green (indicating the presence of Bd2439mNeon but not 
CpoBmCherry) or yellow (indicating the co-localization of both CpoBmCherry and 
Bd2439mNeon) and graphically depicted. Due to time constraints a single dataset was collected, 
and so standard errors were not calculated. Calculation of standard errors will be carried out 
after two further independent experiments. 
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Figure 25: Gallery of expression and co-localization of Bd2439mNeon with CpoBmCherry 
within cellular debris-associated vesicles 4 hours into the B. bacteriovorus predatory cycle. 
A: Representative merge images of cellular-debris associated vesicles taken at 4 hours into the 
predatory cycle visualizing the expression of the fluorescent mNeon tagged protein Bd2439 within 
CpoBmCherry tagged B. bacteriovorus preying upon E. coli S17-1 pZMR100 prey. Images taken from 
10 fields of view. Phase: Exposure 100 ms. GFP: excitation 400-440 nm, emission > 470 nm, Gain 1, 
exposure time 20 s. mCherry: excitation 550-600 nm, emission 610-665 nm, Gain 1, exposure time 10 
s. Scale bars represent 2 µM. B: Bd2439mNeon and CpoBmCherry colocalize within a similar number 
of vesicles 4 hours into predation, as CpoBmCherry alone. The colours of the vesicles present within 
the vesicles were scored as red (indicating the presence of CpoBmCherry but not Bd2439mNeon), 
green (indicating the presence of Bd2439mNeon but not CpoBmCherry) or yellow (indicating the co-
localization of both CpoBmCherry and Bd2439mNeon) and graphically depicted. Due to time 
constraints a single dataset was collected, and so standard errors were not calculated. Calculation of 
standard errors will be carried out after two further independent experiments. 
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Figure 26: Gallery of expression and co-localization of Bd2754mNeon with CpoBmCherry within 
cellular debris-associated vesicles 4 hours into the B. bacteriovorus predatory cycle. 
A: Representative merge images of cellular-debris associated vesicles taken at 4 hours into the 
predatory cycle visualizing the expression of the fluorescent mNeon tagged protein Bd2754 within 
CpoBmCherry tagged B. bacteriovorus preying upon E. coli S17-1 pZMR100 prey. Images taken from 
10 fields of view. Phase: Exposure 100 ms. GFP: excitation 400-440 nm, emission > 470 nm, Gain 1, 
exposure time 20 s. mCherry: excitation 550-600 nm, emission 610-665 nm, Gain 1, exposure time 10 
s. Scale bars represent 2 µM. B: Bd2754mNeon and CpoBmCherry colocalize within a smaller number 
of vesicles 4 hours into predation, than CpoBmCherry alone. The colours of the vesicles present within 
the vesicles were scored as red (indicating the presence of CpoBmCherry but not Bd2754mNeon), 
green (indicating the presence of Bd2754mNeon but not CpoBmCherry) or yellow (indicating the co-
localization of both CpoBmCherry and Bd2754mNeon) and graphically depicted. Due to time 
constraints a single dataset was collected, and so standard errors were not calculated. Calculation of 
standard errors will be carried out after two further independent experiments. 
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4.0 Discussion 

4.1 Importance 
There is a desperate need for novel antimicrobial therapies to treat human 

diseases caused by the Gram-negative members of the ESKAPE pathogens, 

due to the loss of other antimicrobial therapies to antimicrobial resistance. 

The use of B. bacteriovorus as a “living antibiotic”, or the enzymatic 

components of its predatory lifestyle as enzybiotics represent two potential 

alternatives. This will only be possible by advancing understanding of the 

intricacies of the predatory process. One aspect of predation that is currently 

being actively studied by our lab, and which is poorly understood is the role 

and composition of a predatory vesicle that is deposited during predation. 

The mechanism of synthesis, function and composition of the vesicle remains 

unclear. Identifying the proteins present in this vesicle, and their role in 

predation will facilitate further understanding of the role of the vesicle within 

the predatory cycle and may yield new antimicrobial proteins. 

To investigate the role of the vesicle within predation, namely its components 

and their individual roles in predation, this study fluorescently tagged three 

proteins, previously identified proteomically by Dr Carey Lambert in our lab, 

to be found in purified predation-associated vesicles. This vesicle was 

previously discovered by Sam Greenwood and Asmaa Al Bayati in our lab as 

containing the regulatory protein CpoB – a known controller of peptidoglycan-

modifying enzyme PBP1B. An mNeon tag was fused at the C-terminus of 

each protein, allowing the visualisation of the dynamic localisation and 

expression of these proteins throughout the predatory cycle via microscopy.  

 

4.2 Bd2439 is a potential facilitator of attachment to prey 
Bd2439 is a cell wall anchor family protein with unknown function, that 

contains a pilin domain (KEGG). Cell wall anchor family proteins have been 

speculated to provide reversible and irreversible modes of attachment to aid 

in predator-prey interactions during prey recognition, attachment and 
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invasion (261,262). In this study, we found that Bd2439 localises at both 

poles within attack phase B. bacteriovorus. Bd2439 may therefore act as an 

initiator of attachment to the prey cell, whereby it can both detach, or 

stimulate further attachment to prey via other pili. Close structural homology 

to the serine endopeptidases S. flexneri SepA, E. coli EspP and E. coli HBP, 

all of which are translocated to the outer membrane and have protease 

activity to allow for the cleaving of peptide bonds, may suggest a similar role 

of Bd2439 whereby it may promote reversible attachment to a surface and so 

plays a role in attachment and invasion. A role in attachment is also 

supported by the presence of a pilin domain within the protein, which may 

suggest possible attachment at a second site, allowing for a closer 

attachment and bringing the cell membranes into contact to facilitate the next 

stages of invasion.  

Further study of Bd2439 at Birmingham found that it belonged to the 4UW8 

bacteriophage T5 fibre family of proteins (Dr Andrew Lovering, personal 

communication). These proteins have an exposable carbohydrate domain on 

their tip which recognises oligomannose on the bacterial cell surface prior to 

infection, facilitating attachment (117). 

The bipolar distribution of Bd2439 is subsequently lost approximately 1 hour 

into predation, suggesting that it is only required at one end of the cell and so 

is turned over and lost at the other, giving a sense of polarity. This bipolar 

distribution is subsequently restored within the attack phase progeny cells 

released post-prey lysis, when attack phase cells are seeking out new prey 

and have a need for attachment and invasion.  

Co-localisation of Bd2439 with CpoB occurred 30 minutes into predation, and 

persisted until prey lysis at 4 hours, and beyond within the vesicles deposited 

on cellular debris. There has been no documented evidence of cell wall 

anchor family proteins associating with CpoB in current literature. CpoB has 

been shown to be responsible for the modulation of penicillin binding protein 

1B activity during peptidoglycan synthesis in non-predatory bacteria and for 

invagination of the outer membrane through its interactions with the Tol-Pal 

system (292,298).  Possibly, the close association of CpoB and Bd2439 
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throughout the intraperiplasmic growth phase of the filamentous B. 

bacteriovorus cell may facilitate the incorporation of Bd2439 into the outer 

membrane of the growing filament, supported by the presence of a diffuse 

streak at 3 hours (Figure 21), whereby Bd2439 is both localized diffusely 

along the length of the filament and tightly associated with CpoB at the pole 

in a tight foci. The majority of foci at this 3hr stage of predation contain both 

CpoB and Bd2439, supporting their close association (Figure 24). Upon 

nutrient exhaustion and septation of the cell, Bd2439 would be present within 

the outer membrane and able to facilitate immediate binding to further prey 

cells upon progeny release.  

The mechanism behind the invasion of the prey cell remains unknown.  

Bd2439 may play a role in the attachment and invasion process. Future work 

would aim to confirm this and will be detailed in Chapter 4.  

 

4.3 Bd1815 and Bd2754 are potential novel porins 
Bd1815 and Bd2754 are hypothetical proteins with unknown functions. They 

show a diffuse distribution within attack phase B. bacteriovorus. Bioinformatic 

analysis of the amino acid sequence of both proteins revealed that they were 

likely outer membrane proteins (OMPs) or porins due to their close structural 

homology to novel OMPs in B. bacteriovorus and to OMPs outside of the 

species e.g. OmpA of E.coli and OprH of P. aeruginosa (Beck et al., 2004; 

ITASSER). The similarity with these porins suggests that Bd1815 and 

Bd2754 may play roles in nutrient acquisition or molecular transport into or 

out from the vesicle or the predator cell during predation. Although the 

sequence similarity and alignment is poor between these proteins and their 

structural homologues (potentially explaining the lack of BLAST 

homologues), the nature of their structures and comprising amino acids is 

similar so in a role where structure defines function, these proteins have a 

similar structure to known E. coli porins and therefore I inferred a similar 

function also. 

The localisation of Bd1815 and Bd2754 was not determined beyond attack 

phase in the predatory cycle due to a technical difficulty of the fluorescence 
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of the mNeon tagged proteins being obscured by the autofluorescence of the 

prey E. coli cells, although attack phase progeny released after prey lysis 

also showed the same diffuse, cytoplasmic distribution. This study also found 

that Bd2754, but not Bd1815, was deposited in the CpoB-associated vesicles 

deposited on cellular debris after predation. This suggests that some 

interaction between CpoB and Bd2754 may occur during the predatory cycle, 

but that it is occluded by the prey cell autofluorescence, making further 

investigation of this interaction prudent. TolA, part of the Tol-Pal system 

responsible for outer membrane invagination during septation in other 

bacteria, has previously been shown to interact with CpoB and E. coli outer 

membrane proteins e.g. OmpC, making interactions between CpoB and other 

OMPs also likely (298,299). The interaction between CpoB and OmpC in E. 

coli was not characterised but it is likely to involve the incorporation of OmpC 

into the outer membrane during peptidoglycan and outer membrane 

synthesis. The Tol-Pal system is speculated to bring the membranes into 

closer contact, aiding the incorporation of outer membrane components such 

as OMPs (300). It may also catalyse porin biogenesis or aid regulation of 

porin activity through interactions with TolA and TolB (299). The specific role 

of CpoB in these protein complexes is yet to be determined but its interaction 

with Bd2754 is likely to be regulatory or to aid incorporation into the outer 

membrane.  

Very little is known about the potential roles of porins within B. bacteriovorus 

other than for typical nutrient acquisition during intraperiplasmic growth. As 

nutrient acquisition is such a vital part of the predatory lifecycle, the locations 

of porins throughout the predatory cycle is of great interest. The architecture 

and arrangement of porins throughout the predatory cycle is keenly debated. 

One theory suggests that the localisation or porins within both predator and 

prey cytoplasmic and outer membranes is highly co-ordinated and regulated, 

to form a continuous channel between the prey cell cytoplasm and the 

predator cytoplasm (via 3 cellular membranes), facilitating the 

intraperiplasmic growth of B. bacteriovorus and the death of the prey cell 

(301). 



 
 

135 

The source of these porins, i.e. whether they originate from the outer 

membrane of the predator or the prey cell, is highly contested with some 

suggesting that B. bacteriovorus induces the insertion of OmpF (another E. 

coli OMP) into the prey cell membrane when it preys upon E.coli 

(287,302,303) and others suggesting it is a predator derived OmpF homolog 

that is inserted (301,304). This difference has been suggested to be due to 

the B. bacteriovorus and prey strains used. Irrespective of this, the presence 

of porins within both predator and prey membranes has been shown and is 

likely to be of vital importance for the predatory cycle (305) and so it is logical 

that they would be present within a vesicle derived of one or both of these 

membranes, irrespective of what their role within the vesicle and predation 

may be.  

Preliminary time-course results suggest that Bd1815 does not form part of 

the vesicular proteome, as it does not appear to be expressed within the 

vesicle that is present at the predator-prey interface during predation or 

within the vesicle deposited within cellular debris upon prey lysis. Bd1815 

does not appear to be vesicular in its distribution, despite being identified 

within vesicle preparations as being present within the vesicle. This disparity 

may be due to the vesicle isolation process in the first instance. Vesicles 

were isolated both by filtration through 0.22 nm filters to isolate purified 

vesicles and limit the presence of cellular debris or separated by percol 

gradient (which may contain a mixture of purified vesicles and vesicles with 

membrane and cellular debris attached). This associated membrane may 

belong to B. bacteriovorus (either cytoplasmic or outer membrane) or prey E. 

coli (cytoplasmic or outer membrane) and may be present due to lysis of both 

predator and prey in vesicle preps. Bd1815 was identified as being a 

predicted vesicular protein as it was present in both of these vesicle 

preparations. However, Bd1815 may be present within the vesicular prep but 

not vesicular due to contamination of the vesicle preparations with membrane 

components, where these porin-like proteins are likely to have been 

previously incorporated into. 

Very little is known about the porins that B. bacteriovorus uses for nutrient 

acquisition within its predatory lifestyle, making the ascribing of a porin-like 
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function to Bd2754 and Bd1815 more difficult. The NCBI database contains 

15 porin family proteins belonging to B. bacteriovorus, all of which have had 

no further studies conducted on them (at time of writing). Beck et al, 2004 

researches 3 porins of B. bacteriovorus in detail which are highly conserved 

throughout their sequence when aligned (Promals3D). Upon comparison to 

Bd1815 and Bd2754, approximately the first 20 residues align well, a region 

that is known to comprise the signal peptide for these porin proteins, but the 

remainder did not align as well. Further study revealed that regions of 

sequence did align well regarding conserved amino acid nature, but not 

sequence identity itself. The poor overall alignment is suggested to be due to 

Bd1815 and Bd2754 being approximately half the size of the outer 

membrane proteins within Beck et al.’s study, a theme that is consistent with 

other porins e.g. OmpA whereby our two proteins of interest are 

approximately half the size. Further consultation of the NCBI protein 

database shows that porin family proteins of B. bacteriovorus range from 170 

amino acids in length to 532 amino acids, placing our predicted porins at the 

smaller end of this range (NCBI) and potentially explaining the lack of 

homology with other proteins.  

It was observed that both Bd1815 and Bd2754 were diffusely distributed 

within attack phase B. bacteriovorus, and due to the presence of a signal 

peptide in each protein they were concluded to not be cytoplasmically 

distributed, instead studded into the outer membrane. However, they are not 

uniformly distributed throughout the cell. The absence of fluorescent protein 

expression at the periphery of the cell and its high expression towards the 

middle of the cell is due to the distribution of the B. bacteriovorus genome 

and cellular assembly machinery. The B. bacteriovorus genome is of 

comparable size to the E. coli genome (3.85 Mb c.f. 4.7 Mb), and yet it is 

contained within a cell approximately a quarter of the size, making the 

cellular machinery and genome highly compact within the cell. This 

influences the fluorescence distribution of memrane proteins away from the 

edges of the cell (where the ribosomes are found) and towards the centre 

where the light passing through the cell is less scattered by the genome than 

it is by the ribosomes (306,307). If they did show a cytoplasmic distribution, 
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this may suggest that the porin has a degenerate signal peptide and is not 

successfully translocated across the cytoplasmic membrane. 

 

4.4 Limitations 
The major limitation of this study is the lack of biological repeats of the 

timecourse experiments due to time constraints, preventing any firm 

conclusions being drawn from this study without the need for further 

experimental confirmation. One further regrettable limitation is the inability to 

discern the distribution of Bd1815 and Bd2754 throughout the predatory 

cycle due to the lack of fluorescent signal intensity compared to highly GFP 

autofluorescent prey, although alternative prey was tested including 

Klebsiella pneumoniae, E. coli K12 and Serratia marscens.  

Possible explanations for this may be that the expression of this protein is 

highly diffuse throughout the cell and so we do not get a strong, localised 

expression pattern, or the fluorescent tag may be interfering with expression 

in some way. Future work would aim to remedy this and is further detailed in 

Chapter 4.  

The main findings of this study are summarised in Figure 27. 
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Figure 27: A mechanistic representation of the roles of Bd1815, Bd2754 and Bd2439, the 
three proteins investigated in this study 
In this study, the roles of Bd2439, Bd1815 and Bd2754, three previously unannotated proteins of 
unknown function, were investigated. A: This study found that Bd2439 likely plays a role in 
attachment of the predator, or components of its predatory cycle, to the prey cell. B: Bd1815 and 
Bd2754 were suggested to be outer membrane proteins or porins, making a role in nutrient 
acquisition within the post-invasion bdelloplast highly likely. Figure generated using Biorender 
software.  
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5.0 Concluding remarks 
This project aimed to investigate the function of three proteins predicted to be 

present within an active vesicle deposited in prey after predation by B. 

bacteriovorus HD100, namely Bd1815, Bd2439 and Bd2754. Fluorescent 

tagging of Bd2439, a cell surface anchor family protein with potential roles in 

reversible attachment to prey, revealed that it localises in a bipolar fashion 

within attack phase cells and subsequently co-localises in a vesicle with 

CpoB later on in the predatory cycle. Bd2439 may act as a potential facilitator 

of initial attachment to prey during attack phase, after which it then co-

localises with CpoB to ensure its incorporation into the membrane of the 

growing B. bacteriovorus filament or into the vesicle. Bioinformatic analyses 

of Bd1815 and Bd2754 protein structures reveals them to be two novel outer 

membrane porins, with potential roles in nutrient acquisition or 

macromolecule transport within or between cells. Bd1815 and Bd2754 are 

thought to act as porins or outer membrane proteins for the transport of 

nutrients or other macromolecules between the growing B. bacteriovorus 

filaments cytoplasm and the prey cell cytoplasm.  Future experiments will aim 

to elucidate on the localisation of these porins and conclusively determine the 

role of all three proteins, with the aim of answering what the role of these 

proteins, and the vesicle, is during predation.  
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Chapter 4: Future directions 
 

1. Summary of findings 

1.1 Overview of MRes findings 
Within this MRes thesis, I have explored the importance of the consideration 

of the host immune response when administering conventional antimicrobial 

therapies, and when contemplating novel therapies. Not only does the 

immune system work synergistically with some novel antimicrobial therapies 

such as the vital co-ordination between the predatory bacterium Bdellovibrio 

bacteriovorus and the leukocytes of the zebrafish larvae immune response in 

the resolution of antibiotic resistant S. flexneri infection (120), a feature that 

should be fully utilised in the future administration of B. bacteriovorus 

therapy, this thesis outlines the potential problems that arise when the host 

immune response is not considered i.e. the vancomycin-mediated defect in 

antifungal immunity that leads to an increased predisposition to lethal fungal 

infection.  

This thesis has explored the impact of vancomycin, one of the many 

antibiotics administered to patients that are immunocompromised or at 

increased risk of bacterial and fungal infection, on predisposition to systemic 

fungal infection through the in-vitro characterisation of the previously 

observed phagocytic killing defect present within murine systemic candidiasis 

infection. This stresses the importance of the consideration of the host 

immune response when administering antimicrobial treatments, a failure of 

which predisposes to further morbidity and mortality.  This is an ever-growing 

problem due to the combined loss of antimicrobial therapies to antimicrobial 

resistance and the increase in the proportion of immunocompromised 

individuals present within an ageing population.  

This thesis has also explored proteins important to the predatory process 

which may be utilised if B. bacteriovorus is applied as a novel antimicrobial 

therapy, an approach that may have a wide-spanning impact on the 

treatment of a range of Gram-negative, antibiotic resistant infections in the 
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future. The use of B. bacteriovorus as a “living” antimicrobial therapy would 

be a sharp contrast to the use of evolutionarily static, chemical, conventional 

antibiotics that succumb to the development of resistance formation due to 

their static nature, something that is unlikely to occur (and has not been seen 

to form within Bdellovibrio-prey bacteria tested so far). With B. bacteriovorus 

treatment, due to its scope to co-evolve with the pathogen to negate 

resistance development, and due to its multi-target predation approach, 

resistance is unlikely. However, the introduction of a live, therapeutic 

bacterium into a host that is already compromised by bacterial infection will 

require thorough study before it can be implemented, including study of the 

interactions that will occur between B. bacteriovorus and the host immune 

system (something that is already beginning to be explored by our lab). It is 

therefore essential that we fully understand the mechanisms underlying the 

predation process before we can begin to consider the use of B. 

bacteriovorus as an antimicrobial treatment in humans.  

This thesis presents the findings from two short rotation projects, the first 

characterising the negative, immunomodulatory effects that antimicrobial 

treatments can have on the host, and the further dangers they may pose if 

not considered in the future, and the second exploring the promising potential 

of B. bacteriovorus as a novel treatment for antibiotic resistant Gram-

negative infections, which will be aided by the increased understanding of the 

mechanisms underlying the predation process (something this rotation 

project aimed to achieve).  
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2. Future work  

2.1 University of Birmingham rotation project 
In my first rotation, based at the University of Birmingham, I investigated the 

effect of vancomycin, a regularly administered bactericidal antibiotic, on the 

ability of murine macrophages to kill the fungus Candida albicans due to an 

observed increase in mortality seen with vancomycin treatment for invasive 

C. albicans infection (Drummond et al, unpublished). I hypothesised that this 

increase in mortality was due to a vancomycin-induced immune defect within 

the host. Investigation of this, using murine primary bone marrow derived 

macrophages, revealed the presence of a fungal killing defect associated 

with vancomycin treatment. This was later compounded by a decrease in 

Dectin-1 and Complement receptor 3 expression, two pattern recognition 

receptors important for C. albicans detection, and a decrease in expression 

of the proinflammatory cytokine IL-1b. These effects were attributed to a 

decrease in mitochondrial membrane potential seen within vancomycin 

treated macrophages, whereby previous studies have shown that membrane 

potential perturbation can result in increased and dysregulated production of 

reactive oxygen species and extensive oxidative damage to the host, but 

have not applied them to the context of an fungal infection immune defect. 

 Future work would aim to elucidate the exact mechanism and point of the 

fungal detection and killing pathway that is being affected by vancomycin 

(likely to be associated with mitochondrial membrane potential), and the 

downstream effects of this. Initial studies would seek to characterise whether 

an increase in ROS generation is present in vancomycin treated 

macrophages, which would align our findings with previous studies, through 

the use of fluorescent ROS and superoxide dyes and the probing of oxidative 

damage markers such as lipid peroxidation within host macrophages.  

Another effect of the decreased mitochondrial membrane potential seen 

within other studies could be a decrease in ATP synthesis. As fungal killing 

involves the ATP-dependent synthesis and export of a wide array of 

receptors and cytokines, as well as cytoskeleton manipulation for 

phagocytosis and killing, it is therefore a highly energetically expensive 
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process. Any decrease in ATP generation is likely to have a large impact on 

fungal killing and the immune response, therefore the study of the effect of 

vancomycin on ATP synthesis through the use of an ATP luciferase assay 

would be encouraged, as this may potentially explain the other defects seen 

in this study (PRR downregulation and decreased IL-1b expression) and 

uncover further defects.  

Once an overarching mechanism is proposed for this immune defect, further 

investigation within other phagocyte types such as neutrophils, which are 

also one of the main cell types involved in the antifungal immune response, 

and human primary phagocytes to see if we observe a similar decrease in 

fungal killing and mitochondrial membrane potential (via the same 

investigations carried out in this study) would also improve the scope of these 

findings further. Application to ex-vivo gut models and murine in-vivo models 

to test potential modulators of this effect, and the expanding effects of this 

immune system on the adaptive immune response would also be important.  

Overall determination of the specific point of the antifungal immune response 

that vancomycin affects would aid the improved stewardship surrounding 

antibiotic use and educate clinical practise further to encourage the 

consideration of increased fungal infection risk in patients in the future.  

 

2.2 University of Nottingham rotation project  
In my second rotation, based at the University of Nottingham, I investigated 

the function of three hypothetical proteins that were proteomically predicted 

to be associated with a predatory vesicle of unknown composition and 

function. We hypothesised that these proteins would play a role in the 

predatory cycle of B. bacteriovorus as they were identified by Dr Carey 

Lambert in a proteomic analysis of a vesicle that is deposited within prey 

during predation and remains after the completion of predation, but could not 

predict a role for them as they were unannotated and had never previously 

been worked on. By fluorescently tagging these proteins and studying their 

distribution throughout the predator cell during predation, combined with 

bioinformatic analysis, we found that Bd2439 was likely to play a role in the 
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attachment of the vesicle to the prey cell during predation, and possibly in the 

transfer from predator to prey.  

Future work would aim to characterise the importance of Bd2439 in 

attachment during predation through the generation of a gene knockout 

mutant and subsequent phenotyping through microscopic analysis of any 

predatory cycle, or its stalling point, in the absence of Bd2439. If predation 

was altered in any discernible way, this would confirm our hypothesis that 

Bd2439 plays a role in the predatory cycle. Other future work would consist 

of the use of a bacterial-two-hybrid assay, an assay that reveals protein-

protein interactions, to determine what other counterparts of predation 

Bd2439 interacts with, after which the elaboration of the roles of those 

proteins could be undertaken (if unknown) or the further confirmation of the 

role of Bd2439 in predation could be achieved (if Bd2439 interacts with 

proteins of known function).  

 

In this study, we also found that Bd1815 and Bd2754, identified in the 

vesicle-enriched proteome, were likely to be porins involved in nutrient 

acquisition of macromolecule transport between the predator cell and either 

the prey cell or the external environment. The distribution of these proteins 

was not determined after attack phase due to technical difficulties involving a 

loss of detectable mNeon fluorescent signal due to highly autofluorescent 

prey with similar wavelengths. As previously mentioned, alternative prey 

species were tested but the fluorescent protein distribution was still 

indeterminable. Future work would aim to fluorescently tag Bd1815 and 

Bd2754 with an alternative fluorescent protein, such as mCherry, which have 

a stronger fluorescent signal, within a channel that prey will be less 

autofluorescent in.  Not only will this aid the determination of the distribution 

of these two proteins within the predatory cycle, hopefully aiding the 

annotation of a function also, it will also tell us whether the addition of the 

mNeon tag within this study interfered with the accumulation or expression of 

these proteins. Once the distribution of these proteins are known, further 

studies may determine the importance of these proteins within predation via 
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the means of gene knockout and phenotyping, or the tagging of other 

proteins such as other predicted porins, to further confirm their function.  

Due to time limitations, each timecourse experiment was only carried out 

once. It is therefore imperative that subsequent repeats of all time-courses 

experiments are carried out to confirm these preliminary findings, before 

further experiments to elucidate the roles of these proteins are carried out.  

Ultimately, the determination of the roles of these predicted vesicular proteins 

will improve our understanding of the role and composition of this novel 

predatory vesicle, in turn providing us with a further understanding of the 

mechanisms that underlie the predation process and taking us one step 

closer to the use of B. bacteriovorus, or components thereof, as novel 

antimicrobial therapies in the future.  
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3. Reflection and future perspectives 
 

Through the completion of these two research projects, I have gained not 

only an understanding of immunology, molecular biology, microscopy and 

molecular cloning within non-model cell types, i.e. primary cells and an 

atypical and understudied bacterium, but also the tools to continue and 

expand upon this research, which has potential to impact the future treatment 

of infectious disease, within an exceptionally supportive environment.  

My PhD project will indirectly build on the overall findings of this thesis by 

further characterising the immunological response to Bdellovibrio 

bacteriovorus predation of clinically relevant pathogens and within host 

phagocytes, aiding the wider understanding of the potential implications of 

application of B. bacteriovorus as a novel antimicrobial therapy. As 

demonstrated in this thesis, a lack of consideration is given towards the 

administration of some antimicrobial therapies with regards to their off-target 

effects on the host and the immune system, something that should not recur 

with the potential application of B. bacteriovorus as an antimicrobial 

treatment. This makes the understanding of the interactions between host 

and B. bacteriovorus of increasing importance.  

Innovative research has already been carried out by our lab demonstrating 

the importance of the immune response in the optimal resolution of infection, 

through the synergy of B. bacteriovorus treatment with the host immune 

response (120). My PhD project will aim to build on this work, by further 

characterising the immune response both towards predator and prey post-

predation and by tailoring the relationship between the immune response and 

predation to improve infection outcome further.  
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4. Concluding remarks  
 

Antimicrobial resistance not only threatens the treatment of infectious 

disease, including the not so well-researched fungal diseases that are 

increasing in prevalence year-on-year due to an ageing and increasingly 

immunologically susceptible population, but also the treatment of other 

diseases such as cancer and organ failure (without antibiotics, routine 

interventions for these diseases would not be possible). AMR is a 

multifaceted issue that cannot simply be solved by the discovery of a new 

antimicrobial therapy, or the education of a single country. It will take a global 

and continuous effort to enable the continued use of antimicrobial therapies 

as interventions for infectious disease, meaning that although AMR can be 

slowed and tackled, it will never be “solved”. Important considerations, both 

for the continued and extended use of current, conventional antimicrobial 

therapies, and the implementation of novel therapies such as the predatory 

bacterium B. bacteriovorus hinge around several points:  

• The careful and considered use of antimicrobial therapies, as a lack of 

stewardship surrounding antimicrobial use will only cause an 

acceleration or a recurrence of this issue. This includes the seeking of 

alternatives to long-term antibiotic therapies that are given to 

individuals who are at increased risk of infection, such as the 

immunocompromised. 

• The increased consideration of the off-target effects that antibiotic 

treatment may be causing, which ultimately have culminated in the 

emergence of other classes of infectious disease such as systemic 

fungal infection. 

• The increased support that is needed to encourage others to think 

outside the well-defined box of evolutionarily-static compounds such 

as natural, chemical antibiotics that are undermined by resistance, 

even before their use in clinical treatment- a resource that has been 

exhausted in the last few decades, leading to the current AMR crisis.  
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The two rotation projects contained within this thesis have discussed the role 

of the immune system in fighting infectious disease, and how our efforts to 

combat infectious disease must combine with the host immune response, not 

hinder it. One approach that has been demonstrated to work alongside the 

immune response is the use of the predatory bacterium Bdellovibrio 

bacteriovorus, and so this thesis has stressed the importance of and aided 

the further understanding of the mechanisms underlying the predatory cycle 

of this atypical bacterium, with the hope of one day aiding the implementation 

of B. bacteriovorus as a antimicrobial treatment of the future. Much future 

work is needed, as we can only begin to understand the interactions between 

immunity and predation, two highly complex but fascinating processes, when 

we understand each system on its own. Together, through the increased 

understanding of immunity and implementation of this in antimicrobial therapy 

development, AMR may one day be a scientific curiosity rather than a crisis.  
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Appendix  

Supplementary Tables 
 

Supplementary Table 1: Fungal strains used in rotation 1  

Strain Species Genotype Reference 

Candida albicans 
SC5314 

C. albicans Wildtype Typed 
Strain 

(308) 

dTomato C. 
albicans 

C. albicans CAF2.1 
transformed with 
pENO1-dTom-
NATr 

(309) 

GFP C. albicans C. albicans SC5314 
transformed with 
pENO1-
eGFP_NAT 

(310) 

 

 

Supplementary Table 2: Primers used for the qPCR studies in rotation 
1. 

Gene Forward Primer Reverse Primer 

GapdH AACTTTGGCATTGTGGAAGG 
 

ACACATTGGGGGTAGGAA
CA 

NOS2 (Nitric 
Oxide 
Synthase 2) 

GTTCTCAGCCCAACAATACAAG 

  

GTGGACGGGTCGATGTCA
C 

Arg1  
(Arginase 1) 

CTCCAAGCCAAAGTCCTTAGAG GGAGCTGTCATTAGGGAC
ATCA 

MRC1 
(Mannose 
receptor 1) 

CTCTGTTCAGCTATTGGACGC TGGCACTCCCAAACATAAT
TTGA 

Msr1 
(Macrophage 
scavenger 
receptor 1) 

TGGAGGAGAGAATCGAAAGCA CTGGACTGACGAAATCAA
GGAA 
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Clqa 
(Complement 
component 
1a) 

TTCGGCAGAACCCAATGACG TGGTATGGACTCTCCTGG
TTG 

IL10 
(Interleukin 
10a) 

TTGTCGCGTTTGCTCCCATT GAAGGGCTTGGCAGTTCT
G 

CR3 
(Complement 
receptor 3) 

GGT TGC AGC AGT CTA TGA 
AGG 

ATC TTG AGT GCA CCA 
AGC C 

Dectin-1/ 
Clec7a 

GGGTACCGACGACACAATTCAG
GG 

GGATCCACGCGGAAC 
CAGCAGTTCCTTCTCACA
G 

Mincle/ 
Clec4e 

AAGGATCCGATCTTGGAGGATG
ATTAAATGGCTTGTCCTTTGAAC
TGGAAACATTATC 

TAAAGCTTCTACTCATGCC
ACTCGATTTTCTGTGCTTC
GAAGATGTCATTCAGTCC
GTCCAGAGGACTTATTTCT
GGC 

CXCR3 (CXC 
Motif 
Chemokine 
Receptor 3) 

TACCTTGAGGTTAGTGAACGTC
A 

CGCTCTCGTTTTCCCCAT
AATC 

Hexokinase 2 
(HK2) 

ATGATCGCCTGCTTATTCACG CGCCTAGAAATCTCCAGA
AGGG 

Enolase 1 
(ENO1) 

TGCGTCCACTGGCATCTAC CAGAGCAGGCGCAATAGT
TTTA 

Pyruvate 
Kinase (PK) 

GAACATTGCACGACTCAACTTC
C 

CAGTGCGTATCTCGGGAC 

 

Supplementary Table 3: Bacterial strains used in rotation 2 

Strain Description Source 

E. coli DH5a Strain for cloning genes into 
plasmids 

(311) 

E. coli S17-1 Strain for conjugation of 
mobilisable plasmids into B. 
bacteriovorus HD100 

(312) 

E. coli S17-1 
pZMR100 

E. coli S17-1 containing the 
plasmid pZMR100 to confer 
resistance to kanamycin.  

(313) 
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Strain used as prey for B. 
bacteriovorus 

B. bacteriovorus 
HD100 

Wild type B. bacteriovorus  (261) 

B. bacteriovorus 
HD100 
bd0064mCherry 

B. bacteriovorus containing a 
bd0064mCherry gene 

Gift from Emma 
Banks (University of 
Nottingham) 

B. bacteriovorus 
HD100 
bd1815mNeon 

B. bacteriovorus containing a 
bd1815mNeon gene 

This project 

B. bacteriovorus 
HD100 
bd2439mNeon 

B. bacteriovorus containing a 
bd2439mNeon gene 

This project 

B. bacteriovorus 
HD100 
bd2754mNeon 

B. bacteriovorus containing a 
bd2754mNeon gene 

This project 

B. bacteriovorus 
HD100 
bd0635mCherry 

B. bacteriovorus containing a 
double crossover integrated 
bd0635mCherry gene.  

Sockett lab, 
unpublished 

 

Supplementary Table 4: Plasmids used in rotation 2 

Plasmid  Description Source 

pK18mobsacB Suicide vector used for 
introduction of mNeon 
tagged genes of interest 
into B. bacteriovorus 

(293) 

pAKF220 DNA template containing 
mNeon gene 

(314) 

pZMR100 Plasmid conferring 
kanamycin resistance 

(313) 

pbd1815-mNeon pK18mobsacB plasmid with 
the addition of bd1815 and 
mNeon genes 

This project 

pbd2439-mNeon pK18mobsacB plasmid with 
the addition of bd1815 and 
mNeon genes 

This project 
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pbd2754-mNeon pK18mobsacB plasmid with 
the addition of bd1815 and 
mNeon genes 

This project 
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Supplementary Table 5: Primers used in rotation 2 

 

Primer reference Purpose Primer sequence 

Bd1815_F bd1815 tag Gibson 
assembly primers 

CGTTGTAAAACGACGGCCAGTGCC
AGGCGTTATTTTGTCGGGTATC 

Bd1815_R CTTTCGAAACCATGAAAATAAATCC
GACCGTCAG 

Bd1815mNeon_F GGATTTATTTTCATGGTTTCGAAAG
GAGAG 

Bd1815mNeon_R GGAAACAGCTATGACCATGATTAC
GTCACTTATAGAGTTCATCCATAC 

Bd2439_F bd2439 tag Gibson 
assembly primers 

CGTTGTAAAACGACGGCCAGTGCC
ATTGCGTGTTTTAGCTGTACC 

Bd2439_R CTTTCGAAACCATGTCCACGCGTTT
GATTTG 

Bd2439mNeon_F AAACGCGTGGACATGGTTTCGAAA
GGAGAG 

Bd2439mNeon_R GGAAACAGCTATGACCATGATTAC
GTCACTTATAGAGTTCATCCATACC 

Bd2754_F bd2754 tag Gibson 
assembly primers 

CGTTGTAAAACGACGGCCAGTGCC
ATCATACATGGGCAGGCGG 

Bd2754_R CTTTCGAAACCATGAACTCCAGAG
GCAGGGATAC 

Bd2754mNeon_F CCTCTGGAGTTCATGGTTTCGAAA
GGAGAG 

Bd2754mNeon_R GGAAACAGCTATGACCATGATTAC
GTCACTTATAGAGTTCATCCATAC 

Bd1815 Forward 
Screening Primer 

Plasmid verification: 
PCR amplification of 
genomic fragment 
for validatory 
sequencing  

CCCAACCATCATCCGAGACA 

 

Bd2439 Forward 
Screening Primer 

GTCGCAGGTGAAATCGTGAC 

 

Bd2754 Forward 
Screening Primer 

CTTTCGGTAGGGTGGGACTT 

mNeon Reverse 
Screening Primer  

TCACTTATAGAGTTCATCCA 
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Supplementary Table 6: DNA restriction digest enzyme combinations 
and expected fragment sizes for validation of successful gene-mNeon 
fusion 

Gene Restriction digest 
enzymes 

Fragment sizes (bp) 

bd1815 NheI 6172, 1205 

SacI 5071, 2306 

BamHI- BglII 5699, 1678 

bd2439 NheI 6172, 3526 

SacI 7392, 2306 

BamHI- BglII 5699, 3999 

bd2754 NheI 6172, 1205 

SacI 4091, 2306, 980 

BamHI- BglII 5699, 1678 
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Supplementary Figures 
 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1: Antibiotic treatment increased susceptibility to experimental invasive 
candidiasis.  
A: Treatment of mice with vancomycin increased mortality in an intravenous candidemia infection model, 
whereas treatment with metronidazole did not, and B: increased fungal burden in organs atypical of 
dissemination. WT mice were treated with the indicated antibiotics and infected intravenously with 1x105 
CFU C. albicans and analysed for A: survival and B: fungal burden (6 days post-infection). Data is pooled 
from 2-3 independent experiments and analysed by A: Log-Rank or B: Mann-Whitney U-tests. * indicates 
significance at P<0.05, ** indicates significance at P<0.01, **** indicates significance at P<0.0001. Work 
carried out by R. Drummond as part of (Drummond et al, unpublished). 
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Supplementary Figure 2: Example gating strategy for the phagocytic uptake assay 
A representative flow cytometry gating strategy for the phagocytic uptake assay shown in Figure 10, 
demonstrating how C. albicans was determined to be associated with macrophage cells 
(CD45+dTomato+), bound (associated but not internalised: GFP+dTomato+) or internalised (GFP-

dTomato+). Cells were gated by forward scatter (lymphocytes); forward scatter width (singlets); 
ZombieViolet- (live); CD45+dTomato+ (Candida associated macrophage); GFP+dTomato+ (Candida-
bound) GFP-dTomato+ (Candida- internalised).  

BV421- ZombieVioletFSC-WFSC-A

PE-A dTomato PE-A dTomato

FIT
C-

GF
P

BV
51

0-
CD

45
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Supplementary Figure 3: Predicted domain structures of Bd1815, Bd2754 and Bd2439 
A: Protein sequences for each protein were ran through the Pfam database to identify potential domains within the 
structures of Bd1815, Bd2754 and Bd2439, where orange regions indicate signal peptides, blue regions indicate 
regions of low complexity and grey regions indicate regions of high levels of disorder (El-Gabali et al, 2019). B: 
Protein sequences were then screened against the KEGG database whereby a beta barrel domain was identified 
within the structure of Bd2754 and a pilin domain within Bd2439. C: Protein sequences were then screened against 
the SignalP 4.0 server, a programme that predicts the presence of signal peptides and gives a definitive output. 
Outputs from the SignalP 4.0 database indicated that Bd1815 and Bd2439 had signal domains but that Bd2754 did 
not, contrary to previous indications from other databases (Petersen et al, 2011).  
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Supplementary Figure 7: 3D modelling of Bd1815 and Bd2754 onto a E. coli OmpA template 
Sequences of Bd1815 and Bd2754 were aligned onto the template of the porin E. coli OmpA 
(bottom cluster of each alignment). Red Hs indicate the presence of helices, Cs indicate the 
presence of extensive coiled regions and blue Es represent beta sheets. Despite a high 
dissimilarity in sequence identity between Bd1815/Bd2754 and OmpA, the nature and 
secondary structure of both proteins are high similar in nature. This alignment was a gift from 
Dr Andrew Lovering, University of Birmingham.  


